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Abstract. Using the TEAMS instrument on FAST, we
have observed a case in which signatures of the inner
edge of the plasma sheet are clearly observed in the
energy spectra of ions mirroring at the FAST altitude.
That inner edge is dominated by Het. We show that
this is the natural composition expected from charge
exchange as the ions drift in from the plasma sheet.

Introduction

It is well known that the signatures of ion drift tra-
Jjectories are evident in the measurements of particle
energy spectra in the inner magnetosphere. Most of
the work on these features has involved spacecraft ob-
servations near the equatorial plane (e.g. Mcllwain,
1972, Smith and Hoffman, 1974, Ejiri, 1980, Kistler
et al., 1989) but some studies have also used measure-
ments from polar-orbiting spacecraft (e.g. Strangeway
and Johnson, 1984, Shirai et al., 1997). The adiabatic
theory for these particle drift trajectories also has a long
history. Chen, 1970 did the first formulation of ion
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drift trajectories in a dipole magnetic field and dawn-
dusk electric field, and many additions and improve-
ments were added by Kivelson and Southwood, 1975.,
Couwley and Ashour-Abdalla, 1976., Ejiri, 1978., Kaye
1979. and others.
concentrated on adding time dependence and realistic
losses to the calculations (Fok et al, 1993, Chen et al.,
1994, Jordanova et al, 1994).

In steady state, four basic classes of drift trajectories
are found: low energy ions on closed drift paths drift-
ing eastward (TE), ions on closed drift paths drifting
westward (TW), an intermediate band of orbits which
execute closed, banana-shaped orbits across the dusk
meridian (B), and open drift paths which come in from
the plasma sheet and leave out the front-side magne-
topause. The exact energy and spatial range of each of
the trajectory types depends on the exact electric and
magnetic field models being used, but the overall struc-
ture is the same. Figure 1 shows the locations of the
boundaries of equatorially mirroring ions a function of
invariant latitude at a particular local time, 2100 MLT,
assuming a dipole magnetic field model and a Volland-
Stern (Volland, 1973, Stern, 1975) electric field. The
open drift trajectories extend far into the inner mag-
netosphere in a narrow energy band around 20 keV.
The actual boundaries observed in the particles do not
generally agree with the theoretical steady state bound-
aries for two reasons. First, the magnetosphere is rarely
in a “steady state”, so the time of the ion injection or
acceleration in the tail combined with the finite drift
time of the ions affects where the inner boundary of the
open drift paths is observed. Second, there are losses
along the drift paths. The predominant loss mechanism
for energetic ions (> 1 keV) is charge exchange with the
neutral hydrogen geocorona. This loss has not been con-
sidered very important for the ions on open drift paths
on the nightside because most of the studies of this phe-
nomenon have concentrated on ions observed near the
equatorial plane where the charge-exchange lifetime is
relatively long. However, for ions mirroring at low alti-
tudes, charge exchange can be significant. In this paper
we show an example where the inner edge of the ion
boundary shows a significant species dependence. We
show that the observed composition is a result of the
species dependence of the charge exchange lifetimes.

and Kivelson, More recent work has
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Figure 1. The drift regions expected for equatorially
mirroring ions in the magnetosphere at 21:00 MLT. A
dipole magnetic field and Volland-Stern electric field
have been assumed.

Instrumentation

The Fast Auroral SnapshoT (FAST) satellite was
launched into a 4200 x 350 km, 83° inclination orbit
on August 21, 1996. FAST carries a full complement of
particle and fields instruments designed to make high
time resolution measurements in the aurora. The data
in this paper are mainly from the Time Energy Angle
Mass Spectrometer (TEAMS). This instrument uses a
combination of an energy per charge measurement in
a top cap electrostatic analyzer, post-acceleration, and
a time-of-flight measurement to determine the energy,
mass per charge, and incoming direction of ions over the
energy range 1-12000 eV. The 360 x 10 degree viewing
angle, combined with the spacecraft spin gives a full 3D
measurement of the velocity distribution function of all
species in 1/2 spin (2.5 s). The actual time resolution
depends on the instrument mode. The instrument is
described in more detail in Mébius et al. 1997.

Observations

Figure 2 shows data from Feb 7, 1997, 02:50-03:10 UT
when the spacecraft is moving northbound approaching
the auroral oval at about 21:36 MLT. The pass extends
from 57.4° invariant latitude to about 80°. The top
three panels show the differential energy flux averaged
over all pitch angles as a function of energy and time
for the species HT, Het, and Ot. The 4th and 5th
panels show the pitch angle spectra for H for energy
ranges 1000-12000 eV, and 10-1000 eV. The bottom
panel shows the Het pitch angle spectrum over the en-
ergy range 10-12000 eV. This pass occurs during a rel-
atively quiet time. The Kp was 0, and had been below
3 for the three previous days. The estimated AE was
also very low. There was some activity on the previous
day, with a small excursion up to 200 nT during hour
22:00, and a larger excursion just above 500 nT around
noon.

From 2:50 to 2:58, as the spacecraft moves north in
latitude, the drift path transitions are evident in the
top three panels. Comparisons with Figure 1 can be
used to help distinguish the different populations. Ini-
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tially, only the low energy trapped population (TE) is
observed. Then the ions on open drift paths appear,
first at the highest energies (12 keV) and then at lower
energies. A species dependence in the open/closed drift
path boundary is clearly evident. At the TEAMS high
energy end, the Het flux is observed first, at about
02:51. The H* is not observed until 02:54. Ot is ob-
served beginning at an intermediate time between these
two values. At about 2:58, all the drift paths observed
are open. There is also an instrument mode change at
this time, so the data are accumulated over shorter time
intervals. The. particle populations observed after this
point are a combination of the plasma sheet ions mirror-
ing or precipitating at the spacecraft location and the
auroral ions accelerated up along the field line. This is
clear from the pitch angle distributions. Prior to 3:02,
both the low and high energy pitch angle spectra have
peaks at 90° and 270° (mirroring ions) with a mini-
mum in the upflowing ions (180°), but in some cases
a full loss cone (0°). The He™ in the last panel shows
the same pitch angle distribution, indicating that this
is also a mirroring population, not a population with a
local ionospheric source. After 3:02, auroral conics and
beams flowing up along the field lines are observed, in
addition to the precipitating population.
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Figure 2. Ton flux observed by the TEAMS instrument
on a pass approaching the north auroral oval at about
22:00 MLT on Feb 7, 1997. Details are given in the text.
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Figure 3 shows drift paths in the equatorial plane of
ions that reach 21.6 MLT , L= 4.5 (= 62° invariant
latitude}, for 3 energies 7, 9, and 11 keV, and L=4.0 for
1 energy, 11 keV. Also shown is the trajectory of the
anacarraft for tha +1ma narin A Fonzn Torama
Spalliiait 1Ur uiit Uiific pcuuu 110111 ['lglu.b' 4 lIld,ppe(_l
to the equatorial plane. The drift paths were calculated
for the ions which would mirror at the FAST altitude
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about 10° equatorial pitch angle, in a dipole magnetic
field and a Volland-Stern electric field for Kp = 1. The
paths are calculated backwards in time. The arrows
indicate the forward direction of the drift and spacecraft
trajectories. The transition from open to closed drift

nathag ot T — Acclire hetwesn 7 and QLo A+ 7 LV
pauias av L= 4. u occurs between 7 and 9 keV. KTV

the ion has drifted around the dusk side on a closed
orbit. The ions observed at 9 and 11 keV have drifted
in from the plasma sheet. Note that the drift velocity of
these 1onsg i1s also very low. Qthnlq are nlnHed every
2 hours on this plot, so it takes about 18 hours for
a 10 keV ion to drift from L=10 to L=4.5. Because
these ions are mirroring at 4000 km altitude, they spend
much of their time at an altitude where the neutral
hydrogen density is large. Therefore, they are strongly
subject to the effects of charge exchange. The charge

exchange lifetimes are species and energy dependent.
At 10 keV the lifetime for Ht is 1 x 107s/em?®, for OF
is 5 x 107s/em® and for Het is 2.5 x 1083/cm (Smith
and Bewtra, 1978). Therefore, we would expect that
H* would be lost at a much faster rate than the other
species.

To test this quantitatively, we have calculated the
charge exchange loss of ions drifting from L=6.5 to L=
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Figure 3. Ion drift paths and the spacecraft trajectory
mapped to the equatorial plane.
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Figure 4. a) The modeled species fraction as a function
of invariant latitude. b) The measured species fraction
for the energy range 3660 — 10300 eV for the same time
period as Figure 2.

3.6 (the innermost point of the ion trajectory). We
used the trajectories of ions which cross L = 4.0 (60°
ILAT) and 21.6 degrees MLT at 11 keV. This is the
fourth trajectory shown in Figure 3. We have used an
approximation for the bounce averaged neutral hydro-
gen density determined by Schultz and Blake, 1990. In
drifting from L = 6.5 to L = 3.6 the ion energy in-
creases from 3.7 keV to 13.34 keV. The changes in en-
ergy and pitch angle as the ion drifts have been taken
into account in the charge exchange calculation. We
have used the charge exchange cross sections given by
Smith and Bewtra, 1978. and the neutral hydrogen den-
sity model of Rairden, 1986. The population at L=6.5
was matched to the flux ratios measured in the mir-
roring plasma sheet ions from 2:58 to 3:00 UT on this
orbit.

The results of the calculation are shown in Figure 4.
Shown is the fraction of the total flux contributed by
each species as a function of invariant latitude for the
calculated trajectory. We start with a population that



2088 KISTLER ET AL.:

ia QAOZ U+ AL IT o+ o0 A0 Nt A T T atao 1. 41
lb gr/0 11" , 2/0 I1C " , alild 270 U ° . AL I0WCL 1dbILUUCS Liie
Ht fraction declines, and Het becomes the dominant
nonitlation in acreement with anr ahaervatinng
HUH\ALWULULL, 113 u&&bblllbllu YY1ull VUL UJOULL YQULULID.,.

For a more quantitative comparison with observa-
tions, we show in the bottom panel the species frac-
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tion measure by FAST /TEAMS for an energy band of
3660 — 10300 eV, over approximately the same invariant
latitude range. From Figure 2 we can see that this en-
ergy band is dominated by the lons on open drift paths.
The data also show the decline in H* and the increase
in the fraction contributed by He® with decreasing in-
variant latitude. The H*/ He™ crossover point differs
by about 2° in invariant latitude between the observa-
tions and the model, but considering the simplicity of
the model, the agreement between the calculated and
observed composition is remarkably good.

Note that the theoretical quantity calculated is not
exactly the same as the observational quantity mea-
sured. For the model, we are calculating the loss along
the ion drift path for a particular starting energy. The
ion energy increases as the ion drifts inward. For the
data, we are calculating the ratio along the satellite
trajectory, not the ion drift path, for a constant energy
band that approximately covers the range of the calcu-
lated particle trajectory. A more accurate calculation
would involve taking each point along the satellite tra-
jectory and determining the charge exchange losses for
the ions that drift to each point. However, despite the
simplifying assumptions made, the main point is clear:
the dominance of Het at the inner edge of the drift
boundary is due to charge exchange.
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