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1 Introduction

Precipitating magnetospheric protons undergo charge exchan-
ge collisions with atmospheric atoms, ions, and molecules.
The newly formed hydrogen atoms are left in excited states,
and upon relaxation emit photons characteristic of hydrogen
electronic transitions (for example, the Balmer «, 8 and Ly-
man « lines). The resulting emissions comprise the proton
aurora. On the night-side, the proton aurora is understood
to result from precipitation of central plasma sheet (CPS)
protons. These night-side emissions are diffuse and form an
oval, statistically being at higher magnetic latitudes at dusk
and dawn than at midnight (Donovan et al., 2002). The pro-
ton aurora have been observed from the ground using pho-
tometers, spectrographs, all-sky imagers, and more recently
from space with the IMAGE spacecraft. Figure 1 is a keogram
of proton auroral Balmer 3 intensities from the CANOPUS
Gillam meridian scanning photometer (MSP).

Brightness (Rayleighs)

Elevation Angle

7
UT (hours)

Fig. 1. Keogram of hydrogen Balmer 3 (486 nm) data from the CANO-
PUS Gillam MSP for eight hours bracketing the time of a FAST satellite
overflight (indicated by the red line around 0700 UT).
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On the basis of satellite and rocket overflights of the pro-
ton auroral oval, it has been established that the precipitating
protons have energies characteristic of CPS ions (ie., from
<1 KeV to upwards of 100 KeV). The proton distribution
functions are more or less isotropic outside of an empty up-
going loss cone, and this isotropy exists across a wide range
of energies. The full downgoing loss cone is consistent with
scattering processes, rather than field-aligned acceleration,
being the direct cause of the precipitation. Equatorward of
the proton aurora, both the downgoing and upgoing proton
loss cones are virtually empty, a distribution characteristic of
bounce trapped particles. The transition between the full and
empty downgoing loss cone is called the isotropy boundary
(IB). The latitude of the IB is, in general, a function of mag-
netic local time, particle energy, and the state of the mag-
netosphere. The equatorward boundary of the IB typically
corresponds to both the equatorward boundary of the proton
aurora and the b2i boundary identified routinely in DMSP
ion data (Newell et al., 1996, 1998; Donovan et al., 2002).

The mechanism responsible for scattering most likely op-
erates near the magnetospheric equatorial plane, and is al-
most certainly due to either one or both of wave-particle in-
teractions and slight breaking of the first adiabatic invariant
due to the relatively tightly curved field lines in the vicinity
of the neutral sheet. On the basis of simulations of protons
moving in realistic magnetospheric magnetic fields, Sergeev
and Tsyganenko (1982) determined that if the ratio of ra-
dius of curvature of field lines in the neutral sheet (where,
presumably, the gyroradius is largest and the field line cur-
vature is tightest) to the local proton gyroradius was smaller
than about 8, then there would be enough scattering to just
fill the loss cone. If this field line curvature (herein FLC)
mechanism is the primary source of pitch angle scattering,
then the IB marks the transition across which the so-called
k-parameter (see Blchner and Zelenyi (1987)) goes from
greater than, to less than, ~ /8. The k-parameter depends
on particle energy (through the gyroradius) and hence the lo-
cation of the IB surface will depend on energy. The scattering
condition (ie., < 3) will be satisfied closer to the Earth for
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more energetic protons than for less energetic protons. This
would mean that if the scattering is caused by FLC, then the
IB in the top-side ionosphere would be more equatorward for
higher energy particles. In situ observations of variations in
IB latitude with energy are consistent with the scattering be-
ing caused by FLC, at least for protons with energies greater
than 30 KeV (Imhoff et al., 1977; Sergeev et al., 1982).
Based on the above, it is now generally accepted that the
primary cause of proton auroral precipitation is pitch angle
scattering of CPS protons due to FLC. For example, in recent
modelling work, Wanliss et al. (2000) have used the equa-
torward edge of the proton aurora to identify field lines that
thread the CPS in the region where k ~ 3 for protons with
energies characteristic of the precipitating particles. How-
ever, the bulk of the energy flux responsible for the pro-
ton aurora, at least during quiet or moderately active times,
is carried by protons with energies between 1 and 30 KeV.
Thus, the existing observational evidence of FLC induced
scattering strictly applies only to protons outside of the en-
ergy range relevant to the proton aurora. In this paper, we
use Fast Auroral Snapshot Explorer (FAST) electrostatic an-
alyzer (ESA) ion data to explore the energy dependence of
the latitude of the 1B in the energy range relevant to the bulk
of the night-side proton auroral precipitation. We present a
description of the FAST ESA instrument, show results from
a FAST overflight of the Gillam MSP, demonstrate our use of
the FAST ESA data to determine the IB latitude for a particu-
lar energy range, and finally give the results of a preliminary
statistical study of the energy dependence of the IB latitude.

2 TheFAST ESA Instrument

FAST is a NASA Small Explorer program mission with a
focus on high spatial and temporal resolution measurements
of charged particles and magnetic and electric fields in the
low altitude auroral acceleration region (Carlson et al., 1998).
FAST was launched on August 21, 1996 into an 83° inclina-
tion elliptical orbit of 350 km by 4175 km. These orbital
elements place the satellite in the auroral oval four times per
orbit (approximately 11 orbits per day) over a wide range
of altitudes, local times, and seasons as the orbital motion
evolves through time. The instrument complement includes
16 “top-hat” electrostatic analysers (herein collectively re-
ferred to as ESA) which provide measurements of charged
particle pitch angle distributions (Carlson et al., 1998).

Each ESA analyzer has a 180° field-of-view lying in the
satellite spin plane, which is typically aligned within 6° of
the geomagnetic field (in the auroral zones). Twelve of the
sixteen are operated as fast electron spectrographs to obtain
ultrahigh time resolution (1.7 ms) electron measurements in
16-pitch angle bins. The other four ESAs are operated in op-
posing pairs as ion and electron spectrometers to make high
resolution distribution measurements instantaneously cover-
ing all pitch angles with 32 pitch angle bins every 70 ms. The
spectrometers have deflection plates to automatically steer
their fields of views to track the measured magnetic field di-

rection. The measurement energy range is 4 eV to 30 keV for
electrons and 3 eV to 25 keV for ions. The FAST data used
in this study comes exclusively from the publicly available
ESA ion data provided by CDAWeb.

FAST overflew the Gillam MSP at the time indicated by
the red curve in Figure 1. In Figure 2, we present some de-
tails of the FAST ESA ion data. Note the correspondence be-
tween the profiles of downgoing integrated energy flux and
the proton auroral intensity (top panel), the fact that the op-
tical proton aurora is in a region that maps to the CPS (>5
KeV ion population in the spectrograph in the bottom panel),
and that the equatorward boundary of the proton aurora is
co-located with the isotropy boundary.
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Fig. 2. Summary of FAST ESA ion data from an overflight of the
Gillam MSP. Top: integrated downward ion energy flux measured by FAST
(shaded) and 486.1 nm intensity observed by the Gillam MSP (line). Both
curves have been autoscaled. The MSP intensity profile is an average of
several scans obtained during the FAST overflight and we have presumed
an emission altitude of 110 km. Middle: FAST ESA ion integrated energy
flux as a function (note the polar cap boundary, empty upgoing loss cone
throughout the CPS, and empty downgoing loss cone in the inner CPS).
Bottom: FAST ESA ion differential energy spectrogram.

3 Thelsotropy Boundary (1B)

As stated in the introduction, the IB is the equatorward bound-
ary of significant ion precipitation, and marks the transition
between full and empty downgoing loss cones. For the FAST
data shown in Figure 2 this occurs at an invariant latitude of
roughly 66.5°. In Figure 3, we show the integrated ion en-
ergy flux for four successive satellite spins that bracket this
transition. The isotropy boundary spans roughly 0.5° de-
grees latitude, consistent with the observations of Sergeev
and Gvozdevsky (1995). There are contributions to the inte-
grated energy flux from ions with energies ranging from < 1
KeV to the instrument limit of 25 KeV. In Figure 4, we show
the parallel (B field aligned) and orthogonal differential en-
ergy fluxes of 25 KeV ions and the ratio of the two quantities
for another FAST transit of the evening sector auroral oval.
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We refer to the ratio of perpendicular to parallel differential
energy flux as the isotropy ratio. The isotropy ratio is roughly
1 throughout most of the CPS and increases rapidly near the
inner edge of the CPS. This general behaviour holds for most
particle energies and local times.
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Fig. 3. The Isotropy Boundary (IB): FAST ESA ion differential energy flux
(1-30 KeV), showing the transition between the full and empty downgoing
loss cones. These observations are from the same overflight during which
the data shown in Figures 1 and 2 were obtained. Numbers by each curve
indicate the invariant latitudes.
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Fig. 4. Top: isotropy ratio of perpendicular to parallel differential energy
fluxes for 25 KeV ions obtained during a transit of the evening sector auroral
oval (FAST orbit 5641). Bottom: perpendicular and parallel differential
energy fluxes of 25 KeV ions. Note that the IB is the location where the
isotropy ratio becomes larger than 1, near the equatorward edge of field
lines threading the CPS.

4 |B Latitude Energy Dependence

The IB can viewed as a transition in either the integrated en-
ergy flux, or the differential energy flux at a particular energy.
In other words, we can think of the 25 KeV ion IB, the 5 KeV
ion 1B, the 400 KeV electron IB, and so on. If the scattering
process that fills the loss cone is energy dependent, then the
IB will be at different latitudes for different energies and dif-
ferent particles (eg. Imhoffetal., 1977). In Figure 5 we show
the isotropy ratio for five energies spanning the 1-25 KeV
range, for an evening sector auroral oval transit. In this pass,
IBs for successively higher energy ions are at progressively
lower latitudes, consistent with scattering due to FLC.

FAST Orbit 5849 — 980213 — 0310 UT

2.5

24 KeV
10 KeV
4 KeV
2 KeV
0.7 KeV
e I ]
S =
‘é x
>
B | &
g A l o
e} X =
=] IV <]
]
0.5
0.0
67 68 69 70 71 72 73 74

Invariant Latitude (degrees)

Fig. 5. Isotropy ratios for five ion energies (coloured curves) and the in-
tegrated downward energy flux (shaded) for an evening sector auroral oval
transit during FAST orbit 5849.

On a given satellite pass through the auroral oval, the dis-
persion of the IB may not necessarily be consistent with the
FLC mechanism. In order to explore this, we identified rough
ly 1000 northern hemisphere nightside FAST auroral oval
transits, and examined the dependence of the latitude of the
IB. Figure 6 is a plot of the ion isotropy ratios for energies
spanning the 1-25 KeV range for two of those transits. The
IB latitude dependence in the two instances is different, one
being consistent with, and the other inconsistent with scat-
tering being due to FLC. Of the 1000 transits, roughly 180
of them had IB latitude dependencies that were clearly one
way or the other (ie., either higher latitudes corresponding to
lower energies, or the reverse). Of those, roughly half were
consistent with, and half inconsistent with the FLC mech-
anism. Figure 7 consists of two histograms illustrating the
local time distribution of IB energy dependencies for the two
groups.

5 Discussion

Of the FAST auroral transits for which a clear identification
of the 1B energy dependence was possible, roughly half were
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Fig. 6. Isotropy ratios for five energy channels from two FAST auroral oval
transits. Red indicates the highest energy channel and blue the lowest.
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Fig. 7. Local time distribution of IB dispersions that are consistent (top) and
inconsistent (bottom) with FLC being the primary cause of strong pitch an-
gle diffusion. See last paragraph in discussion for definition of “convection
boundary”.

inconsistent with the FLC scattering mechanism. Further-
more, the MLT distribution of the transits given in Figure 7
shows that the dependence tends to be consistent with, and
inconsistent with the FLC mechanism in the evening and
morning sectors, respectively.

Identification of IB latitude energy dependencies that are
inconsistent with the FLC mechanism, and a local time de-
pendence of the IB latitude energy dependence, are important
results. If the scattering does result from FLC, then some ad-
ditional physical process is occurring at the inner edge of the
morning sector CPS which reverses the IB latitude energy
dependence. There are a number of possible causes. For ex-
ample, Kistler et al. (1998) demonstrated that near the inner
edge of the morning sector CPS, a consequence of CPS ion
charge exchange with the hydrogen geocorona is that a sig-

nificant fraction of the ion population can be He* or heav-
ier ions. Our results here are obtained with FAST ESA data,
and that instrument does not have mass resolution required to
identify this effect. Another possibility is that the drift paths
of protons near the inner edge of the CPS lead to anisotropic
distribution functions (ie., differential energy fluxes well out-
side the loss cone larger than those close to the edge of, but
outside of, the loss cone) for higher energies (ie., 25 KeV),
making what is effectively a larger downgoing loss cone for
that energy proton, leading to what we refer to as a convec-
tion boundary.

Alternately, the pitch angle scattering that leads to proton
auroral precipitation may not be entirely due to FLC. If this
turns out to be the case, then these results have important
ramifications for the nature and interpretation of the proton
aurora. This would, for example, complicate the use of the
equatorward boundary of the optical proton aurora as a proxy
for the ionospheric projection of the k=3 boundary.

We intend to continue this research by exploring processes
that might be affecting the ion distribution function in such
a way as to produce an IB latitude energy dependence that
is inconsistent with FLC causing the pitch angle diffusion.
For example, the FAST TEAMS instrument provides mass
resolved distribution functions for energies up to 12 KeV
(Carlson et al., 1998), and should allow us to determine if
the above mentioned charge-exchange process could affect
the isotropy ratio in this way.
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