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POLAR PLASMAS AS OBSERVED BY DYNAMICS EXPLORERS I _AND 2+

J. Barfield, J. Burch, C. Gurgiolo, €. Lin, D. Winningham, and N. Saflekos
Southwest. Research Institute
. San Antonio, Texas 78284

Plasma measurements from the Dynamics Explorer 1 and 2. satellites have been used
to characterize the polar cap environment. Analysis of numerocus polar=cap passes have
indicated that, in general, three major regimes of plasma exist:

(1) polar rain--electrons with. magnetosheath~like energy
spectra but much lower.densities, most
intense near the cusp and weakening
toward the. central polar_cap;

(2) polar wind--low enexgy upward flowing ions with both
field-aligned and conical distributions;

(3) acceleration events--sporadic events consistent with the
acceleration of electrons and positive
ions by parallel electric fields.

(1)=(3) have been observed at high altitudes by Dynamics Explorer 1, while (1) and. (3)
have been observed at low altitudes by Dynamics Explorer 2. The plasma parameters

associated with these plasma regimes are presented and discuss=2d.in-terms of scurce
and acceleration mechanisms.

INTRODUCTION

The polar cap is a region threaded by magnetic field lines which intersect the
earth poleward of the auroral oval. The magnetic field lines of the polar cap are
generally accepted as either being open or closed at such large distances from the
earth that they are effectively open. This linkage between the polar cap ionosphere
and the interplanetary medium makes the polar caps extremely important in the study of
the interaction between the solar wind and the high-latitude ionosphere. Since the
polar caps are not directly corninected to those closed~line regions of the magneto-
sphere where plasma and energy are stored, electric fields, currents, and particle
precipitation in the polar caps réspond quickly to changes in solar. wind conditions.
Many authors have studied the relationships between the solar wind conditioiis and the

polar~cap environment. However, much remains unknown at present concerning the char-
acteristics of poldr cap plasmas.

*This work was supported by the Air Force Geophysics Laboratory under Contradcts
F19628-82K-0024 and FY7121-83-N-001, by NASA under Contracts NAS5-26363 and NASS-
25693, and by the Southwest Research Institute Internal Research Program.
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Examlnation of the DE~1 and DE-2 data has provided new information on three major f
polar-~cap plasma regimes;

-, (1) _polar rain--eleéctrons with magnetoshgathwlike ehergy spectra but much
lower densities, most intense fear thé cusp and weakening toward the
central polar cap;

(2) accelerated polar wlnd—-low energy upward flowing ions with both field~
aligned and conical distributions; .

(3) acceleraticn events--gporadic events consistent with the. acceleration of
electrons and positive-ions by parallel electric fields..

The Dynamics Explorer satellites, launched in 1981, have afforded new and unique
opportunities. to probe polar cap plasmas.. (Details of the satellites, their orbits,
and instrumentation may be found in Space Scienceé. Instrumentation, Vol. 5, No.-4,
1981~-~gpecial issue.) The combined. high-altitude polar orbit of Dynamics Explorer 1
(DE-1) and the low-altitude polar orbit of Dynamics Explorer 2 (DE~2) have been used y
to observe thé polar cap_plasma environment on_a large number of passes. . . oo

The next section briefly describes the instrumentation used for the observations.
Following that, the next three Sections present observations.

i INSTRUMENTATION

The. DE=1 satellite was launched on August 3, 1981, into an elliptical. polar or-
bit with an apogee of. 4.6 Rg ggocentric.and.a.pe:§gee‘of.650 km altitude. The DE-1
High Altitude Plasma Instrument (HAPI) consists of five_electrostatic analyzers.
mounted in a fan-shaped angular array at angles of 45°, 78°, 9¢e°, 102%, and 135° with
respect to the spacecraft spin.axis. Each analyzer makés differential measurements
of positive ions and electrons over an energy per charge range of 5 eV/e to 32 keV/e.
The energy stepping rate may bé commanded over a range up to 64 sec'1, producing

three-dimensional plasma distributions at the six-second spin period of DE-1 (gsee
ref. 1 for details).

The DE-2 satellite, launched with DE-1 on August 3, 1981, has an elliptical
polar orbit at approximately 300 x 1000 km altitude. DE~2 is three-axis stabilized,
with one axis in the zenith, another perpendicular to the orbit plane, and the last
completing a right-hand triad. fThe DE-2 Low Altitude Plasma Instrument (LAPI) con:-
sists of 15 ion and 15 electron energy/unit charge analyzers mounted on an external
scan platform (ref. 2). The detector array can be held approximately fixed (<19)
with respect to the local magnetic field vector. The plane of the sensors is in the
orbital plane and thus in the local magnetic meridian plahe. Two pairs of out-of-
plane detectors aliow for sampling near 0° and 180° pitch-angle when the magnetic .
field vector deviates significantly from the plane of the detector array, {

L e o A e e T %

OBSERVATIONS

Polar Rain

Winningham and Heikkila (ref. 3) first described polar rain, using data from the
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ISIS 1 satellite. Polar rain is the most coimlon type of particle precipitation. over
the-polar caps. This broad and relatively structureless electron precipitation can
often fill the entire polar cap. The precipitating eléctrons typically have thérmal
energies. on the order of 100 eV and are isotropic over the downcoming hemispheré. The _ .
energy flux carried.-by the particles is of the order of 103 ¢o 10”% erg cm™2sec™!

(ref..4). The spectral distribution of theé polar rain.eléctrons. has the same shape as _ ..

that of cusp electrons, but is lower. in intensity, suggesting that polar rain origi-
natés in the magnetosheath and travels to thée polar_ionosphere via the lobes of the .
magnetotail.

Figures 1a and 1b show differential. energy flux from the. LAPI. instrument aboard
DE-2 for a portion.of a polar pass on day 295 (22 October) of 1981. The top panel
shows data for-8° pitch angle electrons, and the bottom panel shows 45°% pitch angle
ion data. The upper center panel shows 90° and 0° pitch angle electroh data from the ..
GM. tube. The data are coded according to thé color bars at the right. Satellite
ephemeris is shown. at the bottom. 1In this particular pass, DE-2 passed through the
noxthern polar cusp at approximately 1306-1307 UT. and into the polar. cap. The polar
rain can be seen clearly as a bright. band in the eléctron. panel over the energy range
=60~600 eV. The electron flux intensity remained fairly constant in intensity until
just after 1309 UT when it abruptly decreased. Notice the lack of ion fluxes over the
polar. cap.

Figure 2 shows line plots of the average- energy, energy flux, and density of. the
downcoming electrons for 1306-1311 UT. These parameters are obtained by integrating
distributioa functions over energy from 5 eV to 20 keV. During the entire interval,
the average electron energy and density remained roughly constant. The average ener

was about 100 eV and the density of downcoming electrons was in. the_range of 1-5 cm™2, . .

These values. of energy and density are representative of the polar. rain. After exit
from the cusp at about 1307 UT, the energy fluk- increaseéd very slightly toward the
pole until just after 1309 UT when it decreased by approximately S50%.

Figure 3 shows a DE-1 high-altitude polar pass approximately three hours after
the DE-2 pass shown in Figure 1. During the interval 1617-1619 UT, DE-1 traversed
the magnetic local time and invariant latitude corresponding to those of DE-2 just
poleward of the cusp in Figure 1a. The format is the same as for Figure 1, except
for the absence of GM tube data. The polar rain may be seen as a band in the spec-
trogram over the energy range ~100-600 eV. Bracketing the polar rain are counter-
streaming energetic (E>600 eV) electron beams at 0° and 180° pitch angle and upward-
moving low-energy (E<100 eV) electron beams. The source of the energetic counter---
streaming electrons is open to question and.-presently under study by Gurygiovio and
Burch (unpublished). Two possibilities for the source would be reflection by a
potential barrier at the magnetopause (ref. 6) or direct access of solar electrons.
Upstréaming ion-cuaics may be seen in the lower parel.

Comparing Figure 1 and Figure 3, it is interesting to note that the polar rain
is of the same rpectral nature at both altitudes, suggesting the absence of any sig-
nificant acceleration between the two satellite locations. To demonstrate further
the similarity between the electroins at the two satellites, Figure 4 shows nuitber
density, energy filux, and average energy at DE-1 for the period 1614-1619 UT. The
average energy was =100 eV, density wds ~1 cm™3 and the energy flux was 0.8 ergs
em~25~1, The corresponding values at lower altitudes were =100 eV, ~2 cm™3, and ~0.8
ergs cin~2g~1,
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A Qetailed look at the—near-field-aliqned electron populations at thevtwp satel-

lite locations is provided in Figure 5. Shown-arée three data gets. -~ two single ener-

gy sweeps. from LAPI, one Just at the poleward edge-of thé cusp and one approximately

10° poleward of the cusp, and a single energy sweep from HAPI. at a. location-vhich
maps to near the location. of the first LAPI spectrum. From-Figure 3, we first can
8eé& that above photoeléetron energies the LAY population..can -be represented by a.
Maxwellian, allowing the temperatures to be estimated.. Near the cusp a least Squares.
fit gives a témperature of 92 eV, while farther poléward the temperature is 99 ev.
The HAPI Spectrum appears well-fitted-by two Maxwellians above photoelectron ener=~

. gles. The-lowsenergy population has a least-squares fit temperature of 65 eV, while
the. higher eénergy population has a temperature of 141 ev.

Accelerated Polar Wind !

The polar wind refers to the continual escape of ionospheric. plasma from. the
polar. ionosphere along open magnetic field lines. This escape of particles has con-

ight ionospheric ions (ref. 7) and.
electrons in. the upper polar ionosphere. Until recently, observations of the polar

o meata

Dodson (ref.. 7). They reported a continual upward flow of H' and pet over the polar 5
caps in the range 1-5 kin/sec and 1-3 km/sec, respectively. The low. energy of these
pa:ticles.precluded}most,instruments from directly obtaining a distribution function. _
However, as pointed out by Gurgiolo and Burch (ref. 5), polar-wind mogdels predict

that the particle velocity should increase with altitude (ref. 8). Thus, the high :
altitude satellite pg-1 is an ideal platform from which to study the polar wind..

Plasma data from DE-1 polar_passes indicate that ions with peak'difﬁerential
energy fluxes in the_5 to. 100 eV range are continually flowing out of the dayside
cusp and polar cap.. The flows have both a field-aligned and a conic component. The
fieldraligned.component isg unmistakably the polar wing. Gurgiolo and Burch (ref. 5)

concluded. that the conics observed in conjunction with the polar wind .are polar=-wind
ions that have been perpendicularly heated.

Do Erun e e o s

The polar-wind observations to be discussed were made during a polar pass on.day
272 (September 29) of 1981. Figure 6 consists of 3 sets of particle Spectrograms on
the same format ag Figure 3. Each spectrogram displays the differential energy flux

for the particle detectors which lie closest to thewplaneﬂcontaining the local mag-
netic field vector.

pitch angle),
The satellite was inside the cusp during the interval covered in Figure 6a. At 1411
The upward ions showed
of the cusp, then they
gy flux eventually drop-
+ the conic and fielg-
In the polar cap the con- i
separation of the coriic i
there also is a shift in the
+~—indicating an antisunward flow.

- e e e T

a gradual increase in energy throughout and slightly poleward
begin to decreage steadily, the peak in the differential eéner
Ping below the lowest enexgy channel of HAPI. Within the cus
aligned ions appear as "tuning forks" in the spectrograms.

ics become less and less apparent, as the energy and angular
and field-aligned iong decrease. In the polar cap,
field-aligned ions from ~180° pitch angle to ~165°

Figure 7 shovs a detailed view of the field aligned ion population. Two data
sets are shown, each of which was averaged over four satellite revolutions to improve
counting statistics. Each of the distributionsg was transformed to the rest frame of
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the plasma prior. to averaging (except for S/C charging which was abeut 20V). The two
data sets.vere taken beginning 1434:05 UT (solid civcles) and 1434:54 UT (open
circles). In Figure 7. Maxwellian distributions are straight lines, with. the slope
being proportional to the plasma température and.the intercept with the distribution.
axis being proportional to.-the plasma_density.  __

From Figure 7 we can. see-that. the field-aligned ion- component obsérved in the
polar regions is. comprised of two. ion. populations--a low energy component with tem-
perature below .5 eV. and-a. high energy tail with temperature above 1.5 eV. Both ion
populations would.appear to be well répresented by a Makwellian distribution, allow-
ing the éstimates of .thé temperatures to be made. A least squares fit to the low-
energy population of Figure 7 gives a temperature of .29t.16 eV (3200°K+1800K). The
corresponding temperature of the high energy plasma population in Figure 7 is found '
to be 2.7+.7 eV. The peak at about 1 eV may be due to an ion heavier than u*, )

There is little doubt that the lower. energy, fiei.-aligned ions constitute the
“classical™ polar wind. The high energy tail, however, is not a feature predicted by
polar-wind models. It is likely that this hotter plasma is the result of a perpen-
dicular heating of polar-wind ions. Assuming that all ions in the polar wind are of
equal temperature, Figure 7 gives heating on the order of 4 to 10.

3 AT

We envision a scenario as shown in Figure 8 occurring during the polar wind
escape along magnetic field lines. At low altitudes the generation of the polar wind
occurs and ionospheric ions begin to escape along the open polar cap and cusp field
lines (Figure 8a). The presence of ion perpendicular heating along the open field
lines produces the characteristic conic signature (Figure 8b). The distribution
above the heating region can be considered a two-component plasma consisting of un-
heated and heated polar-wind particles. The unheated polar wind is still field
aligned, whilé the héated ions have large velocities in the direction. perpendicular
to B. As the distribution travels upward, the perpendicular arms of the distribution
will begin to collapse toward the magnetic field direction in accordance with the
first adiabatic invariant, and a field-aligned high energy tail to the polar wind
should develop (Figure 8c). Figure 84 shows contours of a typical conic/polar-wind
population measured in the cusp on day 272.

e iR

Ion conics have been reported by numerous people (Refs. 9 and 10). Theories as
to the production of the conic ion distribution have favored a perpendicular heating _
by electrostatic ion-cyclotron waves (ref. 9, refs. 11 and 12), although recently
(ref. 13) it has been proposed that a heating by lower hybrid waves may also be a
viable conic generation mechanism. The problem is, however, that most of these theo-
ries are applicable only at low altitudes in the auroral zone. Adaptations of the
théories to the environment of the polar cap must be made to explain these observa-
tions.-

e A et e e e

Using the observed conic pitch angle distribution, the altitude of the observa-
tion and an assumed value for the initial conic pitch angle, it is possible through
the first adiabatic invariant to estimate the altitude of the conic generation. In
general the initial conic pitch angle for such computations is assumed to be 90°;
however, if the source plasma already has a significant Vv, as the polar wind does,
then the initial conic pitch angle is expected to shift to lower values. Using a di-
polar magnetic field approximation and estimating the values of the initial conic
pitch angle through energy conservation arguments (which assume that V; does not
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change between the observation height and the conic height) we estimate the heating
to occur at an altitude of about 12,000 km--constant throughout both the cusp and

polar cap. By using an initial conic pPitch angle of 90° we can place a lower limit
to the heating altitude_at 8000 km. :

Acceleration Events... ..

The electrical coupling between the high-altitude and low-altitude regimes of
the polar cap is an -important aspect of magnetosphere-ionocsphere interactions. The.

regimes.- Frequently, DE-1 and DE=2 observe signatures of field-aligned acceleration
of ions and electrons above the polar cap. 1In this section, we briefly present ob-
servaticns made on October 17, 1981 (day 81290) above a “theta aurora"” signature.

Figure 9 shows a spectrogram of 180° ions and Q¢ pitch angle electrons from
HAPI. The satellite crossed the polar-cap arc field lines during the interval 1630~
1650 UT. Two intervals of intense electron fluxes below 1 keV were seen: ~1631:30-
1633:15 UT and ~1642-1649 UT. Figure 10 shows contour.plots of the log of the dis-
tributicn functions of ions (Figure 10a) and electrons (Figure 10b) for the interval
1632:45-1632:57 UT. The ions showed a strong upgoing beam at approximately 100 evV.
The electron fluxes were isotropic except for a loss cone. Thus, the combined elec-

tron and ion observations indicated that an approximately 100 eV potential drop lay
below the satellite altitude.

Figure 11 shows contours in the same format as Figure 10, for the interval
1646:30 to 1646:36 UT. By this time the ions had become isotropic, while the elec-
trons showed.a-dOWncoming beam of =100 ev.. Thus, the acceleration region appears now
to be above the-satellite altitude (17313 km) while remaining at ~100 ev.

The plasma characteristics described above are very similar to those observed by
DE-1 in the high altitude (>15,000 Im) nightside auroral zone, except that the energy
of the polar cap acceleration events is loweér. Correlation studies by Hardy et al.
(ref. 14) have already noted that the plasma signatures of polar cap acceleration
events at low altitudes are similar to those of evening discrete arcs.. The parallel

electric field responsible for the polar-cap acceleration could be produced by the
Same process as the evening auroral arcs.

Satellite observations of convection and electron precipitation at low altitudes
(<1000 km) have indicated that convective electric fields point toward the region of

polar-cap acceleration (V°E<0) (ref. 15). The polar cap acceleration region is

therefore a region of negative space charge. Burke et al. (ref. 16) used the simul-_ .. .

taneous electric field, magnetic field and electron flux measurements of the S3-2
satellite to demonstrate that upward Birkeland currents were embedded in regions of
polar cap acceleration.. These observations Suggest that field-aligned potentials

develop as a result of imperfect mapping of magnetospheric convective electric fields
to the ionosphere (ref. 14; ref..-16).
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SUMMARY . AND CONCLUSIONS

Plasma. measurements.made on the Dynamics Explorer 1 and 2 spacecraft are pro-
viding new information on the altitude dependence of polar-cap plasma. populations,_
their sources, and the acceleration processes_they undergo. In this study we have
found. that tlie polar--rain electron population apparently exhibits no significant
altitude dependence between altitudes of a few hundred to- ~20,000 km. This result |
was expected from.the magnetosheath-like energy spectrum of the low-altitude polar .. . ‘
rain.. -

In the case of the polar wind, a significant velocity increase was theoretically .. ... _ .
predicted to occur between the two spacecraft altitudes, and this effect has been
confirmed by the DE-1 plasma.measurements. A major result of our study of the accel-
erated polar wind is its significant conic component, which indicates that the. ions
are heated perpendicularly as they emerge from the polar-cap ionosphere. The gradual
decrease in polar-wind energy that is observed to occur from the cusp across to the
nightside polar. cap suggests that the perpendicular heating process, probably in cy-
clotron waves, is most intense near the cusp region.....

Significant altitude eff~cts ate also observed in the plasmas that occupy mag-
netic flux tubes connected to polar-cap auroral arcs (or theta- auroras). At DE-2,
typical low-energy (~100 eV) inverted-V electron distributions are observed. At DE-1
the electron and positive-ion. distribution functions are consistent with electro-
static potential drops that are at times below the typical DE~1 altitude of 15,000 to ;
20,000 km-and.at times above these altitudes. - Thus, compared to auroral-oval accel- ;
eration. regions those in the polar cap appear to be weaker and at significantly
higher altitudes.
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Figure 3. - HAPI energy-time spectrogram for DE-1, day 295 of 1981,
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Figure 8. - Evolution of polar wind.
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