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Figure 1. A nightside auroral crossing is shown that contains iqn
beams (energetic ions in panel 1, with pitch angles near 180° in
panel 2) and broad inverted-V arc electron precipitation (panel 3).
Intense field-aligned electron fluxes (enhanced flux at 0° pitch
angle in panel 4) and electron beam anisotropy greater than 1
(panel 5) are correlated with larger upward currents (p?.nels 6,7),
and enhanced waves (panels 8,9). The electron beam anisotropy is
defined as the ratio of parallel to perpendicular partial beam densi-
ties. Vertical lines correspond to times used for Figures 2-4, which
show strong electron flux modulations near the hydrogen cyclo-
tron frequency.

does not change linearly across the region, but instead drops
abruptly from 3000 eV to 500 eV at 9:11:40, then gradually
increases to about 2000 eV at 9:12:20, and finally drops off again
to about 500 eV at 9:12:50. The electron pitch-angle distribution,
panel 4, shows two broad periods with enhanced downgoing
field-aligned fluxes: 9:11:45 - 9:12:15, 9:12:50 - 9:13:15.
field-aligned fluxes are also seen adjacent to the polar cap (9:14:05
and 9:14:17) in a region with an enhanced trapped population.
These periods are easier to identify in panel 5 which shows elec-
tron "beam anisotropy” defined as the ratio of parallel to perpen-
dicular partial beam densities, which are partial moments derived
from pitch angles 0°-45° and 45°-90°, and from energies within a
factor of 2 of the beam energy. The beam anisotropy equals 1 for
an isotropic distribution and is greater than 1 for enhanced
field-aligned fluxes.

The enhanced field-aligned flux produces a larger electron cur-
rent as illustrated in panel 6. A comparison of the magnetic deflec-
tion estimated from this current (assuming an east-west sheet
current) and the spin axis component (eastward positive, perpen-
dicular to By and Vsc) of the magnetic field minus model field, is
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Figure 2. Electrons inside the ion beam region are modulated at
the hydrogen cyclotron frequency, fcp,. Electrons with energy
above (panel 1) and below (panel 2) the inverted-V spectral peak
have modulations that are 180° out of phase, indicating the energy
is being modulated and not the total flux. The electric (north) and
magnetic (east) fields show a simultaneous fcg, wave.

shown in panel 7. The curves are nearly identical indicating most
of the current is carried by the energetic electrons.

The regions with field-aligned electrons and larger currents
correspond to regions with intense waves near the local H+ cyclo-
tron frequency, fcg, . Panel 8 is the 2 kHz sampled waveform from
a 55 meter spin plane antenna, where the spin plane includes B.

FAST Electrons FAST Electrons
1997-02-11/09:11:48.04-.12 1997-02-11/09:11:55.64-.72
270" 4 J 270z y d 190
= 180 855
] 5
5 o
g 90 a.og
5 3
= 2
o 9 758
-
90+ 7.0
109} 1 187 deg
E 175 deg
b 108l
§_ 85 deg
3
107 4 70N
. h 4 . ” X . : -4 deg
10 100 1000 10000 10 100 1000 10000
Energy (eV) Energy (eV)
Figure 3. The electron differential energy flux inside the ion

beam region (left plots) and outside the ion beam (right plots)
show intense downgoing (0° pitch angle) field-aligned fluxes. The
left plots correspond to the Figure 2 and contain a double peak due
to aliasing between the analyzer sweep and the electron modula-
tion. The right plots correspond to Figure 4 and show broadening
due to aliasing between the analyzer sweep and the electron mod-
ulation. In the right plots at energies <300 eV, counterstreaming
field-aligned fluxes are present with upgoing and downgoing
fluxes 180° out of phase suggesting local acceleration of cold sec-
ondaries by the waves in Figure 4. Low-energy electrons near 90°
and 270° are spacecraft photoelectrons.
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Intense waves correlate with regions of enhanced field-aligned
flux. Modulation at twice the satellite spin frequency shows that
the wave electric field is primarily perpendicular to B. Panel 9
shows that the wave power forms two bands, one above and one
below fcq, (yellow line at ~0.2 kHz).

Within the ion beams (9:11:45 - 9:11:50; 9:14:00 - 9:14:14),
waves at or just above fcy, are observed. Analysis of high resolu-
tion data has shown these waves to be narrow-band with additional
harmonics, Similar waves measured by the S3-3 satellite were iden-
tified as electrostatic ion cyclotron (EIC) waves [Mozer et al., 1977,
Kintner et al., 1978], however we refer to them as fcg, waves for
reasons discussed below. EMIC waves at about fry,/2 are mea-
sured both inside and outside the ion beam region. These waves are
more broadbanded, extending from 0.3fg, to 0.7fcg,. The waves
near 2fcy, are identified as lower hybrid waves since they have no
measurable magnetic component and form the low frequency cutoff
of a broader VLF hiss. A saucer signature centered at 9:12 can also
be identified in the spectrogram. All of these waves have E, >10E,
and typical amplitudes from 100-400 mV/m peak-to-peak. The
fcr, waves and the EMIC waves also have a magnetic component.
Chaston et al. [1998] shows the Poynting flux is generally
anti-earthward for fcg, waves and earthward for EMIC waves,
although large variations occur on ~0.1 second time scales.

The regions containing the intense waves correspond to those
with large electron flux modulations. Figure 2 shows a 100 ms
stretch of data in the first ion beam (left vertical line in Figure 1)
when the fcq, waves were present. The top two panels show the
electron count rate from the 4 keV and 2 keV fixed energy detec-
tors, with the electrons modulated at ~fcg, A ~200 mV/m
peak-to-peak 200 Hz wave can be seen in the 8 kHz sampled elec-
tric field in panel 3. A ~0.4 nT magnetic signature is simulta-
neously seen in a perpendicular component of the search coil
magnetometer (panel 4). The Poynting flux varies from ~0 to
5x10"® W/m? (earthward) for the 200 Hz wave.

The two left plots in Figure 3 show the electron distribution
corresponding to the fluxes in Figure 2. Both contour and spectra
plots of the differential energy flux are shown. The contour plot
illustrates the enhanced downgoing field-aligned flux associated
with the modulations. Aliasing between the analyzer sweep and
the electron modulations show up in the spectra plot as a double
peak. An energy shift of the spectral peak, rather than a modula-
tion of the flux, is strongly indicated by panels 1 and 2 of Figure 2.
The modulations at 4 keV and 2 keV are 180° out of phase as
expected for an ~3 keV spectral peak being shifted up and down in
energy by ~1 keV. This wave-electron interaction would appear as
parallel heating of the electron beam at lower altitudes where
velocity dispersion mixes electrons of different energy.

In contrast, Figure 4 shows a 100 ms interval of data taken out-
side the ion beam (right vertical line in Figure 1). Panels 1 and 2
show the 16 keV and 8 keV fixed energy channels. The electrons
are modulated at ~120 Hz, well below fcy,. Panels 3 and 4 show
the electric (~300 mV/m) and magnetic (~1 nT) fields of the corre-
sponding EMIC waves. Note that a phase shift between E and B
occurs across panels indicating a change in polarization of the
wave. The Poynting flux changes from 7x10™> W/m? (earthward)
to -4x10"> W/m? (anti-earthward) across this interval. Lastly,
lower hybrid waves at ~400 Hz can also be identified in panel 3,
with no corresponding magnetic signature.

The two right plots in Figure 3 show the electron distribution
corresponding to Figure 4. The enhanced field-aligned flux at the
inverted-V spectral peak is similar to the flux in the ion beam
region (left plots) but with a broader parallel temperature for the
electron beam indicating greater parallel heating has taken place.
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Figure 4. Electrons (panels 1,2) outside the ion beam region are
modulated at ~120 Hz, well below the hydrogen cyclotron fre-
quency, fcg,~208 Hz. EMIC waves with the same frequency can
be identified in the electric (north) and magnetic (east) fields,
aloilg with electrostatic waves at the lower hybrid frequency (~450
Hz). ‘

Aliasing between the analyzer energy sweep and the ~120 Hz
modulations can be seen in the spectra plot as shoulders on either
side of the primary peak. In addition to the modulated primary
electron beam, these distributions also contains a low-energy
(<300 eV) counterstreaming field-aligned flux. These field-aligned
fluxes are much colder than the primary beam, with perpendicular
temperatures of a few eV. The multiple low-energy peaks are
formed by aliasing between the analyzer sweep and waves. Mea-
surements on other auroral passes, where the fixed energy detec-
tors were set lower, have shown that these fluxes are indeed
modulated. The upgoing and downgoing fluxes are 180° out of
phase, suggesting cold secondary electrons are being accelerated
both parallel and antiparallel to B by the local wave field. Mea-
surement of the pickup of cold secondaries by the H+ EMIC wave
confirms the prediction of Temerin et al. [1986, 1993] that these
waves trap and accelerate secondary electrons producing the
observed narrow field-aligned fluxes below the spectral peak in
inverted-V arcs. ‘

Discussion

The electron modulation and wave data described above are
characteristic of six carefully examined events, and are consistent
with the electron modulations of 25 other events identified in the
FAST data. Most of these events are from the winter hemisphere
(atmosphere in darkness) at high altitude (>3500 km) near 20-24
MLT, during a period where the fixed energy detectors were set to
higher energies. The lowest energy inverted-V arc with modula-
tions had a peak energy of about 0.5 keV, and the highest energy
arc with modulations had an inverted-V peak energy >30 keV.
Low amplitude (<20 mV/m) EMIC waves are often present with-
out observable electron modulation, however these small ampli-
tudes may not produce enough of an energy shift in the electron
distribution to be detectable. .

The identification of the lower hybrid waves in the region of
strong EMIC waves allows a calculation of the density in these
regions. Analysis of the nearby ion beams and conics by the
TEAMS mass spectrometer shows that the plasma is about 50%
oxygen. For feg>>fpp, and 400<f; <500, fcg,=208 Hz, and
Ng,~No,. one obtains a total density 5/cm><N_<10/cm>. This is
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