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as shown in the Plate ia. Since it appears improbable
that the geosynchronous events would not also be ob-
served at low altitudes, some reconciliation between the
two interpretations is necessary. Such a reconciliation
need not necessarily cover all of the events observed at
lower altitudes, which span a much larger range in lat-
itudes than the geosynchronous observations.

We begin by noting that simple time-of-flight disper-
sion can produce energy dispersion in latitude. Fol-
lowing an acceleration event which is confined in time
but extended in latitude, the observed delay times are
those required for the ions to repeatedly bounce be-
tween hemispheres along magnetic field lines. The
bounce time is proportional to the magnetic field line
length, which depends (primarily) on the magnetic lat-
itude. A single roundtrip of a 100 eV proton at L~10
takes close to 3000 s, whereas a typical low-altitude
satellite pass through an ion band region takes 100 to
1000 s. The satellite pass can thus often be regarded as
near-instantaneous, the changes in ion energy over time
(rather than latitude) during the time period of a pass
being comparatively small, while the field line length
variation (by a factor of >2 over ~5° in latitude) pro-
duces changes in energy of a factor 4 or more. While
this effect has a spatial signature, it is quite different
from the drift dispersion explanations of Frahm et al.
{1986] and Hirahara et al. [1997]

We present observations form the Fast Auroral Snap-
shot (FAST) Explorer of multi-banded ion distributions
over latitude. These tend to occur during quiet condi-
tions, presumably because large drift velocities would
complicate the signature sufficiently to make identifica-
tion difficult. We show two cases in which the multi-
ple bands (with the exception of the simultaneously ob-
served 10 keV CPS and few eV local background distri-
butions) show an energy dispersion over latitude which
matches the square of the modeled field line length quite
well. We therefore conclude that these and similar cases
represent acceleration at one time over a broad range of
latitudes, most probably occuring near the equator. We
then consider two previously published cases of ”banded
ion distributions” measured by Akebono and DMSP F8
Hirahara et al., [1997] and find that they also fit into
this class. The Frahm et al. [1986] and Hirahara et al.
[1997] drift dispersion theory can be fit to most ” disper-
sion patterns” by assuming a corresponding drift veloc-
ity pattern; therefore it can also fit these cases, at least
roughly. However, the equatorial acceleration scenario
imposes more constraints on the dispersion, and still fits
the data. Hence it is the more likely explanation both
for the FAST cases and for those prev10usly published
by Hirahara et al..

2. Instruments

FAST ion instrumentation consists of two top-hat
ion electrostatic analyzers (IESAs) similar to a stan-
dard electron top-hat analyzer [Carison and McFadden, 1998]
and the Time-of-flight Energy Angle Mass Spectrograph

BOEHM ET AL.: BOUNCING IONS

(TEAMS), essentially a top-hat with a time-of-flight
section added at the end. Each IESA entrance aper-
ture covers half of the spin plane, whereas the TEAMS
entrance aperture covers a full plane perpendicular to
the spin plane. In the auroral zone, the magnetic field
is typically within 5°-10° of the spin plane. The IESA
therefore provides essentially full pitch angle coverage
at all times. TEAMS pitch angle coverage varies over a
spin, from full 0°-180° coverage (twice per spin) to 90°-
only coverage % spin later. TEAMS is used primarily to
separate HY, He™t, He™, and OF. We show only Ht
and O™ in this paper; the Het and Het* fluxes were too
small to exclude the possibility that they represented
crosstalk from other masses. For present purposes, ob-
taining maximal counting statistics in a certain angular
acceptance range will be important. In general, the
IESA provides slightly better counting statistics when
fluxes are summed over angles. However, since the en-
ergy of a given peak may vary slightly with pitch angle,
and since the TEAMS instrument sensitivity averaged
over a spin period is concentrated at near-90° pitch an-
gles (where the maximum fluxes typically also occur),
TEAMS often provides the more useful dispersion plots
for these events. TEAMS also provides confirmation of
the expected dispersion delays for Ot versus H*.

3. Observations

Plate 2a shows energy-time spectrograms for one of
the most extended FAST multiple-band ion dispersion
events, including both the IESA and TEAMS (protons
and oxygen) data integrated over angle. The superim-
posed dashed lines represent the modeled dispersion as-
suming instantaneous equatorial (i.e., at a point halfway
to the opposite hemisphere) acceleration of ions at all
invariant latitudes, occuring simultaneously at 0435:30
UT. Each dashed line represents a set of ions hav-
ing bounced between hemispheres a certain number of
times, specifically making [0.25, 0.75, 1.25, 1.75, 2.25,
3.25, 4.25, 5.25] (except that the IESA panel does not
show 5.25 and the Ot panel does not show 4.25 and
5.25) roundtrips. The model energy was calculated us-
ing the actual particle path length between adiabatic
reflection points, including gyromotion, for an equa-
torial pitch angle resulting in reflection at 1.3 times
the magnetic field at FAST. (These details make only
a minimal difference in the curves, since the particles
are nearly field-aligned for most of their path; reflec-
tion at 1.3 times the FAST magnetic field represents an
average ion pitch angle of ~30° from perpendicular at
FAST.) The dotted line corresponds to 0.5 roundtrips
and requires some additional physics in the model: ei-
ther acceleration near the opposite ionosphere or the
effects of an electrostatic potential. (Although there is
some evidence of a ~0.5 roundtrip population in both
of the FAST events presented here, this is not true of
all such events.) The corresponding magnetic field lines
used in calculating the particle path length, as defined
by the Tsyganenko 96 model, are shown Figure la. The
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Tsyganenko 96 Model

Orbit 1490 magnetic field mapping 1997- 1- 6/ 5:25: 0- 5:31:54
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Tsyganenko 96 Model

Orbit 1643 magnetic field mapping 1997- 1-20/ 9:10: 0- 9:17:48
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The magnetic field lines given by the Tsyganenko 96 model corresponding to the

fitted sections of Plates 1a and 1b respectively, shown in GSM coordinates. The fourth plot in
each case shows the field line length squared, in R%. Field lines which do not close in these views
simply reached a limit on the region to be modeled, as declared in the Tsyganenko modeling
program; they may be open or they may just extend outside the reliable modeling region.

few long field lines going tailward for which both ends
are shown correspond to the rapid upturn in the field
line length towards larger ILAT (earlier UT); those field
lines which do not appear to close (only one end of the
field line shown) extend beyond the valid Tsyganenko
modeling region and the corresponding field line lengths
(at <~50 s) are only lower limits. The model calcula-
tion is described further below.

Figure 2 shows the proton energy distribution at 60°-
120° obtained from TEAMS at 0527-0528 UT, the time
of the ”cleanest” distribution with the maximal num-
ber of bands. The plus signs represent the data, while
the solid line shows the values of the fitted function cal-
culated at the measurement energies. This fit assumes
that the ions were accelerated at the equator, primarily
toward FAST, with low-energy ions also accelerated in
the opposite direction (third-lowest energy peak, at 50
eV, in Figure 2). Additionally, one peak is added corre-
sponding to the dotted line in Plate 2a (this population
is not evident in all events, and not at later times in
this one); these ions may just traverse the whole field
line length once. This is the fitted peak at the second-
lowest energy. All together, the travel distances were
assumed to be [0.25, 0.50, 0.75, 1.25, 2.25, 3.25, 4.25,
5.25] times the full-bounce (north-south-north) distance
along the field line on which the satellite is located (the
1.75 line is marginally visible at later times in Plate 2,
but not in Figure 2). The highest-energy fitted peak is
a CPS population which does not show the dispersion;
it was included to avoid distorting the fit to the disper-
sive peak below it. A set of multipliers involving only

whole numbers [1,2,...n], or whole numbers plus one-
half ([0.5,1.5,2.5...n+1/2]), as would be expected from
ionospheric acceleration, does not fit the data as well, in
either Figure 2 or Plates 2a and 2b. The bottom three

Teams Energy Spectrum Fit
05:27-05:28 UT Jan. 6, 1997

T

10000 £~

1000 ;

100

Counts

10

1 r 0.25 0.50 0.75 1.25 2.25 3.25 4.25 5.25 7.95

| TR

10 100 1000 10000
Energy, eV

Figure 2. A TEAMS energy spectrum for orbit 1490.
The fitted peaks, excepting the one at the highest en-
ergy, are at energies= Fox(0.25, 0.5, 0.75, 1.25, 2.25,
3.25, 4.25, 5.25)%+3 eV. Attempted fits with only the
squares of whole numbers (as required by acceleration in
the nearby ionosphere) resulted in larger errors and/or
more missing numbers.
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lines might fit a [1,2,3] pattern well, but then higher
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The measured velocities are given by the particle path
60° pitch anele

l‘” &4 uxxaxc

- at the measurement altitude) divided by the time since
the acceleration event. This time, or alternatively an
overall energy multiplier, was chosen by trying differ-
ent event times until good fits were obtained in Plate
2 and Figure 2. Offset energies in the range of a few
PN VAR Y ana ~F SN

cv W a 1CW l:Ullb 01 CV weEre dlbU duucu LU Llle mea-
surement energy in attempts to improve the fit; these

allow for spacecraft potentials or a field-aligned poten-

tial close to the spacecraft. For Figure 2, during this
process, a set of amplitudes (fluxes) was ﬁtted analyt-
ically at each iteration. An offset of 3 eV was used in
the final fit in Plate 2a and Figure 2 (-4 eV in Plate 2b,
20 eV in Plate 3). All peaks in Figure 2 were fitted as
Gaussians in energy, as there is no detailed acceleration
model which would define the shape of the individual
peaks. (The widths of all the Gaussians were defined by
a single linear function of the inverse velocities at the
centers of the Gaussians.) The fit to the ~10 eV peak
is very much dependent on the offset and the time of
the fit; nonetheless, such a peak corresponding to direct
propagation of the ions from the equatorial acceleration
point invariably appears in the events studied so far.

A second FAST ion spectrogram is shown in Plate 2b,
again with model dispersion curves superposed. An ac-
celeration event time of 0846:30 was assumed, together
with a set of distances equal to twice the particle path
length along the field line times [0.25, 0.55 (dotted),
0.75, 1.25, 1.75, 2.75, 3.75]. The corresponding Tsy-
ganenko 96 field lines, used in calculating the particle
path length per bounce, are shown in Figure 1b. Here
the 0.55 can again to be interpreted as corresponding to
ions accelerated in the sourthern hemisphere, perhaps
with a slight delay, traversing the field line fully once.
It can also be explained by a moderate negative elec-
tric potential in the opposite hemisphere, causing the
ions to travel faster than their measured energy would
indicate for much of their trajectory. Such a poten-
tial would have small effects on the higher energies, for
which there is some indication in the next two higher
energies.

The direct temporal effect of changing time-of-flight
delays over the ~5 min of the pass was included in the
modeling in Plates 2a and 2b but contributes only a
~25% energy change over 5 min in Plate 2b and less in
Plate 2a. The field line length effect contributes a factor
of ~5. These are the first two cases for which such fits
were done; the only prior selection is according to the
number of visible bands, the length of time over which
the bands are visible, and the smooth appearance of the
bands.

3.1. Akebono and DMSP Data

length (including gyromotion, assuming 6

In order to provide further checks on the equato-
rial source explanation of the multienergy dispersive
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ion events, fits were attempted for two such events in

Akebono data previously published by Hirahara et al.

[1997]. These events occurred at night, while the FAST

IrIing avtima

nta nd A Ad
events gecurrea auring Gayuiie.

form were provided by Hirahara, allowing the gener-
ation of the data plots with sunerimnosed fits shown

““““““““““““ Dl e inhdeniiadhad wihdaiiinted wided
in Plate 3. The fitting procedure employed is similar
to that used for the FAST data, except that the di-
rect time-of-flight changes during the period of measure-
ment play a greater role. The assumed event times are
0643:50 and 0305:30 UT respectively, and the ions are

( ~rvr laada +0 wor
assumed to be protons (assuming oxygen leads to worse

fit; the composition was not measured directly). The
nsqnmpd number of roundtrins were [0.25. 0. 75, 1.25

SuilleQ IAUAIIDel O TORIIGUIIP CiC [V.&D, L&Dy

1.75, 2.25, 2.75] and [0.25, 1.25, 2.25, 3.25, 4.25, 5.25]
for the left and right parts of Plate 3, respectively. Sig-
nificant mismatches of the fit and the data occur in two
places: in Plate 3a before 0652 UT, and at the low-
est energy in Plate 3b. The decrease in ion energy near
0320 UT in the latter is accompanied by a simultaneous
increase in the energy of precipitating electrons [Hira-
hara et al., 1997]; the low-energy variations in Plate 3b
are clearly related to field-aligned potentials. The er-
rors of a factor of ~1.6 in velocity around 0648 UT in
Plate 3a, which are consistent across multiple energies,
are most straightforwardly explainable as errors in the
nightside portion of the magnetic field model (the field
line lengths involved are 20-30 Rg) but could also be
related to a variation in the acceleration altitude, or to
non-simultaneous acceleration over latitude, i.e., to a fi-
nite Alfvén propagation time of the acceleration fields,
of the order of the 6 min interval between the ion ac-
celeration and the observations. A lateral postacceler-
ation drift over a surface-mapped distance of ~150 km
in 5 min (toward higher latitudes) might also explain
the discrepancy. Whatever the explanation for the dis-
crepancy, it should be emphasized that the fit to the
simple equatorial event model is good at the lower lat-
itudes, where the field line length is known most accu-
rately, where the equatorial Alfvén velocity as mapped
to Akebono altitude is likely to be highest (producing
a simultaneous acceleration event over latitude), and
where electric potentials are likely to be smaller.

Plate 4 shows DMSP data for the same event as
shown in Plate 3b. This data was also shown by Hi-
rahara et al. [1997]. The top two panels are par-
tially overlapping in time with Plate 3b but show mea-
surements near 600 km altitude in the southern hemi-
sphere. The superimposed dotted lines model [0.75,
1.25, 1.75., 2.75, 3.75, 4.75] roundtrips of protons origi-
nating halfway along the field line, for the same assumed
event time (0305:30 UT) as in Plate 3b. (The curve at
1.25 roundtrips in the southern hemisphere, represent-
ing acceleration toward the southern hemisphere, is not
necessarily expected from comparison with Plate 3b,
but these data are separated by 2 hours in local time
from the data in Plate 3b). These curves show signifi-
cant errors at the lower energies; the measured energy

The data in numeric
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Multi-Energy Ions: Equatorial Acceleration Model

Ion Acceleration (~1-5 minute duration) Ion Propagation (over following ~1 hour)

\ Satellite pass

= 1-10 minutes /

Compression

g5

Pulse? \
Near- \
equatorial
acceleration
region
more than | dundtrip
before measurément
Measurements at Low Altitude
= Energy vs. colatitude given by
8o constant x (field line length)?
g
g
/ Colatitude
Possible sharp upturn if field line length -> oo
Multi-Energy Ions: "Heating Wall’ Model
b

Ion Propagation Paths (at all times,
ion traces shown for single measurement latitude)

FAST, Akebono,
DMSP etc.

Ion Acceleration (at all times)

'Heating
Wall’

Slope at each colatitude
determined by local drift velocity

Measured energy ratios:
49 or 16
25
5 ( 2 )x4
1

Plate 1. The two alternative explanations for the observed multienergy ion distributions. (a) In
the equatorial acceleration model, ions are accelerated nearly simultaneously over a large range
of L -values, to a broad range of energies. Between the acceleration time and the measurement
time, each ion must make an integer+; number of (unidirectional) traversals between adiabatic
reflection points. This provides for discrete energy bands at the measurement point; ions having
made a certain number of roundtrips will be measured only at a velocity proportional to the
number of trips, and proportional to the inverse time since the acceleration event. (b) In the
“heating wall” model, each ion must make an odd (if acceleration and measurement take place
in different hemispheres) or even number of unidirectional traversals during the time it takes for
the field line to drift from the acceleration region to the measurement point. Ions are assumed to

be heated continuously in a narrow spatial region in this case. Red, green, and blue color coding
is in order of decreasing energy in both cases.

Log (Energy)

Colatitude
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Plate 4. DMSP F8 data for the second Akebono event on December 21, also taken from Hirahara
et al. [1997]. The first pass on the top is in the southern hemisphere a,nd partially overlaps the
time of Figure 2b. The bottom panel is in the northern hemisphere, roughly 50 min after the
acceleration event. The overlaid curves use the same event time as those in Figure 2b, but in
both passes, assume the existence of a ~4100 V potential close to the observation point. Note
the backward UT scale on the bottom.
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is unlikely that such a large field could be consistent
with the measured ~2 mV/m southeast field compo-
nent, even if the measurement has an uncertainty of a
few mV/m. (In an oblique-arc east-west drift scenario
such as that described by Hirahara et al. [1997], the
electric field would need to be even higher.) The drift
scenario therefore also appears unlikely from the point
of view of the measured drifts.

4.2. Instantaneous Equatorial Acceleration
Model

The equatorial single-acceleration-time model is more
consistent with the observations. In generating the en-
ergy versus time lines superimposed on Plates 2a and
2b, it was assumed that drifts were small and that the
acceleration took place at the equator at the same time
for all latitudes. The velocities are given by the to-
tal path length of a particle making n + % roundtrips
between hemispheres along a field line passing through
the observation point, divided by the difference between
the assumed acceleration time and the observation time.
The turning point is assumed to be at a magnetic field
equal to 1.33 times that observed at FAST (i.e., 60°
or 120° pitch angle at FAST, a rough average value for
the pitch angle values at which particles were observed).
The modeled arrival time is that at the turning point;
since both downward-propagating and reflected ions are
included in the FAST observations, this is an appropri-
ate average for the expected measurement times for all
the ions included in Plate 2 and Figure 2. The change
in energy in an individual ion band along the satellite
path is due primarily to the changing field line length,
requiring a proportional ion velocity along the field line
if the ion is to reach the observation point at a given
time after n + % roundtrips. A small part of the en-
ergy slope is due directly to the changing time since
acceleration. An adjustment in the time of acceleration
changes both the vertical position of the lines and, to a
smaller extent, their slope. Given that this adjustment
possibility was used to position the lines vertically, not
to fit their slope, the conclusion is that the slope fits
that dictated by the model. The position of the sharp
upturn in energy, corresponding to a sharp upturn in
the field line length given by the model, also fits well.

The assumed numbers of full bounces could possibly
also be changed in discrete steps. Together with an ad-
justment in the event time, this would allow a change in
the slope of the dispersion curves without a change in
average vertical position. However, the assumed num-
bers of bounces between acceleration and observation -
[0.25, (0.5), 0.75, 1.25, 1.75, 2.25, 3.25, 4.25, 5.25] for
orbit 1490, [0.25, (.55), .75, 1.25, 1.75, 2.75, 3.75] for
1643, and [0.25, 0.75, 1.25, 1.75, 2.25, 2.75] and [0.25,
1.25, 2.25, 3.25, 4.25, 5.25] for the two Akebono events
discussed, are natural ones to choose. They always in-
clude direct propagation from the source and generally
include most possible numbers for two full bounces or
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less, differing only in the maximum energy to which ions
are accelerated in each direction, and in the intermit-
tent appearance of 0.5 bounces, possibly representing
acceleration in the opposite ionosphere. Numbers end-
ing in .25 represent acceleration towards FAST, while
numbers ending in .75 represent acceleration away from
FAST. Any attempt to use larger numbers of bounces to
fit the data invariably results in some ”missing” bands
at intermediate energies. (There are also many missing
numbers in a similar sequence when all ions are assumed
to be accelerated upwards from one ionosphere, making
n or n+ 3 of roundtrips.)

We therefore conclude that the slope in the energy-
latitude dependence of the FAST dispersive ions matches
that given by the equatorial-acceleration, zero-drift model,
as soon as the time of acceleration is used to fit the ver-
tical positions of the energy bands. The vertical sepa-
rations of the bands fit the expectations for equatorial
acceleration, resulting in n+%, n+% roundtrips between
hemispheres before observation. The energies vary over
latitude as expected. Only the partial extra band at 0.5
roundtrips during orbits 1490, and the apparent center-
ing of what should be a 0.75 roundtrip band variably
between 0.5 and 0.75 during orbit 1643, require addi-
tional explanations.

Essentially the same conclusion applies to the com-
bination of Akebono and DMSP events, although the
DMSP events do not display a sufficiently clear multi-
band nature that they would have led to the equatorial-
acceleration explanation by themselves. Significant dif-
ferences in the Akebono and DMSP F8 event model-
ing are the following: (1) the shorter, ~10 min period
from acceleration to observation (Akebono and DMSP
southern pass), implying a significant direct temporal
element in the dispersion effect, (2) the lack of any clear
0.5-roundtrip ion bands, simplifying the model to accel-
eration only at the equator in these cases, and (3) the
necessity of invoking a significant, ~100 eV field-aligned
potential above the spacecraft in order to explain the
low-altitude DMSP dispersion pattern. In as far as dif-
ference 3 represents a complication of the model, we
note that a similar complication is also required if the
drift dispersion model is invoked; any simple dispersion
curve involving constant velocities will flatten out at
lower energies, even on a logarithmic plot. The fact
that the invoked potential is positive makes this offset
more or less an expected element of the model. If any
of the field-aligned potentials necessary to accelerate
the sharp auroral precipitation patterns (visible imme-
diately before 0321 UT and immediately after 0359 UT)
extend into the regions after 0321 and before 0359 UT,
or if the slight electron maxima at ~200 eV at 0358:20-
0359 UT and at 0321:00-0321:20 UT are assumed to
be the result of electrostatic acceleration, then an ion-
decelerating potential of the order of 100 eV is implied.
Note that the characteristic energy of several keV in
the plasma sheet precipitation (after 0321 and before
0359 UT) is primarily thermal; the energy distribution
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in this differential energy flux plot is broad, and a keV
accelerating potential is not implied.

In calculating the superimposed dispersion curves in
Plate 2 (and Plates 3 and 4), the Tsyganenko 96 model
[T'syganenko, 1996, available at www-spof.gsfc.nasa.gov,
/pub/kolya/versail.ps; Tsyganenko and Stern, 1996] was
used. This model requires as input Dst, solar wind dy-
namic pressure, By, and B,. Dst data were obtained
from the Kyoto data center World Wide Web page, and
solar wind data were obtained from the CDAWeb and
OMNIWeb. IMP 8 and Wind data, roughly time shifted
by the solar wind propagation delay to the magneto-
sphere, were used as input to the field model for the
two FAST events. The Akebono.and DMSP F8 events
required interpolation of solar wind data 3-7 hours sep-
arated from the event time. The effects of errors in
these parameters on the lower latitudes are minimal;
no major changes in activity were involved.

4.3. Acceleration Mechanism, Additional
Near-Ionospheric
Acceleration?

There are two energy bands in Plates 2a and 2b which
require complications to the equatorial acceleration sce-
nario. Plate 2a has a partial ”extra” band at ~0.5
roundtrips, while in Plate 2b the second-lowest band
appears displaced more toward low energies with in-
creasing time, the final energy corresponding to ~0.5
roundtrips. This distance appears to imply ion accel-
eration near the southern ionosphere. If a compres-
sion pulse was responsible for the equatorial heating,
near-ionospheric heating may have occured in the form
of conic and beam formation when a shear wave com-
ponent of the pulse reached the polar ionosphere af-
ter propagating along the magnetic field. The Alfvén
travel time from the equator to the ionosphere would
have been much shorter than the proton travel time
at 20-50 eV (50-80 km/s). Alternatively, it is possi-
ble that the actual propagation distance of the ions
was 0.75 roundtrips, the shorter apparent distance be-
ing due to electrostatic potentials in the opposite hemi-
sphere which changed the energy of the ions in the mid-
dle of their trip, or reflected them before they reached
the their normal southern reflection point. A small po-
tential would have affected the lowest energies (except
the 0.25-roundtrip band, since these ions were confined
to the northern hemisphere). An extra band such as

that in Plate 2a would be explained more easily by
near-ionospheric heating, although partial reflection at
a potential is also a possible explanation. The slow en-
ergy decrease relative to the 0.75-roundtrip model in
Plate 2b is better explained by potentials, but such a
wide band may also be interpreted as consisting of two
wide bands near the energies required for 0.5 and 0.75
roundtrips. A slowly changing flux ratio could then
have produced the apparent energy shift over time. We
will not consider the application of these two interpre-
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tations to Plate 2 in more detail, except to consider in a
broad sense whether the energy in a compression pulse
capable of producing the equatorial acceleration would
have been sufficient to also produce ionospheric heating
and/or field-aligned potentials.

In order to arrive at some semiquantitative results, we
will consider a specific acceleration scenario. Assume
that the original ion distribution was flat in differential
energy flux (1/v* in distribution function, where v is the
ion velocity). This is suggested by the near-constancy of
the observed differential energy flux over energy ranges
broader than the individual bands. Also assume that
a compression pulse heated this distribution adiabati-
cally. In a dipole geometry (admittedly a rough approx-
imation) the perpendicular energy during compression
is proportional to 1/R3, where R is the radial distance
of the ion to earth. The parallel energy (and we are
concerned with ions that reach low altitudes, and hence
are nearly parallel at the equator) will be proportional
to 1/RS in as far as the ions remain near the equator
during the whole compression (ions far from the equa-
tor are accelerated less, producing the banding). These
proportionalities are determined straightforwardly from
the ion gradient drift (for perpendicular velocities) and
curvature drift (for parallel velocities) in a dipole ge-
ometry, in combination with an azimuthal electric field.
Given the observed energy band peak-to-valley flux ra-
tios of a factor of ~5, the change in R for the ions due
to compression must have been a factor ~1.3. Such a
compression could be caused by a factor ~2 change in
the solar wind pressure, at least near the outer end of
the observations where the larger peak/valley ratios are
observed. While Wind observed pressure variations of
~30% or less at the appropriate times, it was located
at [z,y,2]= [44,-62,-8] Rg and [z,y,7] = [136,-35,-16] Rg
(GSM) during orbits 1490 and 1643 respectively, and
hence might have missed some variations. The ”com-
pression” could also be more local, perhaps because of
cusp reconnection and corresponding antisunward con-
vection in the ionosphere ([B;,By,B;]= ~[4,-3,42] nT
and ~[5,1,6] nT were measured by Wind, at times equal
to the event time minus the upstream distance of Wind
divided by the solar wind velocity). For several reasons
(the requirement that even the higher-energy ions re-
main near the equator during the whole compression;
maintaining a clear separation between energy bands),
the compression cannot have lasted longer than ~3-5
min at individual ion locations. We will assume 3 min;
the corresponding velocity and equatorial electric field
at 7-10 Rg from Earth (B ~ 40-100 nT) are then of the
order of 50-100 km/s and 3 mV/m, or ~100 mV/m in
the ionosphere if mapped statically. The Poynting flux
for such a signal traveling along the magnetic field line
at the equator would be of the order of 3x10~% W/m? at
the equator (assuming an Alfvén velocity of 300 km/s)
or ~0.03 W/m? if it all propagated along field lines to
the ionosphere. The latter is a reasonably large auroral
energy flux (corresponding to 10 pA/m? at 3 kV, for
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instance) which would easily be capable of significant
ion heating and of generating field-aligned potential re-
gions. Even if only a fraction of this energy flux directly
reaches the poles, it is still likely to be sufficient for ion
heating and potentials on the order of tens of eV.

In summary, any compressive pulse capable of pro-
ducing the observed equatorial acceleration is also likely
to involve a sufficient Poynting flux to heat ions and pro-
duce field-aligned potertials in the auroral acceleration
region. It is not surprising that an extra band of <100
eV near-ionosphere-heated ions should appear or that
there should be some distortion in the <100 eV bands
due to field-aligned potentials.

4.4. Importance of Multi-Energy Dispersive
Ions in Magnetospheric Dynamics

We will specifically discuss the event in Plate 2a,
which has some of the highest observed ion fluxes near
the beginning and fades to barely evident bands near
the end. This FAST event involved number densities
of 0.1 (when barely visible) - 30 cm™3, maximal energy
densities of ~1000 eV /cm~2, maximal possible energy
fluxes (i.e., the energy flux of half the distribution) of a
few times 107° W/cm?, and maximal possible currents
(i.e., the current of half the distribution) of ~0.1uA /m?.
The largest energy and number densities are marginally
significant perturbations at FAST altitude, while the
currents and energy fluxes are negligible compared to
typical auroral values at FAST. Whether the mapped
densities, energy fluxes, or currents at the same L value
near the equator are dominant is a more difficult ques-
tion. If the velocity distributions were isotropic near
the equator, the equatorial parameters would be essen-
tially the same as those at low altitude, in which case
(at densities up to 30 cm™2) they could easily exceed
typical total values of these parameters near the equa-
tor. However, Quinn and Mcllwain [1979)] indicate that
most of the events on the dayside are field-aligned, with
a characteristic pitch angle range of the order of 15°,
implying a density at the equator 11 to 2 orders of
magnitude lower than that measured at FAST. In this
case, the equatorial density in this event varies from
a maximum of ~0.3-1 cm~2 at large L values (intense
parts of the measured event, ILAT~75°) to <0.003 cm?
(mapping to barely visible bands in FAST data), and
the maximal possible equatorial current density from
the ions would be ~ 3x10~3 pA/m?. The ions in the
more intense parts of the event may then still represent
the full ion distribution near the equator, and even the
ion currents may play a moderate role in the plasma
dynamics there. The densities are thus consistent with
adiabatic acceleration of the full equatorial ion popu-
lation by a ”convection surge” [Quinn and Southwood,
1982] or magnetospheric compression. This type of ac-
celeration is dominantly parallel (in a dipole magnetic
field configuration), with the final parallel energy be-
ing proportional to the initial parallel energy. The in-
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tense ion fluxes in the observation then correspond to
regions of greater fractional parallel acceleration (i.e.,
the curvature drift carries ions through the largest elec-
tric potential in these regions), which results in small
pitch angles and a large fraction of ions reaching FAST
altitude.

5. Conclusions

Two FAST multiple-energy daytime ion events at the
equatorward edge of the auroral zone have been shown
to be due to ions bouncing between hemispheres. Each
set of ions was accelerated near the equator in a sin-
gle acceleration event extending over ~5° of magnetic
latitude. Discrepancies with the model at the lowest
energies are easily explained as being due to small elec-
trostatic potentials and to ion heating near the opposite
ionosphere resulting from the compressive pulse which
also heated ions at the equator. The latitude range of
a single dispersive event maps to positions from near-
geosynchronous to near the magnetopause on the day-
side. The duration of the acceleration process is con-
strained by the accuracy of the fits to be of <~5 min,
enough time for a compression pulse or other signal
to propagate at the Alfvén velocity through the cor-
responding region at the equator.

The statistical determination of occurrence frequen-
cies of these events in FAST observations is beyond the
scope of this paper. The events shown are some of the
best ("best” defined as having a large number of ex-
tended, nearly continous, smooth bands in the spec-
trogram) found within several hundred orbits of data.
Marginal events do occur in a significant fraction of the
orbits. These typically consist of one to three energy
bands with roughly the right dispersion characteristics
over a % to 2 min period, at the equatorward edge of
the auroral zone. The observations in Plate 2 were dur-
ing quiet times; the simple dispersion signature will oc-
cur only when there is very limited plasma drift dur-
ing the ion propagation period. It appears likely that
similar acceleration events are common during more ac-
tive times when their signatures are more complicated.
These may cause a significant fraction of the ion pre-
cipitation at the equatorward edge of the auroral zone.

Two previously published nighttime multiple-energy
Akebono ion events [Hirahara et al., 1997] can also
be modeled reasonably well using similar equatorial-
acceleration event assumptions. In one case the model
does not fit well at invariant latitudes above 67°. This -
error occurs where the model is expected to be least ac-
curate: at nighttime, in the winter, at latitudes within
the auroral zone, where variations in the tail current
can produce significant variations in the field line length
that cannot be taken into account by the average Tsyga-
nenko field; where there may be significant field-aligned
potentials and drifts; and where Alfvén propagation
times over the source region may be significant, in par-
ticular as the fitting to this event calls for an event time
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only ~5 min before the start of observations. The sec-
ond Akebono event requires only small field-aligned po-
tentials to explain the behavior of the lowest-energy ion
band.. Two DMSP F8 passes showing the latter event
require field-aligned potentials of the order of ~100 eV
between Akebono and DMSP altitudes (9000 and 600
km) in order to explain the low-energy end of the ob-
served dispersion patterns using the Akebono event ac-
celeration time. Such a potential would also be required
in the drift dispersion theory with a reasonable drift
velocity pattern. The simultaneously observed electron
precipitation at DMSP provides independent evidence
for the existence of field-aligned potentials during these
passes (a quantitative comparison of electron accelera-
tion potentials with the potential assumed for the ions
would be difficult).

The alternate, drift dispersion model suggested by
Hirahara et al. [1997] and Frahm et al. [1986] can
also roughly fit the data, if a corresponding drift veloc-
ity pattern is assumed. Within broad limits, there is
a one-to-one mapping from an arbitrary observed dis-
persion pattern to a latitudinal drift velocity pattern.
Hence almost any observed ”dispersion pattern” can fit
the drift dispersion theory. However, assuming a con-
stant drift velocity gives a worse fit to the data than
that provided by the equatorial instantaneous accelera-
tion model. Since the latter model of a field line length
dependent dispersion defines a dispersion shape with
only the event time as a free parameter, it is favored,
in as far as it fits the data, over the drift dispersion
model, which can fit most dispersion patterns. (In the
case of FAST observations, electric field measurements
“also do not show the electric fields required by the drift
dispersion model.)

The model of near-simultaneous equatorial accelera-
tion over broad spatial regions thus appears to be ap-
plicable to many banded ion distributions. In as far
as source propagation delays and potentials along the
field line can be excluded, the latitudinal variation in
ion band energies during these observations can pro-
vide a direct check on the field line length given by a
magnetic field model. Statistical studies of field line
lengths using “marginal” events may be possible with-
out 100% certainty in the identification of individual
events. We note that a series of low-altitude satellites
along one orbit might well allow the measurement of
the time development of field line lengths.
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