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This paper reviews the results from the plasma wave instrument on the Dynamics Explorer 1 (DE 1)
spacecraft. The DE 1 spacecraft was launched on August 3, 1981, into an elliptical polar orbit with initial
perigee and apogee radial distances of 1.09 and 4.65 Rg. In the roughly 6 years since the launch of the
spacecraft, DE 1 has provided basic new information on a wide variety of magnetospheric plasma wave
phenomena. These include auroral kilometric radiation, auroral hiss, Z mode radiation, narrow-band
electromagnetic emissions associated with equatorial upper hybrid waves, whistler mode emissions,
wave-particle interactions stimulated by ground VLF transmitters, equatorial ion cyclotron emissions,
ion Bernstein mode emissions, and electric field turbulence along the auroral field lines. We first give a
brief review of the basic plasma wave modes that can exist in the equatorial and polar regions of the
magnetosphere. After the basic terminology is established, each of the above areas of plasma wave
research is discussed in detail, first by reviewing the state of knowledge at the time of the DE 1 launch
and then by describing the contribution made by DE 1 in the 6 years since the spacecraft was launched.

1. INTRODUCTION

This paper reviews the principal new results from the
plasma wave instrument on the Dynamics Explorer 1 (DE 1)
spacecraft. The study of magnetospheric plasma waves has a
long and colorful history. The first report of very low fre-
quency (VLF) radio emissions was by Preece [1984], who
described the detection of audio frequency radio signals. These
signals probably included a type of magnetospheric emission
now known as chorus. Later, Barkhausen [1919], using a rudi-
mentary amplifier, described observations of whistling tones
that are now known as whistlers. After further investigation,
Eckersley [1931] correctly postulated that whistlers were pro-
duced by lightning. However, the cause of the dispersion and
the exact propagation path remained unknown. The first satis-
factory explanation of the propagation of whistlers was pro-
vided by Storey [1953], who showed that low-frequency radio
waves can be guided along the Earth’s magnetic field lines
from one hemisphere to the other in a mode of propagation
now known as the whistler mode. Numerous other VLF radio
phenomena were also identified by ground-based observations
during the presatellite era. The best known of these is a type of
emission called “dawn chorus” which was thought to be pro-
duced by charged solar particles entering the outer ionosphere
during times of magnetic disturbances [Allcock, 1957]. The
term dawn chorus was introduced by Storey [1953] because
the signals sounded like the early morning chorus from a
colony of birds. Another type of VLF radio phenomena dis-
covered during this period was a broadband emission known
as hiss which was shown to be correlated with aurorae [Ellis,
1957]. For a summary of these early VLF radio observations,
see Helliwell [1965].

With the discovery of the Earth’s radiation belts [Van Allen
et al., 1958], it soon became apparent that many of the VLF
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radio emissions observed on the ground during the presatellite
era were associated with the trapped radiation belt particles.
After more than 30 years of study it is now known that the
Earth’s magnetosphere contains many complex plasma wave
phenomena and that these waves play an important role in
controlling the distribution of plasma and energetic particles
in the vicinity of the Earth. These waves include several types
of electromagnetic whistler mode and ion cyclotron mode

, emissions, some of which account for the early ground-based

VLF observations, various types of locally generated elec-
trostatic instabilities [Fredricks et al., 1968; Kennel et al.,
1970; Scarf et al., 1970, 1971] that can be detected only by in
situ spacecraft measurements, and several types of high-
frequency radio emissions [Gurnett, 1974, 1975] that can be
detected only by spacecraft located far above the ionosphere.
Some of these waves play an absolutely fundamental role in
the physics of the magnetosphere. In a classic work, Kennel
and Petschek [1966] showed that electromagnetic waves
driven by a loss cone instability cause pitch angle scattering of
the trapped radiation belt particles, thereby regulating the
equilibrium flux of the radiation belt. A thorough understand-
ing of wave-particle interactions is now regarded as essential
for understanding the physics of the radiation belts. Near the
bow shock, waves driven by plasma instabilities are believed
to play an important role in the heating and thermalization of
nonequilibrium plasma distributions. For a review of the
various types of plasma waves in the magnetosphere and their
consequences, see Shawhan [1979].

The purpose of this paper is to describe the new plasma
wave results from the Dynamics Explorer 1 spacecraft. Since
the basic types of plasma waves present in the magnetosphere
are now reasonably well known, the advances that have been
made with DE 1 arise mainly from new capabilities of this
spacecraft. Both the orbit and the instrument developments
contribute to the new capabilities. The DE 1 spacecraft was
launched on August 3, 1981, into an elliptical polar orbit with
initial perigee and apogee radial distances of 1.09 and 4.65 R,
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Fig. 1.

The DE 1 orbit as it appeared shortly after launch. The
spacecraft spin axis is perpendicular to the orbital plane. The argu-
ment of perigee advances at a rate of 108° per year, thereby providing
excellent coverage of the polar cap, the auroral field lines, and the
equatorial region at radial distances extending out to 4.65 R;.

respectively. The apogee was initially located over the north-
ern polar region, more or less as shown in Figure 1. Because
the argument of perigee advances at a rate of 108° per year, in
a period of a little over 3 years this orbit provides a nearly
complete scan of the magnetic meridian plane from altitudes
of about 600 km in the ionosphere out to radial distances of
4.65 R;. This orbital coverage provides particularly good sam-
pling of the auroral acceleration region and the polar cap at
altitudes where relatively few data were previously available.
When the apogee is located near the equator, which occurs
once every 20 months, very good north-south passes are ob-
tained through the magnetic equator. Since most previous
equatorial studies involve spacecraft with orbits in or near the
equatorial plane, these passes provide a unique opportunity to
study the latitudinal structure of plasma and wave phenomena
near the magnetic equator.

The DE 1 plasma wave instrument includes several inno-
vative new developments. A sketch of the spacecraft showing
the plasma wave antennas is shown in Figure 2, and a sim-
plified block diagram of the plasma wave instrument is shown
in Figure 3. For a detailed discussion of the instrument, see
Shawhan et al. [1981]. Five antennas are used for performing
plasma wave measurements. These include a 200-m tip-to-tip
electric dipole (E,) perpendicular to the spacecraft spin axis, a
9.0-m tip-to-tip electric dipole (E,) parallel to the spacecraft
spin axis, a 0.6-m short electric antenna (E)), a search coil
magnetometer (B,) parallel to the spin axis, and a loop an-
tenna (B,) perpendicular to the spin axis. The plasma wave
instrument consists of a step frequency receiver and a wide-
band receiver. The step frequency receiver provides measure-
ments of the amplitudes and cross correlations of signals from
any selected pair of antennas. The amplitude and correlation
measurements are performed by two separate receivers re-
ferred to in Figure 3 as the high-frequency receiver and the
low-frequency receiver. The high-frequency receiver provides
128 logarithmically spaced frequency channels from 100 Hz to
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400 kHz, and the low-frequency receiver provides eight loga-
rithmically spaced frequency channels from 1.78 Hz to 100 Hz.
The correlator provides both in-phase and quadrature-phase
(co- and quad-) correlations. These correlations can be used to
measure the phase difference between the two signals. The
phase provides information on several important wave charac-
teristics. For example, if the E, and E, antennas are selected,
the phase gives the polarization in the x-z plane, and if the E,
and B, antennas are selected, the phase gives the Poynting
flux. In addition to giving the polarization, the spin depen-
dence of the phase between the E, and E, antennas can be
analyzed to give two-dimensional direction-finding measure-
ments of high-frequency electromagnetic radiation [Calvert,
1985].

The wideband system on DE 1 also includes a new devel-
opment, which is the linear wideband receiver shown near the
bottom of the block diagram in Figure 3. This receiver was
designed to give a linear amplitude response over a broad
dynamic range ( ~ 30 dB linear range with an additional 70
dB available using a digital gain selector). The wideband
receiver system is used to send continuous waveforms to the
ground for high-resolution spectrum processing. As will be
discussed, the linear response is useful for analyzing whistler
mode emissions stimulated by ground VLF transmitters.

In addition to the advances in the plasma wave instrumen-
tation, the DE 1 plasma wave investigation also benefited
greatly from several other advanced new instruments. These
include the high altitude plasma instrument from Southwest
Research Institute (J. Burch, principal investigator (PI)), the
retarding ion mass spectrometer from Marshall Space Flight
Center (R. Chappell, PI) the global auroral imager from the
University of Iowa (L. Frank, PI), the energetic ion mass spec-
trometer from Lockheed (E. Shelley, PI), and the magnetome-
ter from Goddard Space Flight Center (M. Sugiura, PI). The
exact role of these instruments will become more apparent in
the discussion that follows. For an overview of the Dynamics
Explorer program, see Hoffinan and Schmerling [1981]. For
descriptions of the individual instruments, see Burch et al.

Ez

Fig. 2. A sketch of the DE 1 spacecraft showing the plasma wave
antennas. The spacecraft rotates about the Z axis.
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Fig. 3. A block diagram of the DE 1 plasma wave instrument. The low- and high-frequency receivers provide
amplitude and correlation measurements over a frequency range from 1.78 Hz to 400 kHz. The wideband receiver
provides waveform measurements in selected frequency bands extending from 10 Hz to 2 MHz.

[1981], Chappell et al. [1981], Frank et al. [1981], Shelley et
al. [19817, and Farthing et al. [1981].

To organize this review we first describe the plasma wave
modes that occur in the Earth’s magnetosphere. The DE 1
observations are then presented in a series of sections each
devoted to a specific type of plasma wave, organized more or
less in order of decreasing frequency, starting with high-
frequency electromagnetic emissions, such as auroral kilo-
metric radiation, and ending with low-frequency emissions,
such as auroral electrostatic noise. Where two or more waves
have a close relationship, such as the electrostatic upper
hybrid resonance emissions and the escaping myriametric
radiation, these waves are discussed together in the same sec-
tion,

2. PLASMA WAVE MODES

To define the terminology, it is useful to give a brief review
of the types of waves that can occur in the Earth’s mag-
netosphere. Since a complete review is beyond the scope of

this article, we will concentrate mainly on the characteristic
frequencies and describe how these frequencies depend on the
radial distance from the Earth.

The most important characteristic frequencies of a plasma
are the cyclotron frequency f, and the plasma frequencies f,. A
cyclotron frequency and plasma frequency can be defined for
each species present in the plasma. The cyclotron frequency
for a charged particle of mass m, and charge e, is given by

1 |e|B
- — s 1
R (1)
and the plasma frequency is given by
1
foum \/ e, @

2

where n, is the number density of the sth species. Since the
electron mass is much smaller than the ion mass, the electron
cyclotron frequency and electron plasma frequency are much
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Fig. 4. The frequency range of six of the most important plasma

wave modes for a representative plasma density profile over the polar
region.

larger than the ion cyclotron [requency and ion plasma fre-
quency. The high-frequency characteristics of a plasma are
therefore controlled mainly by f,, and f,, and are relatively
unaffected by the ion parameters. It is convenient to start our
discussion of the various modes of propagation by first con-
sidering high frequencies, for which £, and f,, are the only
parameters that need to be considered. For the moment we
also assume that the plasma is completely cold, so that waves
associated with finite temperatures can be ignored.

As discussed in various plasma textbooks, such as those by
Stix [1962] and Krall and Trivelpiece [1973], cold plasma
theory predicts the existence of four separate plasma wave
modes at frequencies near the electron cyclotron frequency
and plasma frequency. These modes are the free-space R-X
mode, the free-space L-O mode, the Z mode, and the whistler
mode. The term free space means that the mode connects
smoothly to free space (n, = 0, B =0). The R and L designa-
tions stand for the polarization with respect to the magnetic
field (R for right and L for left), and the X and O designations
stand for the type of propagation perpendicular to the mag-
netic field (X for extraordinary and O for ordinary). The Z
mode is named after the so-called “Z trace” observed on
ground ionograms [Ratcliffe, 1959], and the whistler mode is
named after the lightning-generated signals that propagate in
this mode. The low-frequency cutoffs of the L-O and R-X
free-space modes are at the electron plasma frequency f,, and
the R =0 cutofl, f_o =£./2 + [(£../2? + [,.21"*. The Z
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mode is bounded by the upper hybrid resonance, Sumr =
(2 +£,)"% and the L=0 cutoff, fi_o= —f./2+
[(f.e/2)* + f,.21'>. The whistler mode propagates at fre-
quencies below either f,, or f,,, whichever is lower.

The frequency ranges of the four high-frequency modes are
shown in the top four panels of Figures 4 and 5 as a function
of geocentric radial distance. Figure 4 is for a representative
electron density profile in the polar region, and Figure 5 is for
a representative electron density profile in the equatorial
region. As can be seen, the frequency ranges are somewhat
different in these two regions. Over the polar region the elec-
tron plasma frequency drops below the electron cyclotron fre-
quency over a large range of radial distances, typically from
about 1.5 to 4 R;. This condition rarely, if ever, occurs in the
equatorial region. One of the consequences is that the Z mode
propagates over a relatively broad range of frequencies over
the polar region but is confined to a very narrow frequency
band around the electron plasma frequency in the equatorial
region. Another consequence is that the low-frequency cutoff
of the free-space R-X mode approaches very close to the elec-
tron cyclotron frequency over the polar region but is always
well above the electron cyclotron frequency in the equatorial
region. Also, over the polar region the upper frequency limit of
the whistler mode is determined by the electron plasma fre-
quency over a broad range of altitudes. This condition almost
never occurs near the equatorial plane, where the upper fre-
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Fig. 5. The frequency range of six of the most important plasma
wave modes for a representative plasma density profile near the equa-

torial plane. The plasma density is usually larger near the equator
than over the polar region.
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quency limit of the whistler mode is normally determined by
the electron cyclotron frequency.

At frequencies well below the electron cyclotron frequency,
ion effects start to become important. The first evidence of ion
effects occurs at a frequency called the lower hybrid resonance
frequency [Stix, 1962], which is approximately the geometric
mean of the electron and ion cyclotron frequencies, f),x ~
(f..[.:)""*. At even lower frequencies, below the ion cyclotron
frequency, each species is associated with an electromagnetic
mode called an ion cyclotron wave. The bottom left panels of
Figures 4 and 5 show the ion cyclotron modes introduced by
protons (H™) and singly charged oxygen (O*), which are the
dominant ion species in most regions of the ionosphere and
magnetosphere. Although not shown, an ion cyclotron mode
branch also occurs in association with helium ions (He™),
which are usually a minor constituent.

When hot plasma effects are included, several new modes
are introduced. The most important of these are the elec-
trostatic electron cyclotron modes, which occur near half-
integral, (n + 1/2)f.,, harmonics of the electron cyclotron fre-
quency [Kennel et al., 1970], and the electrostatic ion cyclo-
tron (EIC) modes, which occur between harmonics of the ion
cyclotron frequencies [D’Angelo and Motley, 1962; Kindel and
Kennel, 1971]. The approximate frequencies of the EIC modes
are shown in the bottom right panels of Figures 4 and 5.
Another important type of electrostatic wave, called the ion
acoustic wave, occurs at frequencies below the ion plasma
frequency, f,; = (m,/m)'"f,,. Both the electrostatic ion cyclo-
tron wave and the ion acoustic wave are described by an
equation relation known as the Harris dispersion relation
[Harris, 1959], modified to include the effects of ions (also see
Krall and Trivelpiece [1973]). Hot plasma effects also occur
for electromagnetic waves propagating near harmonics of the
ion cyclotron frequency. The resulting modifications to the
dispersion relation are sometimes referred to as the electro-
magnetic ion Bernstein modes [Fredricks, 1968]. Both the
electrostatic ion cyclotron mode and the electromagnetic ion
Bernstein mode usually involve waves propagating nearly per-
pendicularly to the static magnetic field. The interactions near
harmonics of the ion cyclotron frequency are strongest when
the cyclotron radii of the ions are comparable to the perpen-
dicular wavelength of the wave.

3. AURORAL KILOMETRIC RADIATION

To order the discussion of the plasma waves detected by
DE 1, we start by considering the highest frequencies. The
highest-frequency plasma wave emission detected by DE 1 is
auroral kilometric radiation. Auroral kilometric radiation
(AKR) is an intense radio emission generated along the auro-
ral field lines in association with discrete auroral arcs [Gur-
nett, 1974]. This radio emission usually has the highest inten-
sities between about 100 and 400 kHz. At the time of the DE 1
launch, the polarization of the auroral kilometric radiation
was an important issue. Since the radiation was known to be
escaping from the Earth at frequencies well above the electron
cyclotron frequency and plasma frequency, it is evident from
Figure 4 that this radiation must be propagating in either the
free-space R-X or the L-O mode. A measurement of the mode
of propagation was important because the two modes involve
quite different generation mechanisms. Theories that involved
the intermediate generation of an electrostatic wave, such as
the mechanisms of Oya [1974], Palmadesso et al. [1976], and
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Roux and Pellat [1979], produced radiation only in the L-O
mode, whereas theories that involved direct generation via
cyclotron resonance amplification, such as the mechanisms of
Melrose [1973] and Wu and Lee [1979], produced radiation
primarily in the R-X mode.

Two determinations of the mode of propagation of auroral
kilometric radiation had been made prior to the DE 1 obser-
vations, one by Gurnett and Green [1978] and the other by
Kaiser et al. [1978]. Both concluded that the radiation was
generated in the R-X mode. Gurnett and Green [1978] based
their conclusion on a low-frequency cutoff observed near the
electron cyclotron frequency which was interpreted as the
R = O cutoff (see Figure 4), and Kaiser et al. [1978] based
their conclusion on direct polarization measurements by Voy-
ager 1 and 2. Although both results were consistent, doubts
persisted, in the first case because the low-frequency cutoff
cannot rule out the possibility of an L-O mode, and in the
second case because the Voyager 1 and 2 measurements were
made near the equatorial plane, where the direction of propa-
gation makes a large angle (nearly perpendicular) to the mag-
netic field in the source. Since the polarization is defined with
respect to the magnetic field in the source region, polarization
measurements should be made under conditions when the
propagation direction is nearly parallel to the magnetic field.

Since DE 1 passes directly over the auroral regions on every
orbit, the DE 1 orbit provided a nearly ideal geometry for
measuring the polarization of the auroral kilometric radiation.
The first DE 1 polarization measurements were reported by
Shawhan and Gurnett [1982]. These measurements showed
that the dominant polarization was right-handed with respect
to the magnetic field, thereby confirming the earlier con-
clusions that the radiation is generated primarily in the R-X
mode. A frequency-time spectrogram of an auroral kilometric
radiation event for which polarization measurements were ob-
tained is shown in Figure 6. The auroral kilometric radiation
consists of the intense emissions above the electron cyclotron
frequency from about 1620 to 1710 UT. The step frequency
correlator measurements for a single 32-s sweep around 1648
UT are shown in Figure 7. The crucial parameter for deter-
mining the polarization is the phase 6 between the E_ and E,
signals. As the frequency sweep passes through the frequency
range from about 100 to 400 kHz, the phase develops a clearly
defined square wave pattern, switching back and forth be-
tween 90° and 270°. This square wave pattern is caused by the
spacecraft rotation. Times when the E, antenna axis is aligned
along the nadir (local vertical) are indicated by the vertical
dashed lines. In the southern hemisphere, where these
measurements were obtained, the observed pattern, ~90° just
after the nadir crossing, switching to ~270° one-half spin
later, is indicative of a right-hand polarization wave. The ma-
jority of the intense kilometric radiation events are similar to
the case shown in Figures 6 and 7.

Although the most intense kilometric radiation is usually
right-hand polarized, left-hand-polarized emissions also occur.
In a study of a large number of events, Mellott et al. [1984]
clearly showed that a weak left-hand-polarized L-O compo-
nent is also present. On a given pass over the auroral zone it is
usually found that either the right-hand-polarized R-X mode
radiation occurs by itself or both the R-X mode and the L-O
mode are present simultaneously. When the L-O mode emis-
sion is present, the frequency of this emission is usually below
the frequency of the R-X mode. This relationship is illustrated
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Fig. 6. A typical DE 1 electric field spectrogram obtained during a high-altitude pass over the auroral zone. The
intense broadband radio emission evident at frequencies above the electron cyclotron frequency is auroral kilometric

radiation.

in Figure 8, which shows a polarization spectrogram during a
nighttime pass over the auroral zone. Red indicates right-hand
polarization and green indicates left-hand polarization. Mel-
lott et al. [1984] interpret this frequency difference as indicat-
ing that the L-O mode radiation is emitted at larger wave
normal angles than is the R-X mode radiation. This difference
in the radiation pattern allows the L-O mode radiation to be
observed at a greater distance and at a lower frequency than
for the R-X mode radiation.

Several factors suggest that the L-O mode radiation may
simply be a by-product of the R-X mode generation. When
both components are present, Mellott et al. [1984] found that
the amplitudes of the two components are closely correlated,
with the O mode about a factor of 50 less intense than the X
mode. Also, even though the O mode can propagate at fre-
quencies well below the electron cyclotron frequency (see
Figure 4), the O mode radiation never extends below the elec-
tron cyclotron frequency, suggesting that both emissions are
produced at the same frequency. Furthermore, recent studies
of the fine structure by Benson et al. [1988] show that both
components have essentially identical spectral characteristics.
These facts are all consistent with a weak (2%) conversion of
the R-X mode radiation to L-O mode radiation in the source
region, possibly due to scattering by density irregularities or
some other relatively inefficient mode conversion process. L-O
mode radiation can also be produced by direct cyclotron reso-
nance amplification [ Melrose et al., 1984]. However, it is diffi-

cult to account for all of the observed characteristics if the
L-O mode radiation is generated independently of the R-X
mode radiation.

The presence of harmonic structure in the auroral kilo-
metric radiation spectrum has also been studied with the DE 1

SOUTH AKR, 50-400 kHz, DAY 90, MARCH 3|, 1982
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rig. 7. An expanded plot showing one sweep ot the high-
frequency receiver starting at 1648:28 UT from Figure 6. The phase ¢
is the relative phase angle between the E, and E, antennas. The
square wave modulation of 8, between 90° and 270° near the end of
the plot, is caused by the spacecraft rotation. The observed pattern is
indicative of a right-hand-polarized wave (R-X mode) {from Shawhan
and Gurnett, 1982].
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Fig. 8. A polarization spectrogram showing right-hand (red) and left-hand (green) polarized auroral kilometric radi-
ation. The strongest AKR is usually right-hand polarized. However, left-hand-polarized AKR also occurs. When it does
occur, the left-hand component occurs at frequencies below those of the right-hand component [from Mellot: et al., 1984].

plasma wave instrument [Mellott et al., 1986]. The existence
of emission near the second harmonic (twice the fundamental
emission frequency) was first observed in ISIS 1 data by
Benson and Calvert [1979], who tentatively ascribed it to non-
linearities in the instrument response. However, several mech-
anisms were proposed for generating second-harmonic radi-
ation [Lee et al, 1980; Wu and Qiu, 1983; Melrose et al.,
1984], and later studies by Benson [1982, 1984, 1985] pro-
duced evidence that the ISIS 1 harmonic emissions were of
natural origin. Still, the origin of the signals remained contro-
versial [Calvert, 1983; Benson, 1985]. The difficulty was that
the ISIS 1 observations were obtained near the source, where
the fundamental emission is very intense, thereby saturating
the receiver and making it difficult to distinguish instrument
effects from true harmonic emissions. Because DE 1 passes
over the auroral zone at much higher altitudes than does ISIS
1, the intensities are lower, and instrument distortion effects
are less likely. Also, as will be discussed below, the polariza-
tion measurement capability of DE 1 provided further strong
evidence that the harmonic effects are not instrumental.

An example of a DE 1 observation of harmonic structure in
the auroral kilometric radiation is shown in Figure 9 [from
Mellott et al., 1986]. The top panel shows the electric field
intensity spectrogram from the E_ antenna, and the bottom
panel shows the polarization, with red indicating right-hand
and green indicating left-hand. The fundamental and harmon-
ic components of the kilometric radiation are clearly evident
in the intensity spectrogram. As can be seen, the fundamental
is left-hand polarized (green), and the harmonic is right-hand
polarized (red). This reversal of the polarization provides
strong evidence that the second-harmonic component is of
natural origin. No instrumental effect is known that can pro-
duce a polarization reversal of the harmonic component. Un-
fortunately, events of the type shown in Figure 9 are quite
rare. Only a few percent of the auroral zone passes show
clearly resolved fundamental and second-harmonic emissions.
It is possible that harmonic emissions occur a large fraction of
the time but are obscured by the fundamental emission, which

is more intense and extends over a broader bandwidth, typi-
cally more than a factor of 2 in frequency.

Because the auroral kilometric radiation was known to be
associated with the aurora [Gurnett, 1974] the inclusion of an
auroral imager on DE 1 provided an ideal opportunity to
further investigate this association. The first results of a com-
parison of the DE 1 auroral images and auroral kilometric
radiation spectrums are presented by Huff et al. [1988]. These
comparisons confirmed the association reported by Gurnett
[1974] and provide dramatic new evidence that the radiation
is generated near the electron cyclotron frequency.

If the auroral kilometric radiation is generated at the elec-
tron cyclotron frequency, a unique source position can be
determined from the intersection of the electron cyclotron fre-
quency surface and a line along the direction of arrival. The
geometry involved is illustrated in Figure 10. The direction of
arrival can be obtained using the two-dimensional direction-
finding capability of DE 1. Once the source position has been
determined, the source can be compared with the aurora by
tracing a magnetic field line from the source to the point
where the auroral optical emissions occur, which is assumed
to be at an altitude of 200 km. When such comparisons were
made, the results were very striking. A typical example of an
auroral image obtained during an intense auroral kilometric
radiation event is shown in Figure 11. Points 1, 2, 3 and 4 are
the source positions inferred from direction-finding measure-
ments at frequencies of 104, 136, 170, and 218 kHz. Point 4 is
closer to the Earth than is point 1 because the cyclotron fre-
quency surface is closer to the Earth at 218 kHz than at 104
kHz. The dashed lines are the magnetic field lines from these
source positions traced down to the 200-km level. As can be
seen, the magnetic field lines terminate almost exactly on a
bright auroral feature.

Many comparisons of the type shown in Figure 11 have
been performed, mostly with auroral images that show well-
defined bright features. In virtually all cases the magnetic field
line through the source coincides almost exactly with the
bright auroral feature. When the auroral feature moves, such
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Fig. 9. A spectrogram showing fundamental and second-harmonic AKR. In this case the fundamental is left-hand
polarized (L-O mode), and the harmonic is right-hand polarized (R-X mode). The polarization reversal provides strong
evidence that the harmonic is not produced by distortion in the instrument [from Mellott et al., 1986]).

as during an auroral substorm, the kilometric radiation source
moves accordingly. This correspondence holds for a wide vari-
ety of viewing geometries, including sources located on the
east and west sides of the Earth as well as near the meridian
through the spacecraft. In addition to providing strong evi-
dence that the radiation is generated very close to the electron
cyclotron frequency, these observations also show that the
radiation is emitted over a broad range of wave normal
angles. Since many of the current theories of auroral kilo-
metric radiation [Melrose, 1976; Wu and Lee, 1979] predict
maximum growth rates over a relatively narrow range of wave
normal angles nearly perpendicular to the magnetic field,
these observations suggest that considerable scattering occurs
in the vicinity of the source.

4. AURORAL Hiss AND Z MODE RADIATION

Auroral hiss and Z mode radiation occur over the auroral
zone and polar cap at frequencies below the auroral kilo-
metric radiation. Because these two types of emissions tend to
occur in the same frequency range, and have similar character-
istics, they will be discussed together. Auroral hiss is a whistler
mode emission produced by auroral electron beams, and Z
mode radiation is a broadband emission observed over the
auroral zone and polar cap. Although auroral hiss has been
extensively studied over the past 20 years [Gurnett, 1966; Jor-
gensen, 1968 ; Gurnett and Frank, 1972; Laaspere and Hoffman,
1976], only a few observations of high-latitude Z mode radi-

—f= fc
SURFACE

\.q_._, SOURCE
FIELD LINE

OPTICAL
SOURCE ALTITUDE

Fig. 10. The geometry used by DE 1 to determine the source
position of the auroral kilometric radiation (see Figure 11). The AKR
source direction is determined from the phase and amplitudes of the
electric fields detected by the E, and E, antennas. The source position
is determined by the intersection of the arrival direction with the
f =1, surface, assuming that the radiation is generated near the elec-
tron cyclotron frequency.
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positions determined using the techniques shown in Figure 10. The dashed lines show the magnetic field lines through the
AKR source. These field lines intersect bright features in the auroral image [from Huff et al., 1988].

ation have been reported [Gregory, 1969; Hartz, 1969; Mul-
drew, 1970; Calvert, 1981], mostly at low altitudes over the
polar regions. An example of a DE 1 spectrogram with auro-
ral hiss and Z mode radiation is shown in Figure 12. This pass
starts at high altitudes over the polar cap and crosses over the
auroral zone at about 0630 UT. The auroral hiss consists of
the funnel-shaped feature extending from 0520 to 0650 UT,
and the Z mode radiation consists of the weak emission ex-

tending downward from the electron cyclotron frequency. The
auroral hiss has a sharp upper cutoff at a frequency which has
been identified by Gurnett et al. [1983] as the electron plasma
frequency. As was shown in Figure 4, when the plasma fre-
quency is below the electron cyclotron frequency, the upper
frequency limit of the whistler mode is at the electron plasma
frequency. As the wave frequency approaches the electron
plasma frequency, the resonance cone of the whistler mode
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Fig. 12. A spectrogram for a high-altitude DE 1 pass over the auroral zone in which three types of auroral plasma wave
emissions can be seen: auroral kilometric radiation, Z mode radiation, and auroral hiss.

shrinks to zero (6 = 0°). For the upper cutoff of the auroral
hiss to be at the electron plasma frequency the auroral hiss
must be refracted to near-parallel propagation (0 = 0°) as the
wave frequency approaches the plasma frequency. Studies of
the wave normal direction near the upper cutoflf by Gurnett
and Persoon [1987] show that near the upper cutoff the paral-
lel propagation condition is usually satisfied to a good ap-
proximation so that the cutoff can be used to determine the
plasma frequency. The electron density can then be computed
from the cutoff using equation (2).

Two studies of the electron density have been completed
using the upper cutoff of the auroral hiss. The first study, by
Persoon et al. [1983], concentrated on measurements of the
electron density over the polar cap and provided the first
determination of the radial profile of the electron density over
the polar cap at radial distances above 2 Rg. This profile is
shown in Figure 13. The electron density varies systematicalily
with radial distance, decreasing from about 30 cm~3 at 2 R
to about 1 cm ™2 at 4.6 R;. Large variations, by up to a factor
of 10, occur from pass to pass. The second study, by Persoon
et al. [1988] concentrated on electron density measurements
in the auroral zone and confirmed the existence of a plasma
cavity along the auroral field lines at radial distances from 2
to 4 R, as first reported by Calvert [1981]. A typical electron
density plot for a pass through the auroral plasma cavity is
shown in Figure 14. Typically, the electron density decreases
by a factor ranging from 2 to 10 as the spacecraft crosses the

Fig. 13.
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Fig. 14. An example of a DE 1 pass through the auroral plasma cavity. The plasma cavity is characterized by a
strongly depleted electron density. This depletion can be seen in the upper cutoff of auroral hiss, which is at the local
plasma frequency. The bottom panel shows the electron density obtained from the auroral hiss cutoff.

auroral L shells at radial distances of 24 R;. In the cavity the
electron density is often highly structured, with variations of
up to a factor of 2 on spatial scales as small as a few kilome-
ters. Low-energy ions are also observed streaming upward
along the magnetic field lines within the cavity. This ion out-
flow is sufficient to deplete the plasma density within the
cavity on time scales of a few hours.

Because the frequency range of the Z mode overlaps the
whistler mode (see Figure 4), it is often difficult to distinguish
auroral hiss from Z mode radiation. The extent of this overlap
is illustrated in Figure 15, which shows a spectrum from 0542
to 0544 UT for the event in Figure 12. In this case the two
emissions can be distinguished because the auroral hiss is
more intense, which causes an abrupt drop in the intensity at
the electron plasma frequency. If the two emissions have com-
parable intensities, or if the upper cutoff of the auroral hiss is
not sharp, the two modes are very difficult to distinguish. This
ambiguity is present after about 0624 in Figure 12.

The funnel-shaped frequency-time characteristic of the au-
roral hiss is a propagation effect which occurs for whistler
mode waves with wave vectors near the resonance cone. For
many years it has been known that auroral hiss is propagating
at wave normal angles near the resonance cone, in a region
where the whistler mode is quasi-clectrostatic [Smith, 1969;
Mosier and Gurnett, 1969; Gurnett and Frank, 1972; James,
1976]. For wave normal angles near the resonance cone, the
ray path is perpendicular to the resonance cone and propa-
gates at an angle ¥, relative to the magnetic field, as shown
in Figure 16. The angle y,,, is given by
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Fig. 15. Typical electric field spectrums of auroral kilometric
radiation, Z mode radiation, and auroral hiss. Because the frequency
range of the Z mode and the whistler mode overlap, it is sometimes
difficult to distinguish auroral hiss from Z mode radiation. In this
case the two types of noise can be distinguished because of the abrupt
cutoff of the auroral hiss at the electron plasma frequency.
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where S and P are defined by Srix [1962], and the approxi-
mation is valid whenever S is much greater than 1 (high-
density approximation). Equation (3) shows that at low fre-
quencies the ray path is almost parallel to the magnetic field.
As the frequency increases, the angle ¥, increases, approach-
ing 90° as the wave frequency approaches either f,, or f,,
whichever is smaller. For a wave propagating upward, toward
a region of decreasing f,, and f,,, the ray path deviates more
and more from the magnetic field, eventually propagating
horizontally as f approaches min (f,,, f.). The resulting ray
paths are illustrated in Figure 16. For a satellite passing hori-
zontally over the source, the highest frequencies are detected
first, with lower and lower frequencies occurring as the satel-
lite approaches the field line through the source. The result is
the funnel-shaped frequency-time dependence. Although V-
shaped features have been previously observed in auroral hiss
spectrums [Gurnett and Frank, 1972], the DE 1 observations
provided the first evidence of “flaring” of the funnel as the
frequency approaches the upper cutoff at min (f,., f..). Ray
path computations by Gurnett et al. [1983] show good fits for
source positions located at altitudes of about 0.7-0.9 R
Poynting flux observations also confirm that the emissions are
propagating upward, in agreement with the above picture.
Downward propagating auroral hiss emissions also occur
[Gurnett and Frank, 1972]. The downward propagating auro-
ral hiss emissions are observed mainly at low altitudes, below
~1 Rg. It seems likely that the funnel-shaped auroral hiss
events observed by DE 1 at high altitudes probably originate
as upward propagating auroral hiss emissions known as sau-
cers, which are observed with low-altitude polar-orbiting sat-
ellites [Gurnett and Frank, 1972; James, 1976]. Both upward
and downward propagating saucer emissions are commonly

between the ray path and the magnetic field increases with increasing

the highest frequencies first, thereby producing the funnel-

observed at low altitudes in the auroral zone [Horita and
James, 1982].

It has long been known that auroral hiss is closely associ-
ated with low-energy auroral electron beams [Gurnett, 1966;
Gurnett and Frank, 1972; Laaspere and Hoffman, 1976]. Prior
to DE 1 all of the auroral hiss and low-energy electron com-
parisons were made with low-altitude satellites. These obser-
vations showed that the downward propagating auroral hiss is
closely related to downward moving *“inverted-V” electrons.
Since auroral hiss is believed to be produced by a Landau
resonance [Maggs, 1976] in which the electron beam moves in
the same direction as the wave, ie., w/k; ~ v,, the upward
propagating auroral hiss detected by DE 1 is expected to be
associated with upward moving electrons. A search for such
upward directed electron beams was performed by Lin et al.
[1984] using DE 1, and several events were found in which
upward moving electron beams were associated with funnel-
shaped auroral hiss emissions. These electron beams were
found to have a peak energy around 50 eV, a temperature of
about 20 eV, and a density of the order of 1 cm™~3. Ray path
studies of specific cases showed that the lower boundary of the
auroral hiss source is located at an altitude of about 1 R;. The
existence of a low-altitude limit to the auroral hiss source
suggests that the electron beam acceleration may occur at this
altitude. These source altitudes are in good agreement with
the altitude of the electron acceleration region estimated by
Burch et al. [1983] on the basis of electron pitch angle distri-
butions.

In contrast to the auroral hiss, much less is known about
the origin and propagation of Z mode radiation over the
auroral zone and polar cap. The Z mode is a very complicated
plasma wave mode. As can be seen from Figure 4, the band-
width of the Z mode is a very sensitive function of the ratio of
the electron plasma frequency to the electron cyclotron fre-
quency. When f,./f,. is greater than 1, the bandwidth is very
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Fig. 17. A qualitative analysis of the ray path of Z mode radiation for the special case of a vertical magnetic field in a
horizontally stratified plasma. The Z mode radiation is reflected as it approaches the f; _, cutoff and asymptotically
approaches the level where f= .. If the magnetic field is tilted away from vertical, or if horizontal gradients are present,
the radiation can enter the region above f = ., but can never propagate beyond f = fi;;z.

narrow, whereas when f,./f,, is less than 1, the bandwidth is
very broad. This dependence explains why the broadband Z
mode emissions are not observed in other parts of the mag-
netosphere. It is only in the very low density regions found at
high altitudes over the auroral zone and polar cap that the
Jpel foe ratio is sufficiently small for large bandwidths to occur.
In most other regions of the magnetosphere the bandwidth of
the Z mode is very narrow: Af/f of about few percent. The
resulting narrow-band emissions are usually called upper
hybrid resonance (UHR) emissions. The peak intensities usu-
ally occur near the upper hybrid resonance frequency, which is
at the upper edge of the band. Upper hybrid emissions are
usually considered a “local” emission because the narrow
bandwidth confines the waves to a very restricted spatial
region.

Because of the broad bandwidth of the Z mode in the low-
density region over the auroral zone and polar cap, the radi-
ation can propagate over large distances, both horizontally
and vertically. The general nature of the propagation can be
understood by considering the shape of the index of refraction
surface as a function of altitude. The index of refraction sur-
face is indicated schematically in Figure 17 for altitudes rang-
ing from cutoff at f = f; _, to resonance at f = f{ ;. The topol-
ogy of the index of refraction surface changes at the electron
cyclotron frequency. Above the electron cyclotron frequency
the index of refraction has a resonance cone, with no propaga- |
tion from O to 0. Below the electron cyclotron frequency,
propagation is allowed for all wave normal angles, and the
index of refraction surface has a more or less elliptical shape.
The index of refraction surface shrinks to zero radius at cutoff,
f=fi-0 and expands to an elongated ellipsoid along the
magnetic field as f approaches f,, from below. For a detailed
description of the index of refraction surface of the Z mode,
see Budden [1961].

To analyze the Z mode propagation, one can use a simple
Poeverlein construction [Poeverlein, 19497]. To a first approxi-
mation the medium is assumed to be horizontally stratified
with the magnetic field vertical, as it would be over the polar
region. Snell’s law then shows that the horizontal component
of the index of refraction, n sin 6, is constant. A representative
constant value for n sin 0 is indicated by the vertical dashed

line through the index of refraction surfaces on the left side of
Figure 17. The group velocity at each altitude is then given by
the normal to the index of refraction surface at the intersec-
tion with the dashed line, as indicated by the arrows. Using
these group velocity directions, the ray path can then be
sketched starting at various source positions and wave normal
angles. A representative series of ray paths is shown on the
right of Figure 17. The general trend is quite clear. Rays with
initial wave normal angles directed upward asymptotically ap-
proach the level where f'= f,. For an exactly vertical magnetic
field, these rays cannot reach the level above f = f,,. However,
if the magnetic field deviates from vertical, or if horizontal
gradients are present, some penetration can occur into the
region above f=f,_ . Rays with initial wave normal angles
directed downward are reflected as they approach the cutoff at
S =fi_o After reflection the ray asymptotically approaches
the level where f=f,.

The simple ray path model shown in Figure 17 explains
many of the characteristic features of the Z mode radiation.
The ability of the radiation to propagate horizontally with
relatively little refraction, except near f, _, and f,, explains
why the radiation is detected over a large region of the polar
cap, even though the auroral zone is the most likely source. In
considering possible source locations, there is presently very
little direct evidence from DE 1 to indicate exactly where the
radiation is generated. The wideband data show that the spec-
trum is relatively smooth and continuous, like auroral hiss,
and not at all like auroral kilometric radiation, which has
considerable fine structure [Gurnett et al., 1979]. Recent
direction-finding studies by Hashimoto et al. [1987] indicate
that the Z mode radiation is generated in the auroral zone
and may originate from auroral hiss via a coupling window
that occurs near the electron plasma frequency.

5. MYRIAMETRIC (CONTINUUM) RADIATION
AND EQuATORIAL UHR EMIssIONS

Terrestrial myriametric radiation (TMR) consists of radio
emissions with wavelengths of tens of kilometers (myriametric)
that are generated by intense upper hybrid emissions near the
plasmapause. Myriametric radiation has also been called con-
tinuum radiation by Gurnett [1975] and Gurnett and Frank
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[1976], who provided the first evidence that the radiation is
generated by electrostatic oscillations near the electron plasma
frequency. Later, several investigators, including Rénnmark et
al. [1978] and Kurth et al. [1979], showed that the elec-
trostatic waves were at the upper hybrid resonance frequency.
The free-energy source for the upper hybrid resonance waves
is believed to be a loss cone anisotropy in the trapped electron
distribution. Path-integrated growth rate calculations show
that the favored region for the growth of these waves is near
the equatorial plane. Myriametric radiation was originally
called continuum radiation because it appeared to have a con-
tinuous frequency spectrum, similar to trapped continuum
radiation [Gurnett and Shaw, 1973]. However, more recent
high-resolution spectral measurements clearly show that the
radiation is not continuous but instead consists of many close-
ly spaced lines [Kurth et al., 1981]. For this reason and other
reasons, Jones [1982] suggested that the escaping continuum
radiation should be renamed terrestrial myriametric radiation.

Several theories have been advanced to explain the conver-
sion of the locally generated UHR emissions to escaping my-
riametric radiation. These theories can be categorized as linear
and nonlinear. The linear mechanism was proposed by Jones
[1976], who suggested that UHR emissions, which are in fact
Z mode waves, are converted to escaping left-hand-polarized
ordinary (L-0) mode waves via a tunneling process. This
linear tunneling process is well known in ionospheric radio
propagation and is usually referred to as the “radio window”
[Budden, 1961]. The radio window is located at the electron
plasma frequency and occurs whenever the plasma density
gradient is sufficiently steep to make the gap between the Z
mode and the L-O mode comparable to or smaller than a
wavelength. Several nonlinear mode conversion mechanisms
also exist, all of which require wave-wave interactions to pro-
duce the escaping electromagnetic radiation. These theories
have been reviewed by Melrose [1981]. At present the favored
nonlinear mechanism involves the interaction of an upper
hybrid resonance wave with a low-frequency electrostatic
wave to produce the escaping electromagnetic radiation.

The linear conversion theory of Jones [1976, 1980] provides
two predictions that the DE 1 plasma wave instrument is
ideally suited to test. The first prediction is that the myria-
metric radiation should be beamed outward in two meridional
beams at angles of +7y with respect to the magnetic equator as
shown in Figure 18. The angle y is given by

y = arctan (£../f)"" @

where the electron cyclotron frequency is evaluated at the
escape point. Since DE 1 provides north-south passes through
the magnetic equator, this spacecraft has an ideal orbit re-

UHR
EMISSION

Fig. 18. A qualitative sketch showing the beaming of myriametric
radiation away from an equatorial source as predicted by Jones
[1976] “radio window” model. The beam angle y can be directly
measured by a spacecraft passing from north to south outside the
plasmasphere.
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quired for observing the predicted beaming. For an equatorial
plasmapause source, the best viewing geometry occurs when
the apogee is near the equator, which occurs approximately
once every 20 months. The second prediction is that the radi-
ation should be left-hand polarized with respect to the mag-
netic field in the source region (i.e., L-O mode). The polariza-
tion measurement capability of DE 1 also provides an op-
portunity to verify this prediction.

The equatorial beaming ol the terrestrial myriametric radi-
ation has been investigated using the DE 1 data by Jones et al.
[1987]. A spectrogram of a myriametric radiation event de-
tected by DE 1 during a south to north pass through the
magnetic equator is shown in Figure 19. The myriametric
radiation appears as two distinct bursts (labeled TMR) from
about 60 to 100 kHz. These two bursts occur symmetrically
with respect to the magnetic equator (1 at the bottom of the
plot gives the magnetic latitude). An intense electrostatic emis-
sion can also be seen at the upper hybrid resonance frequency,
which in this case is fyyg =~ 62 kHz. This UHR emission is not
the source of the myriametric radiation, since the escape
region must liec earthward of the spacecraft. However, it does
demonstrate that equatorial UHR emissions were present
during this pass. Direction-finding measurements performed
on the two bursts of myriametric radiation are shown at
points A and B in Figure 20. These measurements show direc-
tions of arrival that are in good qualitative agreement with the
beaming model shown in Figure 18. The radiation appears to
be arriving from the L = 4.0 magnetic field line at a point
slightly south of the magnetic equator. The L = 4.0 field line is
a very reasonable location for the plasmapause during this
pass. Furthermore, the arrival directions, d and y, are within a
few degrees of the arrival directions predicted with equation
(4). Unfortunately, for this case the intensity of the myria-
metric radiation was not high enough to make polarization
measurements. However, a recent study of a more intense
event by Gurnett et al. [1988] shows the expected L-O mode
polarization.

Overall, the DE 1 measurements provide very strong sup-
port for the linear conversion model of Jones [1980]. Al-
though these measurements do not rule out the possibility of a
nonlinear conversion mechanism, to date no nonlinear mecha-
nism has been proposed that provides predictions which fit the
observations as well as the linear conversion mechanism.

6. WHISTLER MODE WAVES AND WAVE PARTICLE
INTERACTIONS

In the inner magnetosphere, on closed field lines at L < 7,
whistler mode wave particle interactions establish high levels
of whistler mode “noise,” including spontaneously generated
chorus and hiss emissions and triggered emissions that have
their origin in lightning-generated whistlers, VLF transmitter
signals, and power line radiation. It is widely agreed that whis-
tler mode wave-particle interactions play a dominant role in
the acceleration and loss of energetic radiation belt electrons
[Lyons and Williams, 1984]. However, much remains to be
learned about the relative contributions to this loss by mag-
netospheric waves of different origin [Imhof et al., 1984, 1986].
For example, it is known that both spontaneous and whistler-
triggered chorus bursts can induce detectable precipitation of
energetic particles outside the plasmasphere [Rosenberg et al.,
1971; Helliwell et al., 1980]. Throughout the inner mag-
netosphere, lightning-generated whistlers are now known to
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Fig. 19. A south to north DE 1 pass through the magnetic equator showing the two bursts of terrestrial myriametric
radiation (TMR) predicted by Jones’ beaming model north and south of the equator [from Jones et al., 1987].

induce bursts of electron precipitation [Helliwell et al., 1973;
Carpenter and LaBelle, 1982; Inan et al., 1985; Voss et al.,
1984; Goldberg et al., 1986; Inan and Carpenter, 1986, 1987].
Recent satellite experiments, involving controlled injection of
waves from a ground-based VLF transmitter, have also pro-
vided the first direct evidence of the precipitation of trapped
radiation belt particles by man-made radio waves [Imhof et
al., 1983a, b; Kovrazhkin et al., 1984]. However, the relative
contributions to precipitation by ducted versus nonducted
forms of these waves are not yet known, and their relative
importance with respect to other waves such as ELF hiss has
not been evaluated.

The DE 1 satellite, with its polar orbit and apogee of ~4.6
Ry, is well suited to contribute to the resolution of these
questions by means of comprehensive in situ measurements of
the relevant whistler mode wave spectrum. An example of a 2-
to 25-kHz spectrum measured near the equatorial plane in the
inner radiation belt at L ~ 1.6 is shown in Figure 21. In the
frequency range shown, multiple whistlers arrive over a direct
(half hop) path with intense wave energy extending up to 25
kHz. In a few cases, more dispersed whistler components also
arrive at the satellite, presumably after reflection from the
ionosphere or within the magnetosphere, with significant wave
energy up to ~15 kHz. At lower frequencies (<2 kHz), there
is plasmaspheric hiss at an intensity lower than that of the
whistlers, as evidenced by the fact that the automatic gain
control (AGC) of the receiver is dominated by the whistlers
during the times they are observed. Also seen in Figure 21 are

X (Rg)

Fig. 20. Direction-finding measurements for the event in Figure
19 showing that the terrestrial myriametric radiation originates from
near the magnetic equator. The ray path angles are in good quantita-
tive agreement with the directions predicted by Jones® beaming model
[from Jones et al., 1987].
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Whistlers and VLF transmitter signals observed on the DE 1 satellite in the frequency range 2-25 kHz

Whistlers arriving over direct paths, as well as after one or more reflections, are seen. The transmitter signals identified are
from NPM, Hawaii; NWC, Australia; NSS, Maryland; NLK, Jim Creek, Washington; NAA, Maine; and RPG and UMS,
USSR. The finite duration pulses in the 10- to 15-kHz range are from the Omega navigation network and another

navigation system in the USSR.

signals from VLF communication transmitters operating at
> 15 kHz; they are identified in the figure caption by name,
location, and frequency. The finite duration pulses in the fre-
quency range 10-15 kHz are signals from the Omega navi-
gation system and a similar set of navigation transmitters in
the USSR.

Figure 22 illustrates other types of whistlers and transmitter

signals that are regulz'u'ly observed on DE 1. The top two
panels show discrete emissions triggered by Omega transmit-
ter pulses. In the top panel the first 1.2-s-long, 10.2-kHz pulse
from the Omega, North Dakota, transmitter, which arrives at
the satellite on a “direct” path, does not seem to trigger emis-
sions. The “echo” of the same signal, arriving at the satellite
after reflection from the ionosphere or in the magnetosphere,
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Fig. 22. Whistlers and Omega transmitter signals observed on ISEE 1 and DE 1. The upper two panels show discrete
emissions triggered by transmitter pulses propagating in the nonducted mode. A distinctly different character appears
(second panel from top), in comparison to emissions triggered by ducted signals observed on the ground [Bell et al., 1981].
The bottom panel shows magnetospherically reflected whistlers; each sequence is generated by a single lightning flash. The
second panel from the bottom shows lower hybrid resonance noise bursts triggered by whistlers, with the emission band
enduring for up to 5-10 s, much longer than the observed duration of the triggering signal.

is accompanied by emissions. The second panel shows another
example, in which the emissions are again associated with
later arriving pulses. The spectral characteristics of these emis-
sions (e.g., high df /dt, presence of successive, sometimes over-
lapping elements) are distinctly different from those triggered
by ducted signals observed on the ground [Bell et al., 1981].
The bottom panel of Figure 22 shows two successive whistler
events observed on DE 1 near L ~ 3.3. Each event is triggered
by a single lightning flash and consists of a sequence of traces
that arrive at the satellite after undergoing successive mag-
netospheric reflections [Edgar, 1976]. During the time of the
whistler events, no other significant wave activity is seen in the
0- to 10-kHz range, as evidenced by the fact that the receiver

AGC is dominated by the whistler signal. The second panel
from the bottom shows lower hybrid resonance (LHR) noise
bursts repeatedly triggered by whistlers, with the emission
bands enduring for up to 5-10 s, much longer than the ob-
served duration of the triggering whistler.

In addition to the observation of the equatorial regions
within the radiation belts at L < 3, the DE 1 orbit allows for
convenient study of whistler mode wave activity in the vicinity
of the plasmapause. Data from a typical ~ 2-hour crossing of
this region, acquired during controlled VLF wave injection
experiments with the Siple Station, Antarctica, transmitter, is
shown in Figure 23, together with a meridional plane projec-
tion of the relevant orbital segment. Samples of the spectrum
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Fig. 24. Examples of discrete emission bands observed on the high-altitude DE 1 satellite. Data from two different
periods in which the DE 1 orbital configuration was similar are shown. The upper panel shows data from the WBR (600
Hz to 10 kHz). The lower panel shows data from the 10- to 16-kHz band of the LWR. LWR toggles between the E, and B
antennas every 32 s and has a steep roll-off above 16 kHz (~ 10dB down at 17 kHz) [Poulsen and Inan, 1988].

in the 2- to 8-kHz range are shown at four different times
when the satellite was near the vicinity of the geomagnetic
equator. In the top panel we see whistlers and the Siple trans-
mitter signals without any associated emission activity. The
high rate of observed whistler activity is typical of conditions
inside the plasmasphere [Carpenter et al., 1968]. Later during
the same pass, the whistler activity terminated abruptly (typi-
cal of plasmapause crossings), and both natural and Siple
signal—triggered emission activity was observed as shown in
the lower three panels. The relatively steady band of emissions
near ~ 7 kHz decreased in frequency as the satellite moved to
higher L shells, typical of magnetospheric chorus [Burtis and
Helliwell, 1976].

Natural Waves: Hiss and Chorus

DE 1 observations in the inner magnetosphere at L <3
have led to the identification of a new type of discrete whistler
mode emission occurring at middle to low latitudes [Poulsen
and Inan, 1988]. Examples of these emission spectrums are
illustrated in Figure 24. In summary, the emission elements
are confined to a bandwidth of 1-5 kHz, with the lower cutoff
frequency of the band varying with L shell, being equal to

~0.2-0.5f.(Eq), where f.(Eq) is the equatorial electron cyclo-
tron frequency. The discrete and burstlike nature of the emis-
sions is similar to that of chorus emissions typically observed
at higher L; however, dispersion of individual elements is
often different from typical chorus, and the emissions are ob-
served inside as well as outside the plasmapause. The phenom-
enon seems to occur mainly in the early morning local time
sector (0400-0800 MLT) and is well correlated with geomag-
netic activity, occurring mostly when XKp > 30. The analysis
of data from the low-altitude ISIS 2 and the high-altitude DE
1 satellites indicates that the emissions may be generated near
the equatorial plane at frequencies of ~0.2f(Eq) inside and
~0.35f,(Eq) outside the plasmapause. The parallel energy of
electrons for cyclotron resonance with the observed wave is
found to be ~20-50 keV in both cases. Observations in the
vicinity of low-altitude crossings of the plasmapause also indi-
cate the presence of a second emission band, which is interpre-
ted to result from reflection of the equatorially generated
emissions from the lower ionosphere.

In a study of whistler mode chorus emissions using simulta-
nenous data from Halley Bay and Siple stations in the Antarc-
tic and from DE 1, it was shown that individual emission
elements observed on the satellite were predominantly the
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result of downward ducted propagation followed by a reflec-
tion at low altitude, with the signals subsequently reaching the
satellite in the nonducted mode [Smith et al., 1985]. Such a
“hybrid” mode of propagation (see Figure 25) provides a
means by which signals generated, amplified, or triggered in
small localized ducts can spread into much larger regions of
the inner magnetosphere.

A detailed investigation of the wave normal direction and
spectral properties of whistler mode hiss was carried out using
LWR data from DE 1 [Sonwalkar and Inan, 1988]. A new
formalism to analyze satellite data allowed the representation
of the hiss by a field distribution function (FDF), in terms of
which the observed data were interpreted. Using spin modula-
tion of the hiss intensity as observed with the electric and
magnetic antennas over an extended (~ 3-hour) period, it was
determined that the hiss emissions were generated with wave
normal angles at an angle of 30°-80° with respect to the mag-
netic field, but also nearly perpendicular to the meridional
plane.

Siple/DE 1 VLF Wave Injection Experiments

During the periods when the apogee of the DE 1 orbit was
in the vicinity of the magnetic equatorial plane, controlled
wave injection experiments were conducted using the Siple
Station, Antarctica, VLF transmitter facility.

Figure 25 shows the simultaneous reception of Siple trans-
mitter signals on the ground at Roberval and on the DE 1
satellite. The bottom panel shows the frequency-time format
of transmissions, the middle panel the dynamic spectrum of
the signals received on DE 1 using the magnetic antenna, and
the top panel the spectrum of the receptions at Roberval. All
records are aligned in absolute time so that the ground-to-
ground and ground-to-satellite time delays can be seen. In this
case the transmitter signals are first seen on the satellite, then
at Roberval, and then again on the satellite following reflec-
tion from the lower ionosphere. This process is depicted in the
schematic panel of Figure 25 and is called the hybrid mode of
propagation, since it involves initial ducted propagation, fol-
lowed after ionospheric reflection by nonducted propagation.
Analysis of the time delay variation and ray tracing in a model
magnetosphere (using in situ cold plasma density from UHR
frequency and also ground-based whistler data) confirmed the
predominance of the hybrid propagation mode [Rastani et al.,
1985]. The importance of the hybrid mode of propagation in
this case lies in the spatial and temporal extent of the signal
reception. As mentioned above in connection with chorus
emissions, this mechanism allows for large regions of the mag-
netosphere to be populated by waves that are either regener-
ated or amplified in ducts. These waves subsequently propa-
gate in a nonducted mode following reflection from the lower
ionosphere.

Another example of emissions triggered by signals from the
Siple Station, Antarctica, transmitter is shown in Figure 26.
The lower panel shows the transmitted format, consisting of a
staircase of nonoverlapping 1-s-long pulses at different fre-
quencies, aligned in absolute time with the dynamic spectra of
the signal received on DE 1 as shown in the upper panel. For
the case shown, the radiated power from the transmitter was

GURNETT AND INAN: DE | PLASMA WAVE OBSERVATIONS

maximized (through tuning) at 2.45 kHz, as is evident from the
format panel in Figure 25. The emission burst is triggered by
the transmitter pulse at 2.2 kHz and endures for many seconds
beyond the termination of the triggering pulse. The time delay
for the first arriving signal components is ~ 1.4 s. Ray tracing
on the basis of cold plasma density as measured on the satel-
lite (UHRY) as well as on the ground (whistlers) indicates that
the observed signals propagated in the ducted mode followed
by a nonducted path after reflection from the lower iono-
sphere in the north (i.e., the hybrid mode as discussed above in

; connection with Figure 24).

Observations of Siple transmitter signals near the geomag-
netic equatorial plane on the DE 1 satellite were used to
determine the wave propagation direction of the signals, as
well as to provide a first estimate of the effective length of an
electric dipole antenna in the magnetosphere [Sonwalkar and
Inan, 1986]. Interpretation of the spin modulation character-
istics observed on a continuous wave pulse alternately with
the electric and magnetic field antennas indicated that the
transmitter signals were propagating at an angle of ~50° with
respect to the magnetic field, consistent with that expected on
the basis of ray tracing. Using in situ (UHR) measurements of
the electron density, and also the magnetic field measure-
ments, the effective length of the 200-m tip-to-tip electric
dipole antenna was estimated to be 230 + 50 m, roughly
twice the length that is commonly assumed. Since the inner
71.1-m section of each 100-m element is covered with an insu-
lator [Shawhan et al., 19811, one possible explanation is that
the antenna is still operating in the resistive “dc mode” at
VLF frequencies. The center-to-center distance between the
conducting part of the elements is 173.1 m, which is com-
parable to the effective length obtained from the magnetic
field comparisons. Similar (unpublished) comparisons have
also been made at higher frequencies (~ 100 kHz) using auro-
ral kilometric radiation. At these higher frequencies the ef-
fective length is within about 10% of one-half the tip-to-tip
length, which is the value expected in the capacitive “ac
mode.” Apparently, the transition from “d¢” to “ac” coupling
occurs at frequencies of a few tens of kilohertz. The transition
frequency probably depends on the electron density and other
parameters. At present, no systematic study of the transition
frequency has been performed.

Spectral Broadening: Stimulated Electrostatic Waves

In addition to the well-known whistler mode wave-particle
interactions apparently occurring at high altitudes near the
equatorial plane, a new kind of interaction has recently been
discovered at low altitudes (<8000 km) [Bell et al., 1983].
This phenomenon, termed “spectral broadening,” involves the
generation of sideband electrostatic waves as originally
narrow-band (~1 Hz) signals propagate through the iono-
sphere to altitudes of 600-8000 km. The effect has been ob-
served in recent data from the ISIS 1, ISIS 2, ISEE 1, DE 1,
ARCAD 3, and InterCosmos 19 satellites [Inan and Bell,
1985; Titova et al., 1984; Tanaka et al., 1985; Bell and Ngo,
1988] and appears to involve the scattering of electromagnetic
waves from irregularities that are created and maintained by
energetic particle precipitation from the magnetosphere. Elec-
trostatic waves are excited and amplified, and pitch angle scat-
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Fig. 25. Simultaneous reception of Siple transmitter signals at Roberval, Quebec, Canada (conjugate to Siple Station)
and on the DE 1 satellite. The lower panels show the transmitter format. All panels are aligned in absolute time. The first
signal to arrive at the satellite (located near the equatorial plane) was interpreted to have propagated in the nonducted
mode. Signal components that are presumed to have propagated in a magnetospheric duct are observed subsequently at
Roberval. Ducted signal energy reflected from the lower ionosphere then propagates upward to the satellite location in the
nonducted mode. This mode of propagation is termed the “hybrid” mode [Rastani et al., 1985] and is schematically
described in the bottom part of the figure.
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Fig. 26. Emission triggering by Siple transmitter signals. The lower panel shows the transmitted signal aligned in
absolute time with the spectrum received on DE 1 that is shown in the upper panel. For the case shown, the radiated
power from the transmitter was maximized (through tuning) at 2.45 kHz. The emission burst is triggered by the transmit-
ter pulse at 2.2 kHz and endures for many seconds beyond the termination of the triggering pulse.

tering of the energetic electrons occurs which may contribute
significantly to the loss of the electrons from the radiation
belts.

Observations on the DE 1 satellite have uniquely contrib-
uted to the understanding of this new phenomenon by es-
tablishing the primarily electrostatic nature of the effect [Inan
and Bell, 1985]. Figure 27 shows the first simultaneous obser-
vation of the electric and magnetic field components of spec-
trally broadened signals on DE 1. The upper and lower panels
show the 13.1-kHz signal from the Omega, North Dakota,
transmitter. The arrow indicates the time when the receiver
was switched from magnetic (B) to electric (E,) antennas (or
vice versa). While the electric field components clearly show
broadening by as much as 130 Hz, the magnetic field compo-
nents have a bandwidth of less than 10 Hz.

7. EQUATORIAL IoN CYCLOTRON AND ION BERNSTEIN
MobpE EMISSIONS

For many years there has been considerable interest in low-
frequency electromagnetic emissions associated with energetic
ions trapped near the magnetic equator. During magnetic
storms, ions are injected into the inner regions of the mag-

netosphere producing an east-west current known as the ring
current. This injected ion distribution typically decays over a
period of several days and is often associated with a low-
latitude auroral display known as a stable auroral red (SAR)
arc. To explain the decay of the equatorially trapped ion dis-
tribution, Cornwall et al. [1970] first suggested that the ring
current ion distribution is unstable to the growth of electro-
magnetic ion cyclotron waves in the high-density region inside
the plasmasphere and that these waves scatter particles into
the atmosphere, thereby causing the aurora. Observations of
electromagnetic ion cyclotron waves produced by ring current
ions have been made by several groups, including Taylor et al.
[1975], Taylor and Lyons [1976], and Kintner and Gurnett
[1977]. Most of the early observations were associated with
proton ion cyclotron waves, which in the vicinity of the plas-
mapause have frequencies in the range around 10 Hz. Later,
when it was recognized that the ring current ion distribution
also contained heavier ions, such as He* and O* [Williams,
1980], the emphasis shifted to the study of ion cyclotron
waves associated with the heavier ions, which have frequencies
in the range around 1 Hz or less [Gendrin and Roux, 1980;
Gendrin, 1981; Mauk et al., 1981]. These studies showed that
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Fig. 27. Electric (E,) and magnetic (B) field components of spectrally broadened 13.1-kHz Omega transmitter signals
observed at low altitudes on the DE 1 satellite. Substantial (~ 130 Hz) broadening of the signal is apparent in the electric
field, but the magnetic field components have a bandwidth of less than ~ 10Hz [Inan and Bell, 1985].

electromagnetic ion cyclotron waves play an important role in
the energy transfer between various ion species in the ring
current.

In addition to the electromagnetic ion cyclotron waves an-
other class of waves, known as electromagnetic ion Bernstein
mode emissions, has been associated with equatorial ion dis-
tributions. These waves were first identified by Russell et al.
[1970], who showed that an intense band of electromagnetic
noise sometimes occurred near the magnetic equator at fre-
quencies from about 10 to 100 Hz. Later, Gurnett [1976]
showed that the equatorial noise consisted of many narrow-
band emissions near harmonics of the H*, He*, and O* ion
cyclotron frequencies. The existence of ion cyclotron harmonic
effects provided strong evidence that the waves are of a gener-
al class known as the electromagnetic ion Bernstein modes
[Fredricks, 1968]. More recently, Olsen [1981] showed that
the equatorial ion Bernstein mode emissions are closely relat-
ed to a highly anisotropic low-energy, 20- to 50-eV, ion popu-
lation that is present near the equatorial plane. In contrast to
the ion cyclotron waves, the ion Bernstein mode emissions
occur during magnetically quiet times, as well as disturbed

times. Typically, the ion Bernstein mode events last a few days
to a week and then gradually disappear. Such events occur a
few times per year.

Since DE 1 crosses the magnetic equator twice per orbit at
radial distances ranging out to 4.65 R, this spacecraft pro-
vides a good opportunity for studying both the electro-
magnetic ion cyclotron waves and the electromagnetic ion
Bernstein waves. Relatively few ion cyclotron wave events
have been found in the DE 1 data. Approximately one-half
dozen events occurred over a 3-year period. This occurrence
rate is similar to that reported by Kintner and Gurnett [1977]
using similar types of sensors but is considerably smaller than
the rate reported by Roux et al. [1982] using GEOS data. The
reason for the lower occurrence rate is that the DE 1 search
coil has been optimized for higher frequencies (up to 10 kHz)
and is not as sensitive as the GEOS search coil at frequencies
below 10 Hz, where ion cyclotron waves associated with heavy
ions are most frequently observed.

An example of an intense electromagnetic ion cyclotron
wave event detected by DE 1 is shown in Figure 28. The ion
cyclotron waves in this case occur from 0505 to 0520 UT as
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Fig. 28. An example of an electromagnetic ion cyclotron wave event detected by DE 1 deep inside the plasmasphere.
This event is associated with strong heating of O* ions in the vicinity of the magnetic equator [Quinn et al., 1986].

the spacecraft crosses the magnetic equator at a radial dis-
tance of about 2.2 R;, deep inside the plasmasphere. The pri-
mary emission frequency is about 3-6 Hz, slightly above the
O* ion cyclotron frequency. The energetic ion composition
spectrometer on DE 1 showed that these waves are closely
associated with a nonthermal (~ 10 eV to 2 keV) O™ ion conic
distribution [Quinn et al., 1986]. Both the waves and the parti-
cles are confined to a relatively narrow range of magnetic
latitudes, 13°~18°, centered on the magnetic equator. The close
spatial relationship of the two phenomena strongly indicates
that the ion cyclotron waves are responsible for accelerating
the O ions.

Other studies of the equatorial waves and their relationship
to the local plasma population have been performed by Olsen
et al. [1987] using the DE 1 data. Their studies demonstrated
a close correspondence between plasma heating and the oc-
currence of electromagnetic ion Bernstein waves. An example
of this relationship is shown in Figure 29, from Olsen et al.
[1987]. The top two panels show proton energy and pitch
angle spectrograms obtained from the retarding ion mass
spectrometer during a south-to-north pass through the mag-
netic equator at about 5.5 R;. During this pass a very intense,
strongly heated proton distribution was encountered in a
region centered on the magnetic equator. The latituainal

width of this region is only +5°. The temperature and peak
density of the protons is estimated to be 6.7 eV and 12 cm™~3.
The pitch angle spectrogram shows that the protons are
sharply peaked at a pitch angle of 90°. The bottom panel of
Figure 29 shows the plasma wave electric field spectrogram.
The electron and proton cyclotron frequencies are indicated
by the white lines labeled f,, and f,;. The line labeled f; yj is the
lower hybrid resonance frequency, which has been computed
by taking the geometric mean of the electron and ion cyclo-
tron frequencies: fiyp = (f..f)'/2. The bright red spot im-
mediately below the lower hybrid resonance frequency and
centered almost exactly on the magnetic equator is the electro-
magnetic ion Bernstein mode emissions. These emissions are
most intense at frequencies in the range around a few hundred
hertz, between f; and f; ,z. An enhancement can also be seen
just above f,;.

Although the harmonic structure cannot be seen in the low-
resolution spectrogram shown in Figure 29, comparison with
other examples, such as those published by Gurnett [1976],
clearly identifies the noise between f; and f ., as electro-
magnetic ion Bernstein mode emissions. Several additional ex-
amples of these emissions have been identified and analyzed
by Olsen et al. [1987]. In all cases the waves are found to be
associated with strongly heated equatorial ion populations.
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Fig. 29. An example of an electromagnetic ion Bernstein mode event detected by DE 1 in association with a region of
strong H* ijon heating near the magnetic equatorial plane. The ion Bernstein mode emissions occur slightly below the
lower hybrid frequency f, ;;z, from about 1820 to 1840 UT [from Olsen et al., 1987].

These comparisons strongly suggest that the waves play an 8. Low-FREQUENCY WAVES AND TURBULENCE
important role in ion heating. Specific mechanisms by which ALONG THE AURORAL FIELD LINES
ion Bernstein mode waves can heat the ions are discussed by The existence of intense low-frequency electric field noise

Curtis [1985]. along the auroral field lines has been known for many years.
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Fig. 30. An example of broadband electric and magnetic field noise observed over the evening and morning auroral
zones during a low-altitude DE 1 pass over the southern polar region. The noise is most intense at frequencies below the

O* ion cyclotron frequency [from Gurnett et al., 1984].

Heppner [1969] first reported observations of intense electric
field fluctuations at low altitudes over the auroral zone with
the OV1-10 spacecraft. This noise was subsequently described
and studied by a number of investigators, including Maynard
and Heppner [1970], Kelley and Mozer [1972], Kintner
[1976), Temerin [1978], Maynard et al. [1982], and Curtis et
al. [1982]. This noise is usually most intense at frequencies
below 1 Hz and decreases more or less monotonically with
increasing frequency, sometimes extending with measurable
intensities up to frequencies of several hundred hertz. At
higher altitudes, typically around 2-5 R, Scarf et al. [1973,
1975] reported transient bursts of electrostatic noise from
about 1 to 10 kHz that are associated with field-aligned cur-
rents along the auroral field lines. At even greater distances, in
the distant magnetotail, Gurnett et al. [1976] reported obser-
vations of intense electrostatic noise extending over a broad
range of frequencies, from typically a few hertz to a few kilo-
hertz. This noise was called “broadband electrostatic noise.”
Subsequent studies by Gurnett and Frank [1977] showed that
the broadband electrostatic noise extended along the auroral
field lines from altitudes of a few thousand kilometers to many
Earth radii in the distant magnetotail. Magnetic noise bursts

with frequencies extending from a few hertz to several kilo-
hertz were also frequently observed in the same region as the
broadband electrostatic noise. Both the broadband elec-
trostatic noise and the magnetic noise bursts were found to
occur in regions with substantial field-aligned currents of the
type that is frequently observed along the auroral field lines
[Armstrong and Zmuda, 1973; Fairfield, 1973].

Although the low-frequency electric field turbulence ob-
served at low altitudes [Heppner, 1969] and the broadband
electrostatic noise observed at high altitudes [Gurnett et al.,
1976] have many features in common (electrostatic, broad-
band, and decreasing intensity with increasing frequency), it is
not entirely clear that they involve the same process. The
prevailing view [Temerin, 1978] is that the low-altitude noise
consists of short-wavelength quasi-static turbulence that is
Doppler-shifted upward in frequency by the spacecraft motion
relative to the plasma. On the other hand, the broadband
electrostatic noise in the distant magnetotail is currently inter-
preted as an ion beam instability [ Grabbe and Eastman, 1984].
Because of the uncertainties we will use the term “broadband
noise” as a descriptive term with no implication regarding the
mechanism or mechanisms involved in generating the noise.



GURNETT AND INAN: DE 1 PLASMA WAVE OBSERVATIONS

Since DE 1 crosses the auroral field lines over a wide range
of radial distances, numerous possibilities exist for making
advances in the understanding of the broadband noise. At the
present time, two types of studies have been completed. The
first, by Gurnett et al. [1984], used the step frequency corre-
lator to study frequencies from a few hertz to several hundred
hertz, and the second, by Weimer et al. [1985, 1986, 1987],
used the dc electric field channel (see Figure 2) and the magne-
tometer to study frequencies of a few hertz and below. Typical
electric and magnetic field spectrograms of the broadband
noise observed during a low-altitude pass over evening and
morning auroral zones are shown in Figure 30. The auroral
zone crossings are easily identified in these spectrograms by
the abrupt burst of low-frequency electric and magnetic field
noise from 0426 to 0428 UT and from 0435 to 0440 UT.
Broadband noise bursts of this type are a persistent feature of
the auroral zone and are observed on essentially all of the
low-altitude DE 1 auroral zone crossings. The electric and
magnetic field spectral densities for a representative auroral
zone crossing are shown in Figure 31. The spectral densities
decrease more or less monotonically with increasing frequency
and are easily detectable above the receiver background noise
at all frequencies up to about 1 kHz. The magnetic spectrum
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Fig. 31. Representative electric and magnetic spectrograms for a

broadband auroral zone noise event comparable to those shown in
Figure 30. The top panel shows the ratio of the magnetic to electric
field strength in terms of the index of refraction for parallel propaga-
tion, ¢B/E, and in terms of the Pedersen conductivity B/(u,E).

3in

FIELD-ALIGNED CURRENTS

BASE OF
IONOSPHERE

Fig. 32. An interpretation of the broadband low-frequency noise
based on an assumed ficld-aligned current structure that closes
through a conducting layer at the base of the ionosphere. A spacecraft
crossing horizontally through this system would detect a spectrum of
closely correlated electric and magnetic field fluctuations with
Bf(1oE) = Zp, the Pedersen conductivity.

is usually steeper than the electric field spectrum. Typical
power law spectral indices are — 3.0 to — 5.0 for the mag-
netic field spectrum and — 2.0 to — 4.0 for the electric field
spectrum. At low altitudes, below ~2 Ry, both the electric and
the magnetic field fluctuations are perpendicular to the static
magnetic field. Correlator measurements [ Gurnett et al., 1984]
show that the north-south electric field fluctuations are closely
correlated with the east-west magnetic field fluctuations. The
sign of the correlation is such that the Poynting flux (electro-
magnetic energy flow) is always directed downward, toward
the Earth. Integrated over the entire auroral zone, the electro-
magnetic energy flow associated with these fluctuations is sub-
stantial, ~ 10% W.

Two basically different models have been advanced to ex-
plain this noise. The first model assumes that the noise is
caused by the motion of the spacecraft through a system of
static field-aligned current structures imbedded in the iono-
sphere, and the second assumes that the noise is caused by
waves, most likely Alfvén waves. The essential feature of the
static field model is shown in Figure 32. This model assumes
that a system of field-aligned current sheets exists in the iono-
sphere that close through the base of the ionosphere via Ped-
ersen currents. The field-aligned currents produce an east-west
magnetic field B that is directly related to a north-south elec-
tric field E. The possible existence of such field structures in
the ionosphere was first pointed out by Smiddy et al. [1980].
At high latitudes, where the geomagnetic field is nearly verti-
cal, the magnetic to electric field ratio is given by the Pedersen
conductivity, B/(u,E) = Z,. This proportionality explains the
high correlation between the electric and magnetic field fluctu-
ations. It is also easily verified that the Poynting flux is direc-
ted downward, toward the ionosphere, as is observed. The top
panel of Figure 31 shows the measured B/(uE) ratio in units
of conductivity. Although not constant, the observed B/(u,E)
ratios, from 2 to 10 mhos, are comparable to the Pedersen
conductivities measured in auroral arcs by radar backscatter
techniques [Horowitz et al, 1978]. Although the observed
B/(1,E) ratios vary with frequency and are somewhat lower
than would be expected from radar measurements, the dis-
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agreements are not serious. At the highest frequencies, ~1
kHz, the spatial scale of the current structures is very small,
~10 m. At such small spatial lengths, some deviations from
the Pedersen conductivity are to be expected.

The second mechanism for explaining the low-frequency
electromagnetic noise assumes that the noise is caused by
waves. At the very lowest frequencies, ~1 Hz, the waves
would have to be Alfvén waves. In some cases the electric and
magnetic field spectrums show a drop in intensity near the O*
ion cyclotron frequency (see Figure 31). A decrease of this type
is expected for an Alfvén wave, since the left-hand-polarized
component (an electromagnetic ion cyclotron wave) cannot
propagate at frequencies above the ion cyclotron [requency.
Frequency components well above the ion cyclotron fre-
quency (above about 10-100 Hz) cannot be attributed to
Alfvén waves unless the wavelengths are short, tens of meters,
so that large Doppler shifts are produced. A special type of
Alfvén wave, called a kinetic Alfvén wave [ Hasegawa, 1977],
does exist which could have such short wavelengths, so this
possibility cannot be entirely ruled out. If the waves are Alfvén
waves, the ¢B/E ratio should be comparable to the Alfvén
index of refraction. Typical Alfvén indices of refraction along
the auroral field lines vary from about 10° at low altitudes in
the ionosphere to about 10 at an altitude of 1 R,. The left-
hand scale in the top panel of Figure 31 shows that the mea-
sured cB/E ratios are approximately 103, which is in reason-
able agreement with the expected Alfvén index of refraction at
low altitudes. Other studies by Gurnett et al. [1984] show that
the cB/E ratio decreases with increasing altitude, although not
quite as rapidly as would be expected for the Alfvén index of
refraction.

If the low-frequency electromagnetic noise is caused by
Alfvén waves, this noise may play an important role in accel-
erating ions along the auroral field lines. In a specific example,
Chang et al. [1986] have analyzed a case in which an O* ion
conic distribution was observed in a region of intense low-
frequency noise. Their analysis showed that the O* ion conic
distribution could be explained if the electric field noise pro-
vides transverse stochastic acceleration of the ions as they
spiral upward along the auroral field lines.

Studies of the broadband low-frequency noise have also
been carried out by Weimer et al. [1985] using the dc electric
field channel, which provides measurements up to 8 Hz. This
study concentrated on magnetic conjunctions, when both DE
1 and DE 2 were nearly on the same magnetic field line as the
spacecraft passed over the auroral zone. Although no com-
parisons were made with the higher-frequency measurements,
it is virtually certain that the fluctuations detected in the dc
channel represent the low-frequency extension of the broad-
band noise shown in Figure 31. In the analysis of Weimer et
al. [1985] it was assumed that the fluctuations are caused by
the motion of the spacecraft through static field-aligned struc-
tures. Comparisons of low-altitude electric field spectrums
measured by DE 2 with high-altitude magnetic field spectrums
measured by DE 1 showed very good agreement when
mapped to a common wave number scale. An example of
these comparisons is shown in Figure 33. The similarity in the
spectrums at two widely located points along the same mag-
netic field line provides strong evidence that the fluctuations
are caused by a field-aligned current system and not by waves.
The B/(u,E) ratio gives a Pedersen conductivity of 6 mhos,
which is a very reasonable value. When the electric fields mea-
sured by DE 1 and DE 2 are compared using a similar map-
ping technique, the spectrums are in good agreement at low
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Fig. 33. A comparison of an electric field spectrum E, from DE 2
with a magnetic field spectrum B, from DE 1 during a magnetic
conjunction over the evening auroral zone. The close similarity of the
high-altitude magnetic field spectrum to the low-altitude electric field
spectrum provides strong evidence that the noise is caused by a
system of static field-aligned current structures linking the two space-
craft [from Weimer et al., 1985].

frequencies (wavelengths greater than 100 km) but disagree at
high frequencies. An example of these comparisons is shown in
Figure 34. Typically, the high-frequency electric fields are
more intense at high altitudes (DE 1) than at low altitudes
(DE 2).

The magnetic conjunction studies with DE 1 and DE 2
show tht long-wavelength electric fields are mapped from high
to low altitudes with little or no attenuation and that short-
wavelength fields, less than 100 km, are strongly attenuated.
These results have been interpreted by Weimer et al. [1985] in
terms of an effective “Ohm’s law” conductivity along the auro-
ral field line, based on the theory of Lyons [1980]. Typical
values estimated for the conductance are of the order of 10~8
mho/m?. The existence of a conductance in the field-aligned
current system indicates that large potential drops exist along
the auroral field lines. Such potential drops are believed to
play an important role in the acceleration of auroral electrons.

9. CONCLUSION

The results presented in this review illustrate the wide range
of plasma wave phenomena that can be studied with the Dy-
namics Explorer 1 spacecraft. Although many important
questions have been answered, there are still many areas of
magnetospheric plasma wave research that can still be ex-
plored with the DE 1 data. This is especially true for correla-
tive studies with other instruments and for multispacecraft
studies. Such studies often required advanced data sets in
which certain favorable geometries or geophysical conditions
are present. For example, studies of field-aligned potential
gradients require magnetic conjunctions, and comparisons
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Fig. 34. A comparison of the electric field spectrums from DE 1
and DE 2 for a magnetic conjunction similar to that shown in Figure
33. The spectrums are in good quantitative agreement at low fre-
quencies (wavelengths longer than about 100 km) but diverge strongly
at higher frequencies, with higher intensities at DE 1. These observa-
tions show that short-wavelength fields are not mapped effectively
from high to low altitudes.

with auroral phenomena require auroral images when certain
specified auroral phenomena are present. Although a few such
events have been identified and studied, much remains to be
done. The DE plasma wave data still have great potential for
correlative investigations with other instruments and space-
craft.
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