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Magnetospheric electric fields from ion data

E. C. Whipple,! D. L. Starr, * J. S. Halekas,
Holdaway, ® J. B. Faden, ® P. Puhl-Quinn,® N

Abstract. We have obtained the magnetospheric elec-
tric potential distribution along the path of Polar us-
ing ion data from Hydra and magnetic field data from
MFE. We used the technique described by Whipple et
al. [1998] to identify ion drift paths that intersected
the spacecraft path at two different locations and times.
The difference in energy of the ions at the two times,
under certain restrictive assumptions, indicates the po-
tential difference between the two locations. We did
this for five minute intervals over 1.5 hours and summed
these differences to obtain the potential variation along
the spacecraft path. The results agree well with that
obtained by the Polar Electric Field Instrument, and
are consistent with a co-rotation potential plus a small
tailward field of magnitude 0.10 mV /m. This technique
can complement and aid in the interpretation of other
electric field data, or provide electric field data where
such instruments are not available.

1. Introduction

The magnetospheric electric field is an important
quantity for magnetospheric processes, but it is difficult
to measure. It is important as the driving force for low
energy particle convection, and as the only force able to
accelerate charged particles to high energies. The drift
velocity caused by the electric field perpendicular to
the magnetic field is the dominant drift mechanism for
charged particles with energies up to a few tens of keV.
Drifts due to magnetic field gradients dominate above
these energies. Electric fields parallel to the magnetic
field have been shown to be important for the accelera-
tion of auroral charged particles. Electric fields in thin
current sheets where adiabatic behavior breaks down,
as at the magnetopause or in the magnetospheric tail,
can accelerate particles to very high energies.

Electric fields have been measured by spacecraft in
the 1onosphere by sensing the drift velocity of ions with
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instruments such as ion traps [Hanson et al., 1993]. Di-
rect measurements of electric fields have been carried
out using probes on extended spacecraft booms [May-
nard, 1998]. The probes can be isolated electrically and
allowed to float to an equilibrium potential. The differ-
ence in potential between two probes can then give the
potential difference between them and thus the electric
field. Biasing the probes with a current which approx-
imates the photoemission current allows the measure-
ment to be made in tenuous plasmas [Pedersen et al.,
1998]. A new technique uses a charged particle beam
and senses the drift of the particles over one or more
gyro-periods. This has been used successfully on the
GEOS, Freja, and Equator-S missions, and is planned
for the Cluster mission [Paschmann et al., 1997; Klet-
zing et al., 1998]. These electric field measurements
can be integrated to get the potential variations along
spacecraft trajectories and then used to form maps of
potential distributions [e.g., Weimer, 1996].

Typical electric field magnitudes in the magneto-
sphere are on the order of tenths to a few mV/m
(V/km) during quiet times, and as large as several
hundred mV/m during active times [e.g., Markland et
al., 1994]. Each of the above techniques for measur-
ing electric fields suffers from perturbations of various
sorts. The difficulties are primarily due to the small-
ness of the field and the susceptibility to other effects,
such as lack of symmetry between probes (for the probe
technique), difficulty in targeting the detectors (for the
beam technique), etc. Any new way of obtaining in-
formation on the magnetospheric electric field would be
of great value in complementing and interpreting data
from these present methods.

We have recently shown how to identify charged par-
ticles that travel between pairs of spacecraft in the mag-
netosphere [ Whipple et al., 1998]. The difference in the
particle energies at the two spacecraft is a measure of
the magnetospheric potential difference, and thus this
technique enables a connection to be made between the
mapping of potential distributions by different space-
craft. The purpose of this paper is to show that it is
possible to extend this technique and to use it on a sin- -
gle spacecraft to obtain the potential variation along
the spacecraft path from particle data.

2. Summary of Analysis Technique

The assumptions made in this work are: (1) Particle
paths are without collisions and with negligible sources
or sinks so that Liouville’s theorem is valid. (2) Steady-
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state conditions exist so that inductive electric fields are
negligible and the velocity distributions are independent
of position along a particle path. (3) Parallel electric
fields are negligible and so field lines are equipotentials.
(4) The Tsyganenko [1995] magnetic field model is rea-
sonably accurate over the studied region.

The analysis scheme for identifying particles that
travel between two different spacecraft was described
in Whipple et.al. [1998]. We adapt that scheme to
a single spacecraft with data at two different times.
We use the T'syganenko [1995] magnetic field model to
map the pitch angles of particles that could travel be-
tween the two locations. This mapping depends only
on the magnetic field and is independent of particle
species and energy. The magnetic moment u deter-
mines where the particle mirrors on a field line, and
the modified longitudinal invariant K [Kaufmann, 1965]
determines the surface in space on which the particle
mirrors, K(r) = ¢ \/B(r) — B(s)ds = J/\/2ep, where
J = §mvds is the ordinary longitudinal invariant.
K (r) is itself independent of any particle property, but
a particle that mirrors at r has its mirror point drift
on that constant K (r) surface. If the particle drifts
between the field lines which the spacecraft intercepts
at the two times (whether it does or not does depend
on the particle energy), then the magnetic field at the
mirror points on those field lines determines the pitch
angles at the spacecraft at those times.

Conservation of p and total energy at times 1 and 2
yield:

Ey _ By(K)
E;  Bi(K) (1)
Ey— E1 = —eAU (2)

The magnetic field model yields a relation between
pitch-angles (subscript ”0” means at Polar):
Blo 2

.92 .
sin” ay; = ————, sin

Bi(K;)

B2o
32 (I{i ) (3)

Qo =

E 1s kinetic energy and AU is the potential difference
between the field lines. There are two equations for the
three unknowns: F;, E5 and AU. To close the system
we invoke Liouville’s theorem which states that parti-
cle phase space densities are constant along a particle
path in a collisionless environment. We search in en-
ergy at the two pitch angles determined by the mirror
point surface K. We perform a chi-squared test on the
differences in the (logarithm of) distribution functions
summed over K, for a systematic set of guesses for AU.
A minimum in x? identifies the appropriate AU.

3. Data Selection

We work with data from the Hydra plasma instru-
ment on Polar [Scudder et al., 1995] and with the mag-
netic field data from the Magnetic Field Experiment
[Russell et al., 1995]. We have selected a time period
for analysis from 18:30 - 20:00 UT on 3/04/97.

During this time the Polar satellite was coming down
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Figure 1. Trajectory of Polar from 18:30 to 20:00 on
March 4, 1997. The positions of the magnetic field lines
which Polar is crossing are shown where the field lines
intersect the GSM equator, at five minute intervals.
The contours are equipotentials, in kV, of the model
potential distribution (see section 5).

from apogee on the night side of the earth towards the
earth’s equator. At 18:30 its altitude above the GSM
equator was 3.52 Rp, at 19:15 it was 2.05 Rg, and at
20:00 it was 0.43 Rg. At 19:08 it crossed the field line
which intersects the earth’s equator at synchronous al-
titude. Fig. 1 shows the GSM equatorial position of the
magnetic field lines on which Polar was situated at five
minute intervals during this time. It also shows equipo-
tential contours for the potential distribution consistent
with our results (section 5). The magnetospheric activ-
ity levels were reasonably low. DST changed from —17.5
to —19.0 nT, and the K, index was 1.

4. A Samplé Analysis

We show some details of the analysis for the time
interval from 19:00 - 19:05. We first chose a set values
for K, in this case from K = 300 to 2000 VoTRg at
intervals of 100. This set of K; determined a set of
pitch-angles at each spacecraft according to (3). We
then chose values for AU, from 0 to —2 kV in —10 V
steps. At each value for AU we used (1) and (2) to
find E; and E, for each value of K;. We then found
the ion distribution functions fi(vi;) and fa(va;) from
the Hydra data, where the vectors vy; and vo; are the
velocities associated with the two sets of energies and
pitch-angles from the set of K;. This involved fitting
(log f) to pitch-angles at each instrument energy and
then interpolating to obtain f(v; ;).

At each AU we formed: ALF; = ", [log(f1(v1i;)) —
log(f2(vas ;))], where i refers to the selected energy and
pitch-angle as described above, and j refers to the jth
AU. We also form the chi-squared sum: ij- =

> llog(f1(viig)) — log(f2(v2i;))]/[o(i, 7)]%, where o is
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Figure 2. [Illustration using (U, B) coordinates in

K = 1500v/nTRg surface showing why the distribution
functions at two times should cross as AU progresses
through the correct value. As (—AU) increases, the en-
ergy and thus the slope (proportional to p) increases
in magnitude. The middle slope (u3) defines the drift
path that connects the two locations. The inset shows
interpolated values of (log f) as a function of AU on
the same K-surface at 19:00 and 19:05.

the appropriate joint standard deviation for the loga-
rithms of the two measurements of f(v). We have se-
lected the following criteria for choosing that AU which
we believe to be the best value for AU between the two
spacecraft locations. We look for the deepest minimum
in XJZ- as a function of AU that is associated (i.e. at or
near the same AU) with a zero-crossing of ALF;, and
designate that value as the correct potential difference.
If there is no associated zero-crossing of ALF; then we
choose the deepest minimum in \;“’ For the time inter-
val from 19:00-19:05 the x? test gave a value for AU of
—490 V, with x? 2 0.01 at the minimum.

The reason we look for an associated zero-crossing
of ALF; is illustrated in the inset of Fig. 2, where
we have plotted the positions of the two spacecraft
at the two times in (U, B) coordinates in a constant
K surface. The drift paths of particle mirror points
are straight lines, with a slope of (—pu/e) [Whipple,
1978]. But this slope is given by (AU/AB) where
AB = By(K)—B;(K) 15 478 n'T. We show three pairs of
drift paths converging on the two spacecraft, each pair
with the same slope. The middle path goes through
both spacecraft and has the correct slope, given by
(=p/e) = (AU/AB) = (—490 V/478 nT) =
V/nT.

5. Results for the Potential Distribution

We have summed the inferred values of AU for ev-
ery five-minute interval between 18:30 and 20:00, and

—-1.025
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then subtracted from the cumulative sum the value at
19:15 to normalize the potential distribution so that it
goes through zero at that time. This result is shown
as the solid curve in Fig. 3. The dashed curve is the
result from the Electric Field Instrument (EFI) on Po-
lar [Harvey et al., 1995], normalized in the same way
since the absolute value of the potential is arbitrary.
It is the slope of the two curves that are significant,
since they represent the electric field component along
the spacecraft path. The slopes of the two curves are
in reasonable agreement, with the-differences between
them having the same order of magnitude as the fluc-
tuations in either curve.

We show two other sets of symbols in Fig. 3: the
set of plus signs show a model potential given by the
corotation electric field with a uniform superimposed
tailward field. This is in the negative x-direction but
with a small value of only 0.10 mV/m. This model
potential agrees reasonably with the two measured dis-
tributions. The seven asterisks located at 15 minute in-
tervals represent measurements of AU from Hydra data
between 15 minute locations of Polar, starting at 18:30,
and then summed and normalized to the cumulative
value at 19:15. These also show consistency with the
other potential distributions.

6. Conclusions

We conclude that it is possible to use charged particle
data from a single spacecraft to obtain valid magneto-
spheric electric field information. In particular it is pos-
sible to obtain the potential variation along the space-
craft path during quiet times. This capability should
be a useful additional tool for obtaining information on
the magnetospheric electric field, especially on space-
craft which do not carry an electric field .instrument.
But even with such an instrument the ability to acquire
additional information could be quite useful.
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Figure 3. Potential distribution along the path of the
Polar satellite from 18:30 to 20:00.
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The sepatration of the locations of Polar for these 5-
minute intervals was a few hundred km, which is similar
to the planned separation of the 4 Cluster spacecraft.
This technique should be a valuable tool for connecting
electric field measurements made by these spacecraft.

We have returned to the data that we analyzed in our
earlier paper [Whipple et al, 1998] and used this ”single
spacecraft” technique to acquire the potential variation,
U(s), along the paths of both Polar and Geotail during
the analysis time. We confirmed the U(s) for Geotail
obtained from the electric field detector, EFD, using
data from the Comprehensive Plama Instrument, and
also U(s) for Polar obtained from EFI on Polar for the
time from 18:30 to 19:00. But we obtained a slightly
different U(s) for 18:00 to 18:30 so that the new poten-
tial at 18:00 after normalization was - 6 kV instead of -
8 kV (see Fig. 11 in that paper). This gave a more con-
sistent agreement with the inferred potential differences
between the two spacecraft (we mentioned in that pa-
per that the Polar EFI measurements were questionable
before 18:15).

We note that even if there were a time-dependent, in-
ductive electric field, Liouville’s theorem remains valid

. and so this analysis should still obtain the integral of the
electric field along the spacecraft path, although such a
non-conservative field may not be interpretable in terms
of a potential distribution. This would give the gain in
energy of a particle drifting between the two spacecraft
locations, as long as parallel electric fields were insignifi-
cant. Present particle instruments have such high sensi-
tivity and resolution in time, energy, and direction, that
we belive significant quantitative information on mag-
netospheric transport processes can be extracted as we
have done here.
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