Origin and geometry of upward parallel electric fieldsin the
auroral acceleration region

F. S. Mozer and A. Hull

Space Sciences Laboratory, University of California, Berkeley

Abstract. Electric fields, magnetic fields, and plasmas measured on the Polar satellite are studied
to determine the altitude extent of the upward field-aligned current portion of the auroral accelera-
tion region and the physical processes that populate it with parallel electric fields. Thisregion
extends upward to ageocentric altitude of 3 or 3.5 Earth radii at premidnight local times during the
spring and fall. 1n amodel for this region a necessary but not sufficient condition for the appear-
ance of parallel electric fieldsis an upward field-aligned current. Parallel electric fields will exist
where the plasma density isinsufficient to carry thisimposed field-aligned current through the con-
verging magnetic field. These paralldl fields are associated with (1) high-altitude electron acceler-
ation required to carry the imposed current through the low-density region; (2) alow-altitude
sheath required to inject compensating positive charge into the region and to restrict entry of sec-
ondary €lectrons from below; and (3) the midaltitude maintenance of local charge neutrality. The
parallel electric field in the low-altitude sheath is directly measured to be as large as several hun-
dred mV m%, while the higher-altitude fields appear to have magnitudes of afew mvV m®. The
low-altitude sheath is corrugated in a manner that does not depend on striations of the field-aligned
current but that may depend on density variations.

1. Introduction

The existence of parallel electric fields in the auroral accelera
tion region was first suggested by electron spectra measured on a
sounding rocket [Mcllwain, 1960]. This interpretation was
strengthened by Evans's [1974] explanation of low- energy elec-
trons observed on sounding rockets as being secondaries produced
by auroral primary electrons and reflected by the parallel potential
above the sounding rocket [Evans, 1974]. The initial particle evi-
dence was completed by the first observation of upgoing ion
beams on the S3-3 satellite [Shelley et al., 1976] and upward accel-
eration of abariumion cloud [Haerendel et al., 1976)].

The first direct electric field evidence of parallel electric fields
in the auroral acceleration region was made on the S3-3 satellite
through observation of very large (~1000 mV m'l) perpendicular
electric fields, called electrostatic shocks [Mozer et al., 1977].
Paralldl electric fields were required to explain why these fields
did not map to the ionosphere, where such large fields are not
observed. The S3-3 satellite also made direct measurements of
parallel electric fields of hundreds of mV mt [Mozer et al.,
1980]. Such measurements had small impact on the field, perhaps
because they were not put into context by simultaneous plasmaand
field-aligned current measurements. It isthe purpose of this paper
to put such measurements into this context by examining particles
and fields observed on the Polar satellite during several hundred
passes across auroral zone magnetic field lines at geocentric alti-
tudes of 2-6 Earth radii. These passes all occurred in the spring or
fall and at magnetic local times of ~2000-2400.

The Polar satellite was launched on February 24, 1996, into an
elliptical polar orbit with apogee of ~9 Earth radii geocentric over
the North Pole and a perigee of ~2 Earth radii. Through rotation of
its line of apsides with time, Polar has traversed auroral zone mag-
netic field lines in the premidnight meridian at al altitudes
between perigee and near apogee. As part of the payload, Polar



carries athree-axis electric field instrument [Harvey et al., 1995], a
magnetometer [Russell et al., 1995], and the HYDRA plasma
instrument [Scudder et al., 1995]. The datafrom these instruments
will be used in this paper to discuss the auroral acceleration region.

2. AModel

To cast previous knowledge and the data presented in this paper
into a unified framework, a model of equipotential contoursin the
auroral acceleration region is illustrated in Figure 1. The only
assumption of this model is that the boundary condition imposed
on thisregion is an upward field-aligned current. Thisis a zeroth-
order model that ignores the effects of waves and considers only
DC parallel electric field effects. The magnetic field lines are ver-
tical in the meridional planeillustrated in Figure 1. Theillustrated
equipotential contours represent one of an infinite number of such
contour plots that are consistent with experimental data. The fea
tures of the datathat are required in any such model and that define
the low-dltitude boundary of the acceleration region are discussed
next.

2.1. Low-Altitude Boundary of the Auroral Acceleration
Region

The low-altitude boundary (found at 2.0-2.5 geocentric Earth
radii) is corrugated with fingers of potential extending to lower
altitude, such as that illustrated in Figure 1. A spacecraft passing
below the lowest potential finger will observe the relatively high-
density ionosphere, downgoing inverted-V electron distributions,
no upgoing ion beams, and an electric field consistent with that in
the ionosphere. A spacecraft flying through a finger will cross
boundaries containing large perpendicular fields, and, if the poten-
tial contours are inclined with respect to the magnetic field, alarge
parallel electric field. Within the potential finger or just above the
low-altitude boundary, the plasma density is low because there is
little or no cold plasma (essentialy all of the plasma has been
accelerated to carry the field-aligned current), the electric field is
turbulent, there is an upgoing ion beam whose energy is given by
the perpendicular potential difference, and there are downgoing
accelerated electrons. These properties are illustrated elsewhere
[Mozer and Kletzing, 1998; McFadden et al., 1999].

The Polar satellite has traversed thousands of potential fingers
at geocentric atitudes near 2 Earth radii and has measured ~50
examples of significant (greater than 10% of the perpendicular
field), upward directed, parallel electric fields at their boundaries.
One example of such fingers and a measured parallel electric field
isillustrated in Plate 1. Plates 1a-1c are the electric field compo-
nents in a magnetic field oriented coordinate system. Plate lais
the perpendicular electric field component in the magnetic meridi-
onal plane and pointing equatorward, Plate 1b is the perpendicular
field component in the magnetic westward direction, and Plate 1c
isthe parallel field. Plate 1d isthe spacecraft potential, which isa
measure of plasma density and which shows that the plasma den-
sity varied from ~0.01 to 10 particles-cm3 during this 45-sinterval
[Scudder et al., 2000]. Plate leistheintegral of the measured per-
pendicular electric field along the spacecraft trajectory, and the
Plate 1f is the westward component of the magnetic field that is
perpendicular to a model magnetic field line. Its slope gives the
strength of an assumed field-aligned current sheet, which is



upward for the negative slope in Plate 1. (The slope of the west-
ward magnetic field corresponding to an upward field-aligned cur-
rent depends on whether the spacecraft moves southward or
northward through the current. In this paper, data are presented
from May and November time frames, at which times the space-
craft moved southward and northward, respectively, through the
upward field-aligned current. Thus, for an upward field-aligned
current the slope of the westward magnetic field is negative in the
May data and positive in the November data.) Plates 1g-1j give
the differential energy flux of upgoing ions, downgoing ions,
upgoing electrons, and downgoing electrons, respectively, where
all distributions are for particles within 30x of the magnetic field
line.

Two potential fingers were crossed in the data of Plate 1. They
appear within the intervals 2251:01-2251:04 and 2251:20-2251:39
universal time. Before, between, and after the fingers the electric
field was small and consistent with an ionospheric value. Within
the fingers the perpendicular electric field was as large as 750 mV
mL, and it was turbulent. A parallel eectric field of up to 250 mV
m! was observed near the boundary of thefirst finger. It was pos-
itive (upward) asis required for this upward current region. Inthe
second potential finger the parallel electric field was consistent
with zero, as it is in most finger crossings. The plasma density
decreased by a factor of more than 100 in the first finger and more
than 10 in the second.

The field-aligned current (Plate 1f) was roughly constant
through the time interval, and inverted-V electrons were observed
all of thistime (Plates 1i and 1j). Within the fingers and not else-
where, upward ion beams were observed at every measurement
opportunity (Plate 1g). The ion beam energies were consistent
with the potential differences measured along the spacecraft trajec-
tory (Plate 1e) and the assumption that the large perpendicular
potential observed at the spacecraft became a parallel potential
below the spacecraft, as illustrated in Figure 1. The ion beam
energy was about afactor of 3 less than the electron energy, which
shows that most of the parallel potential was above the spacecraft
near the low-altitude boundary even though the parallel field in
this region was large.

It isemphasized that in this example and most othersthereislit-
tle or no correlation between the strength of the field-aligned cur-
rent and the presence or absence of potential fingers. Thus the
potential fingers are not caused by striations in the field-aligned
current.

A second example of low-altitude potential fingersisillustrated
in Figure 2. Figures 2a and 2b give raw electric field measure-
ments made by the two pairs of spin-plane booms that have sphere-
to-sphere separations of 100 and 130 m, respectively. The small
amplitude sine waves in Figures 2a and 2b are caused by the rota-
tion of the detector in arelatively constant, ~15 mV mfield. The
three potential fingers are characterized by large and turbulent
electric fields. The spacecraft crossed the borders of each of the
three potential fingersin a single data point (25 ms), so the bound-
ary of the finger region is no wider than a few hundred meters at
the spacecraft. Asin Plate 1, the plasma density inside the fingers
decreased by factors as great as 10 (Figure 2c) and the presence or
absence of the potential fingers was not controlled by the magni-
tude of the field-aligned current (Figure 2d).

In summary, the key features of the low-altitude acceleration
that are included in the model of Figure 1 and that are needed to



discuss the origin and geometry of the higher-altitude parallel
fields are asfollows: (1) The electron density inside the accelera-
tion region is low in the sense that it is composed of mainly accel-
erated electrons. (2) Most of the parallel potentia is above the
low-dltitude acceleration region. (3) The paralel electric field in
the low-altitude acceleration region is significant, sometimes as
large as hundreds of mv mL.

2.2. TheHigh Altitude Auroral Acceleration Region

Returning to Figure 1, the sole assumption of the model is that
the boundary condition imposed on the auroral acceleration region
is an upward field-aligned current. As discussed in section 2.1,
there is adensity change across the lower boundary of the acceler-
ation region such that the density above the lower boundary is low
in the sense that the plasma must be accelerated to carry this
imposed field-aligned current. (The shading in Figure 1 denotes
the high density.)

The imposed field-aligned current density increases with
decreasing altitude because of the converging magnetic field.
Because electrons are also mirroring in this field, there may be an
altitude below which the current density cannot be carried by the
plasma existing at and below that atitude. This dtitude is the
upper border of the auroral acceleration region illustrated in Figure
1. Determining its location is one of the primary purposes of this
paper. Knight [1973] was the first to consider parallel electric
field acceleration caused by the effects of the converging magnetic
field, and the results reported in this paper are consistent with this
type of model. (For purposes of orientation, the high-, middle-,
and low-altitude regions discussed below will be found to be
roughly at 2.5-3 Earth radii, 2-2.5 Earth radii, and below ~2 Earth
radii geocentric, respectively.)

This high-altitude upward parallel electric field drives electrons
into the lower-altitude region. To have charge neutrality, positive
charges must also be injected into thisregion. Thisisthe function
of the low-altitude, large-amplitude electric field whose physics is
the same as that of sheaths in plasmas or the wall in alab device,
each of which produces an accelerating electric field in response to
the requirement of charge neutrality in the neighboring region. A
second benefit of this low-altitude parallel field is to exclude sec-
ondary €electrons from the middle-altitude region.

The high- and low-altitude electric fields may not be enough to
guarantee local charge neutrality without a distributed, parallel
electric field through the middle-altitude region. Thus, in sum-
mary, three mechanisms that produce parallel electric fields in the
auroral acceleration region result from imposing a field-aligned
current in alow-density plasma.

Data from some 200 passes of Polar through the premidnight
auroral zone have been examined to verify predictions of this
model, to determine the high-altitude extent of the auroral acceler-
ation region, and to estimate the amplitude of the parallel fieldsin
the higher-altitude regions. These resultswill be discussed by first
considering data acquired at atitudes above the auroral accelera-
tion region and then, moving this discussion down in atitude, until
parallel electric fields are encountered.

Plate 2 presents 40 min of data acquired at geocentric altitudes
between 6.2 and 5.5 Earth radii. These data are typica of those
studied during more than 50 Polar passes at similar dtitudesin the
spring and fall of 1996 and 1997. The panels in Plate 2 are the
same as those previously discussed for Plate 1. During this time



interval and all others observed above ~2.5 Earth radii, the parallel
electric field (Plate 2c) was less than the uncertainty in its mea-
surement, which is typically less than 10% of the perpendicular
field strength. The perpendicular field was turbulent and as large
as 100 mV m! (Plates 2a and 2b), which would map to the iono-
sphere in the absence of lower dtitude parallel fields to a magni-
tude in excess of a few mvV m™Y. From the fact that such large
fields are not observed in the ionosphere, there must have been a
paralel field below the spacecraft from ~1020 to 1030 UT.

During this same time interval, an upgoing ion beam was
observed with energies approaching 10 keV (Plate 2g). Thision
data appears speckled because the beam was confined to small
pitch angles and the Hydra detectors did not aways sample this
region of phase space. During the ion beam interval there were no
signatures of acceleration in the electrons (plates 2i and 2j), as will
be further discussed below. Because upgoing ions were observed
in the absence of electron acceleration above the spacecraft, it is
concluded that the spacecraft was both on magnetic field lines con-
taining the auroral acceleration region and above all such parallel
field acceleration.

The perpendicular potential crossed by the spacecraft (Plate 2e)
was ~10 keV, which is consistent with the observed ion energy
under the assumption that this perpendicular potential was con-
verted to parallel potential below the spacecraft, as illustrated in
the model of Figure 1.

The field-aligned current (Plate 2f) was upward and roughly
constant from ~1020 to 1045 UT. However, the ion and electric
field data indicate that there were parallel fields below the space-
craft only during the first 40% of this interval. So the question
arises as to what happened near 1030 UT that allowed the current
to flow after this time without requiring a parallel electric field
below the spacecraft. An answer is that the plasma density above
the acceleration region increased by a factor of more than 10 just
after 1030 UT, so the field-aligned currents could be carried
through the lower-altitude region without the need for a parallel
electric field after thistime. This density increaseis evident in the
spacecraft potential (Plate 28) [Scudder et al., 2000] and in the
electron distributions of Plates 2i and 2j. This explanation is sup-
ported by a quantitative estimate. The spacecraft potential of ~10
V after 1030 UT corresponds to a plasma density of ~1 particle
cm3. An isotropic electron distribution with this density and an
average energy of 1 keV contains enough particles in its iono-
spheric loss cone for electrons to carry the observed field-aligned
current (that produced a slope in By of 1 nT min‘l) to the iono-
sphere along adiabatic trajectories without a parallel accelerating
potential being required. On the other hand, the plasma density of
~0.3 particles cm before 1030 UT is insufficient for carrying the
same current to the ionosphere without imposition of a parallel
potential.

The above discussion assumes that there was no parallel electric
field above the spacecraft during the event of Plate 2. However,
the electron data of Plates 2i and 2j might be consistent with a par-
alel potentia as large as severa kilovolts appearing above the
spacecraft at and after 1030 UT, because such a potential changes
theintensity of a Maxwellian distribution, above alow-energy cut-
off, without changing its spectral shape. That this explanation
does not fit the observed spectraisillustrated in Fig. 3, which gives
down-going electron distribution functions before and after the
change near 1030 UT. Because this change was a temperature



increase of a Maxwellian distribution, the spectrum after this time
cannot be obtained by passing the spectrum obtained before this
time through a parallel potential. Thus parallel fields do not cause
the density and temperature increases around 1030 UT. Instead,
such increases must be associated with a change in the plasma
source. This type of spectrum in the differential energy flux was
observed generally in the many Polar passes studied in this altitude
range, and variations of intensity and temperature such as those in
Plate 2 are also common features of this data.

High-altitude electron data cannot rule out that the plasma sheet
electrons were accelerated through potentials that are small com-
pared to the electron temperature of severa kilovolts, because such
parallel potentials are difficult to measure in terms of their effects
on the electron spectra. (It might be argued that a low-energy cut-
off in the down-going electron energy spectrum would be pro-
duced by acceleration above the spacecraft. Such a cutoff is not
seen. Thisresult could be explained as due to filling of the gap in
the low-energy spectrum by any number of processes.) However,
in the particular case of Plate 2, such small parallel potentials were
not present, at least after 1035 UT. Evidence for this conclusion is
associated with the low-energy fluxes of counterstreaming elec-
trons observed between ~1038 and 1045 UT. The distribution
function of these electronsis presented in Plate 3. Whilethe origin
of these electronsis beyond the scope of this work, examination of
upgoing and downgoing fluxes at velocities above ~5000 km st
shows that the upward going electrons were not reflected by a
potential above the spacecraft to reappear at the spacecraft as
downward going electrons. Thus the potential above the space-
craft must have been less than that required to reflect electrons
with velocities of ~5000 km s or energies of ~70 €V. Such
counter-streaming electrons are relatively common in the data.

Because the parallel potential above the spacecraft is not dis-
cernable when it is small compared to the electron temperature,
possible parallel potentials of afew hundred volts are neglected in
defining the top of the auroral acceleration region in this study. It
should be pointed out that such potentials may well exist on
auroral field lines at higher altitudes because they may be required
to move otherwise-mirroring electronsto lower atitudes where the
major parallel potential exists (R. E. Ergun, private communica
tion, 2000).

The discussion of fields and particles at geocentric altitudes of 6
Earth radii will be completed by considering the example of Plate
4. In these data, the upward field-aligned current intensity (Plate
4f) near 0954 UT was about as large as that generally observed at
these altitudes, producing a slope in By, of ~20 nT min'l. The
large, turbulent electric field and the upgoing ions show the exist-
ence of a parallel potential below the spacecraft at this time, when
the local plasma density was ~2 particles cm3 (Plate 4d). For an
isotropic electron distribution having this density and an average
energy of a few hundred volts (Plates 4i and 4j), the electrons in
the ionospheric loss cone were unable to carry the large field-
aligned current by about an order-of-magnitude, so a parallel
potential was required. However, between ~0957 and 1003 UT the
field aligned current was an order of magnitude smaller, and the
density was more than afactor of 2 greater, so no parallel potential
below the spacecraft should be expected, and none was observed
in either the electric field or upgoing ions.

An example of plasma and field data at altitudes of 4.0 to 4.7
geocentric Earth radii is given in Plate 5. These data also show



that the spacecraft was on magnetic field lines above a paralléel
electric field region, because there are upgoing ion beams (Plate
5g) and large, turbulent, perpendicular electric fields that would
map to the ionosphere as fields of ~V m™ in the absence of paralld
fields below the spacecraft (Plates 5a and 5b). There was no mea-
surable parallel electric field component (third panel). The upward
flowing ions were observed in each of two upward field-aligned
current regions (Plate 5f, where an upward current is associated
with a positive slope), and their energy is greater in the current
region having the lower density (Plate 5d). This is further evi-
dence that the plasma density controls the existence and size of the
paralel electric fields. The ion distribution function measured
near 0233 UT isgiven in Plate 6. The upward ion beam is clearly
separated from the core distribution, which is evidence for parallel
field acceleration.

Across the change in field-aligned current direction near 0224
UT in Plate 5, the several keV electron distribution did not change.
Thisis proof that the peaked differential energy flux distribution of
these plasma sheet electrons is not the consequence of a parallel
electric field above the spacecraft in the upward field-aligned cur-
rent region.

Plate 7 presents 13 min of Polar data as the spacecraft moved-
from a geocentric atitude of 3.5to 3.1 Earth radii. The perpendic-
ular electric field approached 80 mV m1 and the parallel field was
consistent with zero (Plate 7a-7c). Because this perpendicular
field would map to the ionosphere as a large fraction of one V mt
in the absence of parallel fields below the spacecraft, such parallel
fields must have existed. Upgoing ions were observed from
~2346 to 2353 UT, and their peak energy of ~3 keV was consistent
with the perpendicular potential encountered by the spacecraft and
available asaparallel potential below the spacecraft (Plate 7€).

The field-aligned current in Plate 7 was upward from ~2346 to
2356 UT, and it was roughly constant except for two brief periods
(Plate 7f, where an upward current is associated with a negative
slope). During thelast 4 min of thisinterval, there were no parallel
fields below the spacecraft because there were no upgoing ion
beams or large perpendicular electric fields. The presence of par-
alel fields below the spacecraft before 2352 UT, and not after-
wards, can be explained by the increase of plasma density by more
than a factor of 10 between 2350 and 2352 UT (Plate 7d). The
Hydra electrons also showed a similar density increase at thistime.
Thus these data are also consistent with the model that parallel
electric fields arise when the plasma density isinsufficient to carry
the imposed field-aligned current.

Inthe case of Plate 7, it is more difficult to decide whether there
was a parallel potential above the spacecraft and what its magni-
tude may have been. The increased electron intensity for a minute
around 2347 UT is not consistent with the distribution before or
after that time having passed through a parallel potential above the
spacecraft. There may have been a paralel potential above the
spacecraft near an dtitude of 3.3 Earth radii near 2354 UT,
because of the inverted-V shape of the electron distribution
(although this feature sometimes occurs at higher altitudes, where
itisnot likely that significant parallel electric fields exist above the
spacecraft). This potential could have been aslargeas 1 kV. Thus
the first signs of a significant parallel potential above the space-
craft may have appeared at a geocentric altitude somewhat above 3
Earth radii.

An example of data below 3 Earth radii isgiven in Plate 8. As



the spacecraft rose from 2.7 to 3.2 Earth radii during the 20-min
interval of Plate 8, it encountered two upgoing ion beam events
(Plate 8d). The energy of these ions increased from below 1 keV
in the first event to ~8 keV in the second event. This energy
increase is consistent with a constant upward parallel electric field
of ~3mV m'! between 2.7 and 3.0 Earth radii, under the assump-
tion that the energy change was due to an altitude dependence and
not to a time or latitude dependence. A well-defined inverted-V
electron distribution was measured in the first event with peak
energy of ~5 keV (Plates 8i and 8j). In the second event there was
no evidence for electron accel eration above the spacecraft after an
inverted-V signature was observed before 1700 UT. The electron
results are also consistent with a parallel electric field of afew mvV
m ! between 2.7 and 3.0 Earth radii.

The upward field-aligned current (positive slope in Plate 8f) in
the first event was an order of magnitude larger than that in the
second event. This result is consistent with equal magnitudes of
the parallel potentials associated with both events, when consider-
ation is given to the fact that the plasma density was higher in the
first event by at least an order of magnitude (Plate 8d).

The data of Plate 9, at geocentric atitudes between 2.4 and 3.2
Earth radii, provide another example of the upper altitude limit of
the aurora acceleration region. The perpendicular electric field
was larger than 200 mV m® and the average (nonwave) parallel
electric field was small. As the spacecraft rose in dtitude, it
passed through three regions of upward ion beams (Plate 9g). The
first, centered near 1648 UT, was accompanied by a well-defined
electron inverted-V event (Plates 9i and 9j). The electron energies
were as great as 7 keV and they exceeded the ion beam energy by
at least afactor of 2, showing that the spacecraft was deep in the
acceleration region at an atitude of 2.4 Earth radii. In each suc-
ceeding ion event, near 1703 and 1706 UT, respectively, the ion
energy increased, as if the spacecraft passed through a parallel
potential of ~7 kV inrising to 3 Earth radii. Similarly, signatures
of inverted-V electrons in the second and third ion events were
lacking, indicating again that the spacecraft had moved above a
substantial part of the 7 kV potential through which the electrons
in the first ion event had been accelerated. Thusthe ion and elec-
tron data of Plate 9 are explained by the upper end of the accelera-
tion region being at ~3 Earth radii and that a 7-kV potential existed
between 2.4 and 3.1 Earth radii. The average electric field associ-
ated with this potential is~1.5 mV m'%.

In Figure 4, a scatterplot of the ion energy divided by the sum
of theion and electron energies in ~40 upgoing ion events having a
total parallel potential in excess of 1 kV, is plotted as afunction of
geocentric altitude. The ordinate in Figure 4 is equal to the frac-
tion of the paralel potentia below the satellite. Vaues of this
ratio greater than ~0.8 are consistent with essentially all of the
potential (other than a possible few hundred volts) being below the
spacecraft because it is difficult to discern an accel eration potential
of hundreds of volts in a spectrum of 10 keV plasma sheet elec-
trons. For this reason the data of Figure 4 were obtained by hand
analysis, and not by a computer program. From this figure, it is
seen that the upper end of the auroral acceleration is at a geocentric
altitude of 3-3.5 Earth radii at local times of 2000-2400 UT during
the spring or autumnal equinoxes. Since about half of the typically
5KkV parallel potential exists between altitudes of 2.5 and 3.0 Earth
radii, the average parallel electric field in this region is
~20mvV mt,



3. Summary

In summary, the following points are made in this paper:

1. Parallel electric potentials greater than afew hundred voltsin
the upward current portion of the auroral acceleration region
extend upward to geocentric altitudes of 3.0-3.5 Earth radii.

2. The three mechanismsthat produce parallel fieldsin the pres-
ence of an imposed field-aligned current are associated with (1) the
high-altitude field required to accelerate downgoing electrons in
order that they can carry the imposed field-aligned current, (2) the
low-dltitude sheath field required to maintain gross charge neutral -
ity by injecting ions into the midaltitude region and preventing
backscattered electrons from reaching this region, and (3) the
midaltitude field required to guarantee local charge neutrality.

3. The pardllél, low-altitude sheath field can be as large as sev-
eral hundred mv m'™%, whilethe higher-altitude parallel fields have
magnitudes of afew mv mL.

4. To produce parallel electric fields and discrete auroras in the
auroral acceleration region, all that is needed is an imposed, uni-
form, upward field-aligned current and a decreased density, such
that particle acceleration is required to carry the imposed current.

These results are consistent with the idea first advanced by
Knight [1973] and expanded by Chiu and Schulz[1978] and Lyons
[1980] that the field-aligned potential arises when the plasma is
insufficient to carry the imposed field-aligned current through the
converging magnetic field. Although these theories produce a
field-aligned potentia that is a function of both the current density
and the plasma density, the current density has assumed the more
important role in current disruption models of substorms that are
triggered by an abrupt increase of the field-aligned current. The
present work suggests that the plasma density may play amore sig-
nificant role in substorm physics than has been thought previously.
The theories of Knight, Chiu and Schulz, and Lyons predict the
magnitude of the potential drop but not the location or size of the
paralel eectric field. Recently R. E. Ergun et a. (Parallel electric
fields in discrete arcs, submitted to Journa of Geophysical
Research, 2000) have proposed a model that invokes only what
amounts to charge neutrality and that yields the electric field as a
function of altitude. This model produces resultsin general agree-
ment with the experimental data that are presented in this paper.
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Figurel. Mode of eectric equipotentialsin a meridional plane,
between the ionosphere and the magnetosphere, in which magnetic
field lines are vertical.

Figure 2. (a-d) Raw electric field, spacecraft potential, and west-
ward magnetic field measured in the Southern Hemisphere on May
3, 1997, during an interval containing three potential fingers.

Figure 3. Electron energy spectra obtained before and after the
intensity change that occurred near 1030 UT on May 16, 1996.

Figure 4. The fraction of the parallel potential below the Polar
geocentric altitude, as afunction of altitude.

Plate 1. (&) Fields and particles observed in the Southern Hemi-
sphere on May 8, 1999, at a magnetic local time near 2125.

Plate 2. (&) Fields and particles observed in the Northern Hemi-
sphere on May 16, 1996, at a magnetic local time near 2130.

Plate 3. The low-energy electron distribution function on May 16,
1996, during the observation of counterstreaming low-energy elec-
trons.

Plate 4. (aj) Fields and particles observed in the Northern Hemi-
sphere on April 8, 1996, at amagnetic local time near midnight.

Plate 5. (aj) Fields and particles observed in the Northern Hemi-
sphere on November 28, 1996, at a magnetic local time near 2120.

Plate 6. The ion distribution function measured during the event
of November 28, 1996.

Plate 7. (&j) Fields and particles observed in the Northern Hemi-
sphere on April 11, 1999, at a magnetic local time near 0000.

Plate 8. (&j) Observations in the Southern Hemisphere on Octo-
ber 13, 1999, at a magnetic local time near 2300. The spinperiod
averaged electric field components are illustrated. The small,
apparently nonzero, parallel electric fields observed near 1653 and
1700 UT are due to the rectification of high-frequency waves and
arenot anindication of alarge parallel DC field. The discontinuity
in the magnetic field near 1704 UT is due to a mode change in the
instrument.

Plate 9. (&j) Fields and particles observed in the Southern Hemi-
sphere on November 9, 1999, at a magnetic local time near 2030.
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Figure1l. Model of electric equipotentials in a meridional plane, between the ionosphere and the magneto-
sphere, in which magnetic field lines are vertical.

Figure 2. (a-d) Raw electric field, spacecraft potential, and westward magnetic field measured in the Southern
Hemisphere on May 3, 1997, during an interval containing three potential fingers.

Figure 3. Electron energy spectra obtained before and after the intensity change that occurred near 1030 UT
on May 16, 1996.

Figure 4. Thefraction of the parallel potential below the Polar geocentric altitude, as a function of altitude.

Plate 1. (aj) Fields and particles observed in the Southern Hemisphere on May 8, 1999, at a magnetic local
time near 2125.

Plate 2. (&) Fields and particles observed in the Northern Hemisphere on May 16, 1996, at a magnetic local
time near 2130.

Plate 3. The low-energy electron distribution function on May 16, 1996, during the observation of counter-
streaming low-energy electrons.

Plate 4. (&) Fields and particles observed in the Northern Hemisphere on April 8, 1996, at a magnetic local
time near midnight.

Plate 5. (a) Fields and particles observed in the Northern Hemisphere on November 28, 1996, at a magnetic
local time near 2120.

Plate 6. Theion distribution function measured during the event of November 28, 1996.

Plate 7. (a) Fields and particles observed in the Northern Hemisphere on April 11, 1999, at amagnetic local
time near 0000.

Plate 8. (aj) Observations in the Southern Hemisphere on October 13, 1999, at a magnetic local time near
2300. The spinperiod averaged electric field components are illustrated. The small, apparently nonzero, par-
allel electric fields observed near 1653 and 1700 UT are due to the rectification of high-frequency waves and
are not an indication of alarge parallel DC field. The discontinuity in the magnetic field near 1704 UT is due
to amode change in the instrument.

Plate 9. (aj) Fields and particles observed in the Southern Hemisphere on November 9, 1999, at a magnetic
local time near 2030.
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Electric fields, magnetic fields, and plasmas measured on the
Polar satellite are studied to determine the altitude extent of the
upward field-aligned current portion of the auroral acceleration
region and the physical processes that populate it with parallel
electric fields. Thisregion extends upward to a geocentric altitude
of 3or 3.5 Earth radii at premidnight local times during the spring
and fall. In amodel for this region a necessary but not sufficient
condition for the appearance of parallel electric fieldsis an upward
field-aligned current. Parallel electric fields will exist where the
plasma density is insufficient to carry this imposed field-aligned
current through the converging magnetic field. These parallel
fields are associated with (1) high-altitude electron acceleration
required to carry the imposed current through the low-density
region; (2) a low-dtitude sheath required to inject compensating
positive charge into the region and to restrict entry of secondary
electrons from below; and (3) the midaltitude maintenance of local
charge neutrality. The pardlel electric field in the low-altitude
sheath is directly measured to be as large as several hundred mV
mL, while the higher-altitude fields appear to have magnitudes of
afew mV ml. The low-altitude sheath is corrugated in a manner
that does not depend on striations of the field-aligned current but
that may depend on density variations.

14



IONG3FHERE




POLAR  1897/05/03 {Day 123), 09:59:30 — 10:01:30

ol
B
[+]
o
&=
LTl
—ap .
-0 1 |
(d) = T T
Ml |
BB .
Q 4
ot
3
- 1L -
@
mE .
i WM'M«WMML
] L L 1 L L L L L I
Tirme: 1000 14
Ae 2m 208
MLT Q.28 o
M Lat —Dd0.Z8 —07.04
LShell a.d1 T.i8

PucBET=, Vec2 An TocFA Jom T 11:431:10 HOO=Phf=—0027; Cra=popen

Figure 2



Dipiribution Function

—
I::‘I

May 18,1606
& 10:26-10:30
+ 10:34—1D:78

5.0x10%  1.0x10f  18x10t  z.ox0t
Energy, eV

Figure 3



Wion/(Wion + Wel)

2 *
1 ‘v N
o ¢ hd
* ¢ *
* L J
0.75 *
o % o+ 2 ¢ ‘.’
TS
. 'S
o *
0.5 .
*
*
0.25 *
TS
*
0
2 3 4 5

GEOCENTRIC ALTITUDE, Re

Figure4



May 8, 1999

750 £X
250 . | I
(@) —250—_7F%“ “MJ%A$WﬁﬂWAﬂ¢MM£%h‘A_Ll

=
-~
>
E
/50 EY
() £ 2501 Anl i, :
E
E
S
E

—250 - V -
750 £7
2504 g A 1 _ -

—950 - -

PlasmaPot

12 ' ' ' ' ~ S/C Potential
@ -14- X\ w -
_42

BY

s@%wB
; §§;E:106
- oM o10°
S 100
SR 100
22:51:00 22:51:15 22:51:30 22:51:45 time (UT)
1779 1779 1.80 .80 R
8.9 9.3 9.6 100 L

Plate 1



May 16, 1996

al >t

- asr

X9} Z) RS L', [~ ) ™~ ()

[ 2 (@] [
- -
(T

v s, o

togowmg  dewezcmg  upgoing  downgoing
TE 101 e ectrons electrcas

4\

Plate 2



FDLAE(EIJ-I dra Electrons

D5—16—1996 7:24.36-10:44:44.78 dist ¢
20 §
] —57.0
a 10-5 - -27.5
E :
g | ~28.0
£ 5
n i
2 ; : | _58.5
=
! ] =290
_"Iﬂ —- L
: I—zg.s
—50 ] ]

-20 =10 0 10 0
v, (1000 km/sec)

Plate 3



(f)

(9)
(h)

kV Volt

nT

EObs(ev> EObs<eV) E0b5<e\/) E0b5<ev)

April 8, 1996

100

33 _WMWNL
_33 ]

—100

100

33 _MWW R
—33 ‘

EZ

[ SCPot12

i PlasmaPot

BY

su03dn

3108 10D

51012272
gsutosdn

30031025
surcsumop

B A A A

09:51
2.89
8.0

09:54
.83
7.8

09:57
D.77
7.6

Plate 4

10:00
.71
7.4

10:03
2.65
7.2

time (UT)



D) ) W

_) e S d
- - SN GENG SINGEEN GG G
. o i ) 1 - 1 N - -
.,T,., _H C D ,l 1l I TITIRR] I, [ I I ..W oo
v S TS [ [
i . < > upgoing  dovmgoing  upgoing  davmgoing
‘ ] s 10115 1048 e ectrcns electrcns SIS

£
E

November 28, 1996

/A

A/

I \\\ Ll

©
N’

P
O
~—~

| | |
t
-
.
<
3 —~
- Y
¢
r.
‘
M )
<
)
R
)
1 <
\
~
\
3
{
4
1 /
I
<
S
g
P
;
]
/
i 2
7 7
p
)
.
L ..
' >
‘.. ﬁ‘
4 J
4 ¢
P
{
/
I3
{
)
)
)
|
)
q
)
{ ,
- )
t !
i
i .
w [§
)
I |
T T - -~y Al ~ TR
) RO R ) oo Lo
) YO ) B¢ — )
\ . |

—

Bt B c——__

Plate 5



¥, {100 km/sec)

POLAR/Hydra lons

20

10 -

—10 1

-20 -10 g 10 20
v, (100 km/sec)

Plate 6

11-28—1996 02:32:51.03—-02:32:54.33 dist f

—24

—25



d) S
(e =
(f) =<
5
(9) :
5
h
-
)
N
) =

April 11, 1999

23:45
3.93
3.2

23:48
3.44
7.5

23:31
3.56
6.9

Plate 7

_a“

S/C Patential

PlasmaPot

STU0I SU0T
[ 1 ?i'.x;n gum op Er[m}i rin
O O

STOIP3T?
gmn&da

SUOIDSTI
urgumanp



(@)

(b)

(©)

(d)

(€)

(f)

(9)

(h)

(1)
()

October 13, 1999

c 50.0 EX
N 167 T H"’“’"\-I\A A oo P, N A,/\v A —~ A A B
> 187 AV T~ WYV WY V Y/ =1
£
—-50.0
e 50.0 EY
< 16.77 /N B
z —16.71 WY T
EL
c 07 _EZ
N 16.7 -\,AAAV""‘ vw“"r\"‘vav"V‘ T AT S VSN W
E —16.7 1 i
—50.0
~ i SCPot12
E L
i PlasmaPot
< B
BY
_ n

Eops(€V) Epps(eV) Eqps(eV) Eqps(eV)

zaa%EmG

10°
SEL N
§§-§E1O
Ny 105
“xEW
S5
T M 100
L
-2 EO
F S5 M 10
17:10  time (UT)

325 R

6.1 L

Plate 8



~
\°)

mV/m mV/m mV/m

—~
\e3

(d)

(€)

(f)

(9)

(h)

(1)

()

kV Volt

nT

E0b5<ev) EObs(ev> EObs(ev> EObs(E\O

November 9, 1999

270

-.'I'-‘w

EZ

| SCPot12

FPlasmaPot

X

17:00 1
2.88
7.0

18:55
2.73
3.1

18:30
2.08
9.9

Plate 9

5.04

/.03
6.3

STI01. SUO"[
gmostmop  3utosdn

SITOI:]DQ‘[Q
3mo3da

suoID=12
surgumop




