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In this article we present electric field, magnetic field, and charged particle observations from the
upward current region of the aurora focusing on the structure of electric fields at the boundary
between the auroral cavity and the ionosphere. Over 100 high-resolution measurements of the
auroral cavity that were taken by the Fast Auroral Snap&h&ST) satellite are included in this

study. The observations support earlier models of the auroral zone that held that quasi-static parallel
electric fields are the primary acceleration mechanism. In addition to the statistical study, several
examples of direct observations of the parallel electric fields at the low-altitude boundary of the
auroral cavity are put forth. These observations suggest that the parallel electric fields at the
boundary between the auroral cavity and the ionosphere are self-consistently supported as oblique
double layers. ©2002 American Institute of PhysicgDOI: 10.1063/1.1499120

I. INTRODUCTION clude weak double layer§, strong double layerS 22
anomalous resistivity® and parallel electric fields associated
Our purpose in this article is to give a detailed statisticalwith ion cyclotron wave$?* Another approach based on the
account of the electric fields in the upward current region ofAlfvén—Fathammar equatiods suggests that more distrib-
the aurora as observed by the Fast Auroral Snapg$#sT) uted electric fields are possible.
satellite and to present new observations of parallel electric  There also is no generally accepted model of how paral-
fields and charged particle distributions at the ionospheridel electric fields are distributed along the flux tube between
boundary of the auroral cavity. Many of the most conspicu-the plasma sheet and the ionosphere. S3-3 and subsequent
ous findings from the FAST satellite on the upward currentsatellite missions established that the auroral electron accel-
region have been reported earlierbased on event analyses eration is a near Earth process, usually less than 8000 km in
and small-sample surveys. We verify many of these findingsltitude, the S3-3 apogé?.Polar observations determined
with a large-sample study and, from that large-sample studyhat the majority of auroral acceleration is beloWRg in
identify several instances of direct observations of the paralaltitude®® The results of the Dynamics Explorer missi6rf®
lel electric field and examine the electric field signals andand sounding rocket studi@ssuggested that there are two
accompanying charged particle distributions in detalil. acceleration layers. FAST observations support the Dynam-
Parallel electric fields in the upward current region of theics Explorer studies and have identified a low altitude accel-
aurora were first inferred from studies of electron eration regiorf. Recent quasi-neutral modeling efforts cor-
distributiond and in observations of ion bearhThe detec- roborate the observationally-based model of two or more
tion of converging electric field structures coined “electro- acceleration regions.
static shocks” by the S3-3 satellife'! and the Viking Direct measurements of the parallel electric field in the
satellité? provided strong evidence of quasi-static, parallelupward current regioi show amplitudes on the order of 100
electric fields in the upward current region of the aurora. ThenV/m suggesting strong double layéPgObservations in the
correlation of anti-earthward ion beams with electrostaticdownward current regicfi—3>have conclusively determined
shockd™® and the quantitative agreement between the iorthat the parallel electric fields in that region are supported, at
beam energies and the inferred parallel potential of the corleast in part, by strong double layers. We examine new elec-
verging electric field structurés®® established that parallel tric field observations and the electron and ion distributions
electric fields are the primary mechanism for the acceleratiof the upward current region and suggest that the parallel
of charged particles in the auroral region. electric field at the ionospheric boundary of the auroral cav-
Although it has been established that a parallel electridty is self-consistently supported as an oblique double layer.
field can drive a current in a magnetic mirror geométrg,
theoretical understanding of how parallel electric fields ardl. CURRENT OBSERVATIONAL UNDERSTANDING
self-consistently supported in a collisionless plasma has not

& _ > We begin with a review of the prior modeling of the
been establisheld. Theoretical treatments and models in-

electric field structure of the aurora. Figure 1 depicts a two-
dimensional, static model of the auroral potential structure
dAlso at the Department of Astrophysical and Planetary Sciences. that has emerged over years of resedfchhe auroral zone
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FIG. 1. A cartoon model of the upward current region of the aurora. Ther|G. 2. (Color High-time resolution observations of the auroral cavity in
gbove model incorporates the concept of two regions of parallel electrigyg upward current regiorfa) E, at a 10 Hz bandwidth(b) E, at a 10 Hz
fields. bandwidth.(c) Electron energy flux, summed over all pitch angles, versus
energy and time at 79 ms resolutidd) lon energy flux, summed over all
pitch angles, versus energy and tin®.The circles are the energy at which
the ion fluxes peakq). The solid line is®, the parallel potential inferred
from the electric field observatiorisee Eq(1)].

is bounded at high altitude by hoT {~0.5 keV), tenuous
(ne~1 cm 3) magnetospheric plasma and at low altitude by
cold (T,~0.2 keV), more dense ni~10° cm™3) iono-
spheric plasma that exhibits a finite conductivity. The neaispheric origin and, often, ions of ionospheric origin. The ion
vertical dashed lines in Fig. 1 represent the Earth’s magnetibeam in the auroral cavity is strongly modified by large-
field (B) which supports a mirror ratio between the magneto-amplitude ion cyclotron waves, low-frequency turbulence,
sphere and the ionosphere of roughly 400. The solid linesnd ion phase-space holes. The auroral cavity also is the
represent equipotential contours which embody a parallesource region for auroral kilometric radiatidAKR). A no-
electric field in the auroral acceleration region. The upwardable finding is that there is little or no cold electron popula-
parallel electric field creates an anti-earthward ion beam antlon within the auroral cavit§:>’ Above the high-altitude
accelerates electrons earthward which, in turn, produce vigearallel electric field, the magnetospheric plasma controls the
ible arcs. electrodynamics.

Figure 1 reflects the concept that the parallel electric  Figure 2 displays plasma observations within the auroral
fields of the upward current region are confined to two oracceleration region. The observations were made by the
more layeré” ! with the auroral cavity lying in between. The FAST Satellite. Similar presentatiors® have been made
region below the low-altitude parallel electric fiel& is  and instrument descriptiofs® have been reported, so our
dominated by ionospheric plasma. The ionospheric electropresentation is brief.
distribution includes precipitating electrons and their mirror-  The horizontal axis in Fig. 2 represents 15 s of the near-
ing counterpart, auroral secondaries, and scattered primariesidnight auroral zone at-4000 km altitude. The satellite
as well as a cold, dense population. The ionospheric ion diswas moving from south to north through the auroral zone
tribution is a cold (-1 eV), gravitationally-bound combina- (see Fig. 1 during which it traversed approximately 80 km.
tion of primarily O" and H™ with He™ as a minor constitu- The top panel, Fig. @), displays the measureg filtered to
ent. The ion distributions are modified by perpendicdtar a 10 Hz bandwidth. A wide band sign@a}l 16 kHz, displayed
B) heating from plasma waves and low-frequency turbulencéater for other auroral crossingtypically has ion cyclotron
associated with the precipitating electrons. Inside the aurorabaves with amplitudes on the order of 100 mV/m. The dc
cavity, the majority populations are electrons of magnetosignal is, within error, zero along the flight path.
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Figure 2b) plots the dc electric field perpendicularBo  ion beam energy§) and the implied parallel potenti&b)
in the direction closest to the spacecraft velogjigsitive is  that is determined from the measured electric field. For each
mostly northward and nearly parallel to the satellite’s veloc-of the orbits a procedure was executed to deterngjreg 79
ity). The large positive excursion at22:20:01 UT is fol- ms intervals(the standard “burst” resolution of the FAST
lowed by a large negative deflection-a22:20:08 UT. This particle detectojsand the corresponding value df. The
signature is characteristic of a converging electric field strucselected events were all in the near-midnight region, endured
ture as diagrammed in Fig. 1. Such electric field structurebetwea 2 s and 20 s, and had verifiable electric figldsy.,
imply that an upward parallel electric field is located earth-the instrument was in the proper biasing state, not saturated,
ward of the spacecraft. and was not acquiring data during a terminator crogsing

The electron energy flux is plotted in Fig(c2 The ver- The events were selected by inspegtiti s resolution ion
tical axis represents energy and the color represents electr@pectrograms for evidence of anti-earthward ion beams, thus,
energy flux summed over all pitch angles. One can see tor example, strong field-aligned electron precipitation
clear peak in energy flux at energies between 2 keV and @vents during substorm expansions were often not included
keV throughout the plot. The electron fluxes are relativelybecause of no clear ion beam signature. The results are also
evenly distributed in pitch angl@ot displayed except for a  restricted to altitudes of less than 4,175 km, the apogee of the
loss-cone at 1801anti-earthwargl The net motion of the FAST satellite, and to periods when the FAST satellite was in
electrons is therefore earthward so these fluxes are identifietburst” mode,* so high-resolution data are available.
as precipitating electrons that may create visible auroral arcs. E, is constant and is determined by two methods.

Panel 2d) displays the ion energy flux in the same for- Method 1, the “least-squares” method, determifgswvith a
mat. An ion beam stands out at roughly 1-2 keV travelingleast-squares fit betweeh and ¢, . Method 2, the “forced-
anti-earthward. From~22:20:01 UT until~22:20:08 UT,  zero” method, determine, by forcing® =0 at both edges
there are downwartearthwarg accelerated electrons and an of the ion beam. Method 2 requires that high-resolution data
up-going(anti-earthwarglion beam. The energy of the peak are available for both edges of the ion beam, so the two
electron fluxes decreases but remains at several kilovoltstudies did not use the same set of auroral crossings. In no
when the ion beam is present, so we conclude that there is@ase didg, exceed 60 mV/m.
parallel electric field both above and below the spacecraft. Figure 3 plots a summary of the results of 100 auroral
Figure 1 suggests a possible path of the spacecraft though tleavity events which includes more than 10,000 ion distribu-
auroral model that would yield a similar, albeit less-complextions. In Figs. 8a) and 3b), the horizontal axis represer§s
rendering of the observations in Fig. 2. and the vertical axis represends. Only samples withé

The bottom panel, Fig.(8), plots the ion beam energy >100 eV and peak energy fluxes greater than
(¢, circles and the inferred parallel potentiéb). The ion  10° cm 2s 1sr ! were considered. Figurg® shows a lin-
beam energy §=eWV/J) is derived from the ratio of the ear agreement of the two quantities over two orders of mag-
energy flux(¥) to the current densityJ) for each of the nitude with a standard deviation of 28%. The example in Fig.
measured ion distributions in Fig(d). Plasma sheet ions 2 has a standard deviation of 36%, so it is slightly worse than
(highest energy are excluded in determining,. The in- a “typical” example. Other examples can be found in Figs.
ferred parallel potential is derived by integrating the ob-4—6. The linear agreement is somewhat forced by the selec-
served electric field from the left edge of the pldf, ( tion of the free parametdg, . It is of importance, then, that

=22:19:57 UT) whereb is assumed to be zero: E, is always within observed values of the ionospheric elec-
¢ tric fields.
qy(t):f (E(t")—E))- v dt’, (1) Figure 3c) is a histogram of the standard deviation of
to each of the 100 auroral cavity events:

where v is the spacecraft velocityg,, 10 mV/m in this
example, is an estimate of a constant ionospheric electric (&n—ed,)
field projected to the altitude of the spacecraft that is required Errn=§—.
to best fitd to the ion beam energy. The implied parallel In
potential and the ion beam energy are withitb0% when
the ion beam energy was greater than 100 eV. The agreemehbe histogram in Fig. @) has a nearly Gaussian shape, in-
between the two quantities implies that the ion beam is endicating that the differences between the integrated electric
ergized by a parallel electric field that is static for more thanfield and the ion beam energy are somewhat random. There
8 s, providing strong, indirect evidence of quasi-static, parare several possible sources that could contribute to these
allel electric fields. differences. The values @ have a larger scatter about the
mean or “noise” than doed [e.g., Fig. 2e) from 22:20:00
UT to 22:20:01 UT. This noise in&, produces part of the
28% standard deviation. The “noise” if) is partly statistical
One-hundred high-resolution snapshots of the auroral rete.g., the square root of total countsut may be also due to
gion were examined with the same techniques that were usexddrong wave—patrticle interactions which is discussed later in
in the above example. One of main objectives of the studythis article. There are also offsets betwegnand & that
besides searching for direct observations of parallel electriendure for several seconds. For example, between 22:20:02
fields, was to determine a statistical relationship between th&JT and 22:20:04 UT in Fig. @), ® averages~1500V

IIl. STATISTICAL STUDIES: INDIRECT OBSERVATIONS
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whereasé, averages~1100eV. The longer-term offset in tion mechanism, do not yet explain the distribution of the
this example could be caused by a localized ionospheri@ara”e' electric fields along the magnetic flux tube nor how
electric field of~50 mV/m or by a temporal change in the they are self-consistently supported. Here, we put forth sev-
electric field structure. eral examples of direct observations of parallel electric fields
Figure 3b) shows the same linear agreement as in Figand the accompanying charged particle observations that
3(a) and a nearly similar standard deviatior30%). In suggest a localized structure at the ionospheric boundary of
Method 2,E, is determined only from the end points of the the auroral cavity.
ion beam and the linear agreement is npt “forced’.’ as .in thea Direct observations of E,
least-squares method. A histogram Bf is plotted in Fig. ) . ] ) )
3(d). The histogram shows a somewhat random distribution ~ Figures 4-6 display five auroral cavity observations
with none of the absolute values exceeding 60 mv/m. chosen from the 100-event study. Figures 4 and 5 have the
Figure 3 demonstrates via two methods a linear agreesame format used in Fig. 2. Figure 6 has two additional
ment between the ion beam energy)(and the integrated panels which are discussed later. The events were selected
electric field(®) with a roughly 30% standard deviation. The Pecause they all display parallel electric fields greater than
auroral model predicts tha and &, are equal if the electric 100 mV/m that can be validated.
field is static and the ionospheric electric field is zero. We  Validation of the parallel electric fields involves several
conclude that the FAST observations lend compelling supSteps. The instrument is confirmed to be satisfactorily oper-
port to the auroral model of quasi-static parallel electricating in the proper biasing state. None of the individual
fields. This larger study supports the earlier reports on FASProbes can be saturated and the spacecraft cannot be chang-
satellite observations that were based on small-survey resultdg modes, magnetically torquing, or crossing the terminator.

and single-event analyst$: The parallel electric field is derived with two different tech-
nigues in the cases where the data are availadvlgts 1800
IV. DIRECT OBSERVATIONS OF THE PARALLEL and highe). One technique uses the individual signals from

ELECTRIC FIELD AT THE IONOSPHERIC BOUNDARY four probes that form a tetrahedrdtiThree of the probes are

OF THE AURORAL CAVITY ~28 m from the spacecraft and in the spacecraft spin plane.
The statistical study, while providing conclusive indirect The fourth probe is-4 m from the spacecraft along the spin

evidence that parallel electric fields are the primary acceleraaxis. E; is calculated from the dot product of the vector

Downloaded 20 Jun 2003 to 128.32.147.66. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/pop/popcr.jsp



Phys. Plasmas, Vol. 9, No. 9, September 2002 Parallel electric fields in the upward current region . . . 3689

FAST ORBIT 1726 o FAST ORBIT 1835
% 500 - (a) £ Upward £ 1 _ qgpltsa) B 250 Hz band width. |
500} 10 Hz band width. ] T Upward Ej—"
1000
__ 500 250 Hz band width.
E
E 0
-500 10 Hz band width. k
g g
W % .
%; 108 %:% 3 E
o IE 102 §"E E“E
] 6
< 7 7 -
g2 31 1}
1 & 5%
4 4
() Integrated
il Electric Field
uT 021 022 02-25 02 02 0210 02:15
Y B R R OEE R B
238 236 236 2386 L 221 A
Minutes from 1997-01-28/01:02:15 Minutes from 1987-02-07/03:02:05

FIG. 4. (Color) Two examples of the parallel electric field at the ionospheric boundary of the auroral cavity. The display is similar to that itefFagp E, .
(b, bb E, . (c, co Electron energy flux versus energy and time at 79 ms resolutibrld lon energy flux versus energy and tinte, e@ A comparison of
the energy at which the ion fluxes peaf)(and ®, the integrated electric field along the spacecraft path.

electric field derived in the rotating frame of the spacecrafthave a valid parallel electric field greater than 100 mV/m nor
from the four probes and the measured magnetic field in theould we verify that the signal was, within error, zero. We
rotating frame of the spacecraft. The spin tone and secondaution the reader not to draw strong statistical conclusions
harmonic is then removed from the signal. We label thissince the number of validated events depends on the valida-
signal from the mathematical derivatio; B/|B|. tion process. Furthermore, naturally occurring parallel elec-

The second technique uses only the spin-plane probesic fields that have amplitudes less than the accuracy of the
(all 28 m from the spacecraftand assumes the electric field measurement<{20—50 mV/m) would be considered to be
along the spin axis is zero. Since the magnetic field is withireero, so such fields are not included in this study.
6° of the spin plane of the spacecraft, the contribution of the = The parallel electric field signals in Figs. 4 and 6 show a
short 4 m axis should be small. We call this sigiahearB. brief negative excursiofnegative is upward in the northern
Comparing the two signals derived by the two different tech-hemispherg at the boundary of the auroral cavity. The
niques is essentially a test that the sHdrim) axis does not >100 mV/m parallel electric fields appear in regions of
dominate the parallel electric field signal and that a signaktrong field-aligned currents at the edge of the ion beam that
detected inE near B is not from an extremely large field abruptly emergesor abruptly vanishes and occur in con-
along the spacecraft axis. The parallel electric field is valijunction with a significanE, . The amplitude oE; has been
dated if both signals exceeded 100 mV/m and do not diffelobserved to be as high as 300 mV/m. An accurate relative
by more than 50 mV/m. Finally, the root-mean-square valuevelocity between the structure and the spacecraft has not
of the parallel electric field signdlat a 10 Hz bandwidth  been established in any of the examples so the net potential
over a 30 s—60 s period surrounding the event must be lessf the parallel electric field is unknown. These observations
than 25 mVv/m. are similar in amplitude, duration, and positicat the edge

Of the 100 auroral cavity crossings that were examinedof the ion beamas those reported from Pof#rObservations
the parallel electric fields in 84 crossings were, within error,in Figs. 4—6 are from the northern hemisphere whereas the
zero(error levels were betweenh 20 mV/m and=50 mV/m,  published Polar observatiotfsare from the southern hemi-
depending on the plasma parameteiSve of the auroral sphere; hence the difference in sign. The large amplitude and
crossings (all displayed have validated parallel electric the short duration oE; suggest oblique double layers may
fields greater than 100 mV/m. One crossing, Fig. 6, has twde present at the ionospheric boundary of the auroral

parallel electric field events. The remaining 11 events did notavity1°-22
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FIG. 5. (Color) Two examples of the parallel electric fields in the auroral cavityaa E, . (b, bb E, . (c, co Electron energy flux versus energy and time
at 79 ms resolution(d, dd lon energy flux versus energy and tinte, eg A comparison of the energy at which the ion fluxes pegk and®, the integrated
electric field along the spacecraft path.

An interesting feature, also visible in the examples pub-abruptly and falls nearly to zero at the right edge of the
lished from Polar observatiofi$js the asymmetry ifE,. E,  parallel electric field as seen in Figs(df) and See at
rises abruptly to its maximum value on the ionospheric side~06:06:57 UT. One could interpret the period between
and displays a less abrupt decay back to zero once the idd6:06:57 UT and 06:07:00 UT as a separate auroral cavity.
beam appears. The signals display a higher level of turbuthus, the example in orbit 1858 does not differ dramatically
lence on the auroral cavity side. This asymmetry may give afrom the events in Figs. 4 and 6 or the Polar observations
excellent clue to the self-consistent natureEpfwhich we  that are at the edge of the auroral cavity.
discuss in a separate articfe.

The two examples in Fig. 5 somewhat differ from those
in Figs. 4 and 6 and those observed by P#larhe parallel
electric field in the orbit 1849 crossing, Fig(ab (some of The plasma waves at the ionospheric boundary of the
these data were previously publisheihdicates a wave-like auroral cavity can be important in determining the self-
structure abruptly ending at the ionospheric boundary of theonsistent nature dg,. Figure &e) displays the wave elec-
auroral cavity(10:11:26.0 UT to 10:11:27.5 UTThere is no  tric field spectral power density as a function of frequency
detectabld~ 2 nT resolution magnetic signature, so we sur- (40 Hz—16 kHz at 40 Hz resolutiprand time(0.5 s resolu-
mise that an electrostatic structure such as an ion phaséen). A clear change in the nature of the plasma waves is
space hol® is growing at the cavity boundary or traveling seen at the boundaries of the auroral cavity at 04:59:53 UT
along the cavity boundary. Interestingly, the integrated elecand at 05:00:10 UT. Inside the auroral cavity, strong turbu-
tric field and the peak energy of the ion bedRig. 5€)] lence is primarily below the H cyclotron frequency, the
agree from the left side of the plot until the wave event iswhite line in Fig. &e), whereas quasi-electrostatic whistler
seen at-10:11:27 UT, after which they diverge. The wave- waves with frequencies just above the lower hybrid fre-
like electrostatic structure may have significantly altered thequency dominate the power outside of the cavity.
large-scale potential structure during this event. Figure 7 plots an expanded vig s) of the ionospheric

The parallel electric field during orbit 1858, Figa®), at  boundary on the right-hand side of Fig. 6 where the FAST
first glace, appears inside of the auroral cavity rather than atatellite was in “burst” mode acquiring high-time resolution
the ionospheric boundary. A close examination, however, redata. The top two panels, Figure&@rand 1b), displayE,
veals that the peak energy of the ion fluxes decreasesnd E, at ~16 kHz bandwidth in black and at10 Hz

B. Plasma waves
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FIG. 6. (Color Parallel electric fields at the ionospheric boundary on both FIG. 7. (Color) An expanded view of the right-hand boundary of the auroral
sides of the auroral cavitya) E, at a 10 Hz bandwidth(b) E, ata 10 Hz  cavity from Fig. 6.(a) E, at a 10 Hz bandwidtired and at a 16 kHz
bandwidth.(c) Electron energy flux versus energy and time at 316 ms reso-bandwidth (black. (b) E, at a 10 Hz bandwidtired and at a 16 kHz
lution. (d) lon energy flux versus energy and time at 316 ms resolut®n.  bandwidth(blacK. (c) Electron energy flux versus energy and time at 79 ms
The omni-directional wave spectral power density as a function of fre-resolution.(d) lon energy flux versus energy and time at 79 ms resolution.
quency and time. The y-axis spans 40 Hz to 16 kHz in frequency at 40 HZe) The omni-directional wave spectral power density as a function of fre-
resolution. Each spectra averages over 0.5 s. The white line is theyH quency and time. The y-axis spans 40 Hz to 16 kHz in frequency at 40 Hz
clotron frequency(f) A comparison of the energy at which the ion fluxes resolution. Each spectra averages over 128 (f)sA comparison of the
peak ¢) and the integrated electric field along the spacecraft ggifirhe energy at which the ion fluxes peak ] and the integrated electric field
plasma density as determined from th& eV to 30 keV ion distribution  along the spacecraft patfy) The plasma density as determined from the ion
(red trace and the energeticx 100 eV) electron distributiofblue trace. distribution (red tracg, the energetic electron distributidblue trace, and
from characteristics of the wave emissigugcles.

bandwidth in red. An omni-directional spectthe combined in the low-frequency turbulence. Figure 8 displays the bipo-

spectra ofE; and E, ) is displayed in Fig. #®). The two . . . .
wide-band traces and the wave spectra illustrate the diffe !_a r E, signature of a pair of ion phase-space hbféseen

. inside of the auroral cavity of the orbit 1944 event.
ence in the nature of the plasma waves between the aurord)
cavity and the ionosphere. The intense turbulence inside
the auroral cavity on the left side of Figqay, 7(b), and 7e)
has characteristic frequencies less thaB00 Hz, the H- A significant change in plasma density is seen at the
cyclotron frequency. The characteristic frequencies rise t@onospheric boundary in Figs. 6 and 7. Figufg)&plots the
>1 kHz outside the cavityright-hand sidg Within the au- plasma density derived from two different techniques. The
roral cavity, ion phase-space holes are often seen embeddesl trace represents the plasma density derived from the ion

o(t,. Plasma density
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FIG. 8. A magnified view(0.3 9 of the electric fields inside of the auroral 10710,
cavity from Fig. 6.(a) E; at a 16 kHz bandwidth(b) E, at a 16 kHz
bandwidth. The bipolar structures i) are characteristic of ion phase-space I T TN
holes. 14108 54107 0 54107 1108

Velocity (cm/s)

. . . FIG. 9. Reduced one-dimensior{atD) ion distributions within the auroral
distribution which measured fromy5 eV to 25 keV fluxes.  cayity thick line) and in the ionospherghin line). The ions are assumed to

The derived densities assumed a Hlasma. The blue trace be H". The dashed line is the 1-count level in a reduced bin. Both of the
is the plasma density derived from the energetic pargistributions are near the boundary between the auroral cavity and the iono-
(>100 eV) of the electron distribution. At energies less thans_phere. Since th(_e satellite travels mostly perpendiculd,tthe distribu-

. tigns are from adjacent flux tubes.
~100 eV, spacecraft photoelectrons dominate the measured
electron distribution so these data are discarded. The plasma
densities derived from the two different techniques agree
within the auroral cavity indicating an average density ofSis more difficult. Another issue is that the spacecraft travels
~0.4 cn 3. At the boundaries of the cavity, a steep gradientnearly perpendicular t8 in the auroral zone, so one cannot
results in an increase in plasma density as measured by tifigeasure distributions functions on both sides of a parallel
ion distribution. Outside the cavity, the density derived fromelectric field on the same magnetic flux tube.
the “hot” (>100eV) electron distributions do not agree The ion and electron distributions indicate that the net
with the ion density indicating a substantial “cold” potential between the magnetosphere and the ionosphere in
(<100 eV) electron population. the event in Fig. 7 is roughly constant-at kV. Within the

Figure 1g) plots the densities derived from the ion and cavity, the electron energy fluxes in Fig(cy peak at
electron distributions at higher time resolution than in Fig.~ 3.4 kV whereas the ion energy fluxes in Figé&d)7and 1f)
6(g) and includes the plasma densitgircles estimated from  peak at~1.6 kV. On the ionospheric side, the electron en-
the plasma cutoff or a fit of the ratif?(w)/E?(w) to the  ergy fluxes peak at-5 kV. Thus, the simple diagram in Fig.
whistler dispersiort® The values are plotted only if a clear 1 is representative in this case.
plasma cutoff or a good fit to the whistler dispersion is lon distributions within the cavity differ dramatically
found. This estimate of plasma density is accurate to within 40m those in the ionosphere. Figure 9 displays distribution
factor of 2. One can see that both the ion density and théunctions inside the auroral cavity and in the ionosphere im-
density derived from the wave dispersion indicate a signifi_mediate|y adjacent to the auroral cavity. In both distributions,
cant increase in plasma density, about a factor of 10, betwedhe ions were assumed to be” HThe ionospheric distribu-
the auroral cavity and the ionosphere. The two densities diftion (thin solid line shows moderately dense-@ cm™3),
fer by a factor of 2 for a short period outside the cavitycold (T;~3 eV) population drifting anti-earthwartbr to-
(~05:00:10.7 UT—=-05:00:11.4 UT) which may be due to ward the auroral cavilyat ~50 km/s. The auroral cavity
an O' population or to L-mode or electron acoustic wavesdistribution has a considerably lower density .4 cm %),
corrupting the wave-dispersion fits. Inspection of the 100higher temperaturgT;;~900 eV; the isolated ion beam,
auroral cavity events indicates that such density gradients afdasma sheet ions excluded, has a parallel temperature of

characteristic of the ionospheric boundary of the auroral cavroughly 350 eV and a significantly faster drift~460 km/3.
ity. In Fig. 7(d), one can see that the ion distributions inside the

auroral cavity change character. Near the ionospheric bound-
ary (~05:00:08.5 UT to~05:00:09.8 U7 the ion beam is
relatively mono-energetic yet already shows a moderate par-
The electron and ion distributions at the ionosphericallel heating. The ion beams from-05:00:07.0 UT to
boundary of the auroral cavity reveal valuable clues on the~05:00:08.5 UT, however, display strong parallel heating.
acceleration process. Unfortunately, there are several con- The auroral cavity distribution and the ionospheric dis-
founding issues. Intense plasma waves on both sides of thdbution clearly cannot be related by a simple adiabatic map-
boundary, for example those displayed in Fig&),77(b),  ping through a parallel electric fielithe magnetic mirror
and 7e), can rapidly alter the distributions and make analy-force does not significantly contribute over such a short dis-

D. Electron and ion distributions
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Reduced Distributions
" — [

B that the observations display a considerably more complex

Tonospheric Distribution | structure. The potential derived from the integrated electric

et Y field and that derived from the ion beam energy quantita-
] tively agree providing, in total, compelling indirect evidence

E of parallel electric fields. FAST observations and Dynamics

] Explorer observatiorf$~2° support a modét that includes

both a high- and low-altitude parallel electric field.

Direct observations of the parallel electric fields in the
upward current region from the Polar satefiftand the ex-
amples presented here from the FAST satellite indicate that
the parallel electric field at the ionospheric boundary of the
E auroral cavity may be localized to a thin layer. An amplitude
] of ~100 mV/m indicates that the parallel electric field ex-

I tends on the order of 10 km along the magnetic flux tube,
Tt I/ A 0 roughly 10 Debye lengths\p) in the auroral cavity and
441010 5.109 0 5109 1.101° approximately 100 using ionospheric parameters. The ob-
Velocity {cm/s) served parallel electric fields are at the ionospheric boundary
FIG. 10. Reduced 1-D electron distributions within the auroral catftick of the al_'lroral CaVI_ty with a substantiél, . Often Ei>,E”
line) and in the ionospheréhin line). The dashed line is the ionospheric and the ion beam is seen to abruptly appear or vanish.
distribution adjusted by 1600 V representing an adiabatic evolution through ~ The ionospheric boundary of the auroral cavity is char-
e s e <y s o ot s e sl mavigcteized by an orderof-magnitude change in the plasma
meosttleyeperpenduicular @, tr):e distributions ;re fro-m adjacent flux tubes. aenSIty over a short dISt_ance_ fr‘?m the CaVIt_y to the iono-
sphere. The density gradient in Figgy occurs in~100 ms
during which the satellite traveled 500 m. This scale is on the

tance. The distributions that travel from the ionosphere intoorder of ~1-5xp and ~5 ion gyroradii[the perpendicular
the auroral cavity have been considerably modified. Strongon temperatureD(100) eV in the cavity indicating a thin
low-frequency turbulence is seen throughout the auroral caoundary.
ity in almost all the 100 cases that were studied. Wave am-  Intense turbulence with frequencies below the ¢yclo-
plitudes are most ofter- 100 mV/m and reach more than 1 tron frequency and ion phase-space holes are almost always
VIm. It is very likely, then, that wave—particle interactions observed within the auroral cavity. The amplitude of the tur-
alter the ion beam emerging from the parallel electric fieldbulence inside of the auroral cavity is on the order of 100
into a heated, drifting population. mV/m which suggests that strong modification of the
|r0nica||y, the ionospheric and auroral Cavity e|ectronCharged particle distributions is possible. Intense whistler
distributions can be better related by a simple adiabatic mapand lower hybrid emissions are seen on the ionospheric side
ping through a parallel electric field. Figure 10 displays elecOf the cavity boundary. The electron fluxes traveling earth-
tron distributions inside of the auroral cavifthick line) and ~ Wward may be unstable as they emerge from the parallel elec-
in the ionospheréhin line), both near the boundary between tric field at the ionospheric boundary of the auroral cavity.
the ionosphere and the auroral cavity. The distribution below  The ionospheric ion distributions indicate a relatively
~100V has been removed because of possible contamingold population ¢-3 eV) drifting anti-earthward and there-
tion by spacecraft photoelectrons so the ionospheric distribufore toward the parallel electric field. Interestingly, the ob-
tion may have a cold core that is not displayed. The dottegerved drift velocity in the spacecraft frame is adequate to
line in Fig. 10 is the ionospheric distribution adjusted by satisfy the Bohm criterion for a stationary double layer. The
1600 V representing an adiabatic evolution through a para”eaccelerated ion distribution inside of the auroral cavity indi-
electric field. It is assumed that the evolved distributioncates rapid parallel heating, an observation that is consistent
would not be greatly affected by the mirroring magnetic fieldwith the intense low-frequency turbulence that is character-
due to the short distancéen the order of 10 km The ad- istic of the auroral cavity. The anti-earthward traveling ion
justed ionospheric distribution and the distribution from in-beam often contributes the majority of the plasma density in
side of the cavity correspond well even though the two disthe auroral cavity and the hot plasma sheet ions make up the

tributions were not taken on the same magnetic flux tube. remainder.

A comparison of the electron distributions on either side
of the ionospheric boundary of the auroral cavity indicates
that the distributions adiabatically evolve through the parallel

A 100-event study supports many of the published fea€lectric field. The majority of the cold ionospheric electron
tures of the auroral cavity that were based on single-everftuxes are reflected by the parallel electric field at the bound-
analyses and small-sample surveys from the FASTary of the auroral cavity. A portion of the precipitating elec-
satellite!>® event analyses from the Viking satellifeand  trons fluxes that are reflected or scattered in the ionosphere
large-sample surveys from the S3-3 satefftt& The quies- and the secondary electron fluxes that they emit have suffi-
cent auroral cavity can be well described by a static potentiatient energy to penetrate the parallel electric field and con-
structure that carries a parallel electric field with the caveastitute a little less than one half of the auroral cavity electron

1077 I
[ lonospheric Electrons:
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107101

JAuroral Cavity
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V. DISCUSSION AND CONCLUSIONS
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