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Introduction

The study of the coupling between the magnetosphere and the ionosphere remains
one of the most actively pursued subjects in space sciences. In the auroral regions,
electric fields play a dominant role in the description of the dynamics of charged particles
(Banks, 1975). One such result of the predicted parallel electric fields are the inverted v

structures widely discussed by Frank (1975), (Frank and Ackerson 1971, 1972), Gurnett

(1972) and others (Reasoner and Chappell, 1973). Another signature of parallel electric

fields that extend down to the ionosphere are ion beams accelerated to high altitudes

(Shellev et al. 1976). The S3-3 satellite has provided evidence of strong electric fields

which are ascribed as electrostatic shocks by Mozer et al., (1976).

The data presented in this letter, taken by the S3-3 satellite on August 12, 1976,
provides convincing evidence of the acceleration of particles by electric fields parallel to
B above and below a satellite altitude of 7300 km. For this particular event, a total

potential difference of ~ 3 kV is inferred, 2/3 of which is located below the satellite.




Instrumentation

The data were obtained by two cylindrical electrostatic analyzers (ESAs) built by
The Aerospace Corporation and flown on the polar orbiting satellite, S3-3. The nominal
orbital parameters were: apogee of ~ 8040 km, perigee of ~ 240 km, inclination of 97.5°.
The ESA's measured ions with energy to charge ratios in the range of 0.09 to 3.9 keV/q and
electrons with energies of 0.17 to 8.4 keV in eight logarithmic steps. A complete ion and
electron spectrum was taken every second and a complete angular distribution was

3

measured every 20 sec. The geometric factors of 1.8 x 10°° and 1.7 x 10“4 cmz-ster-

—AE—E-— for the ions and electrons respectively give the instrument high sensitivity with low
background signals. The angular fields of view were ~ 7° x 10° FWHM  and
~14° x 10° FWHM for the electron and ion ESA respectively. Channeltrons were used as
detectors with a post acceleration to 1.6 kV in the ion ESA. A companion instrument

provides measurements of electrons and protons with energies from 0.012 to 1.6 MeV and

0.080 to 1.5 MeV respectively.
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Presentation of Data

A summary of the low energy electrons and ions at high altitude is shown in Figure

1 for August 12, 1976. The top panel in the E-t spectrogram shows electrons with

energies from ~ 0.17 to 33 keV along the vertical axis and universal time along the
horizontal axis. The intensity (gray scale) is the differential energy flux in units of
[ke '/cmz-ster-sec-keV]. The bottom panel of Fig. 1 is for ions with E/q from ~ 0.09 to
3.9 keV. In addition to the low energy particles, the E~t diagram shows an electron
differential channel at ~235 keV at the top and a proton integral channel at ~ 80 keV
at the bottom. These latter two measurements are useful in estimating magnetospheric
boundaries as intensity modulated bands. Parameters of satellite ephemerides are shown
at the bottom and identify this data as a high altitude northern auroral pass near 1900

hours MLT.

The satellite completes a full angular revolution in approximately 20 seconds with
the closest approach of the instrument's view axis around 6 degrees to the magnetic field.
The electron 'trapping boundary', measured by 235 keV electons, is located near A=~ 69°.
However, low intensity 235 keV fluzes extend to much higher latitudes (.\?.750). The
ring-current protons, identified by the 80 keV fluxes drop towards their threshold value

near A =72°.

The data of primary interest occurs between 12100 and 12200 seconds U.T. where a
series of intense narrow ion beams at pitch angles of 180° are observed coming from lower
altitudes. These beams occur at invariant latitudes between 72.7° and 73.7°%
Simultaneous with the ion beams, the electron energy fluxes at E ~1 keV show reduced
intensities for pitch angles near 0° and 180°. These features and others discussed below

are interpreted as follows: the reduced electron intensity is a result of a potential barrier
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Figure 1. The Energy-Time Spectrogram for the North Auroral Data on Aug. 12,
1976. The low energy electrons are in the top half with energies from
0.17 to 33 keV increasing upward and the low energy protons (ions)
range from 0.09 to 3.9 keV in the bottom half with energies increasing
downward. There are two energetic differential energy channels
shown; 235 keV electrons at the top, 80 keV protons‘fn the gottom.sThe
gray §cale for t?e auroral particles ranges from ~10 " to 10~ and 10
to 10" [keV/em“-ster-sec-keV ] for ions and electrons, respectively.
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above the satellite while the ion beams are produced by an accelerating potential below.
The result of such potentials would be manifested in an inverted 'V' structure at low

titudes.

A detailed look at the second ion beam distribution encountered is shown in Figure
2. The distribution funetion in veloeity space is plotted for the time interval from 12111
to 12129 and shows the ion contours peaking at == 600 km/sec (i.e., E ~ 1.9 keV).
The term ion and proton can be interchangeable in our presentation because the ions are
predominantly protons. This determination was made by the energetic ion mass

spectrometer flown on S3-3 (R. G. Johnson, private communication). These data

correspond to one full satellite rotation or ~20 seconds. The units of the velocity are in
km/sec and of the distribution function are in sec3km-6. The angular half width of the ion
beam centered at a pitch angle of 180° is approximately 10-12° wide at the 10% maximum
intensity. The predicted nadir loss cone for the 100 km altitude is approximately 18.50, SO

the ion beams are located well inside the normal atmospheric loss cone.

The electron phase space densities are shown in the bottom of Figure 2 for the
same time interval. At low electron velocities, perpendicular to B, the distribution fune-
tion shows a peak near 1.4 x 104 km/sec (E ~0.6 keV) with an intensity near 26 sec3/km6
(bounded by contour G). In Fig. 2 the phase space density is broad along the v axis but

narrows and goes to higher velocities along the +v, axis. The dashed ellipse indicates the

boundary between accelerated magnetospheric electrons and ionospheric eleetrons. The
corresponding energy flux changes by over two orders of magnitude from the peak value at
Exl keV (v, = 18x 104 km/see) down to E=~0.17 keV (v, =0.8x 104 km/sec) across
this ealeulated boundary. This signature is strongly indicative of a parallel electric field

acting to accelerate electrons down toward the earth. The distribution funetion for

velocities less than 1.8 x 104 km/sec display the type of profiles one obtains by calculating
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Figure 2. Distribution Function Contours of Protons and Electrons for
UT = 12111 to 12129 Seconds gn Aug. 12, 1(?76. 3Tho groton
intensity ranges from ~1 X 10 4.6 X10" sec”/km" for
velocities from (1.3 to 8.6) x 50 kg1/sec. The electron intensity
ranges fgom ~ 0.046 to 22 sec”/km~ for veloeities from (7.7 to
54) x10° km/see. The dashed curves are population boundaries
derived from the formalism of Chiu and Schulz (1977) and fits
to the data.
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the boundaries in phase space that delineate different particle distributions in the

presence of an electric field parallel to B (Chiu and Schulz, Fig. 1, 1977; Whipple, Fig. 6,

1977). For example, electrons within the atmospheric loss cone are bounded by the dashed

hyperbola (Fig. 2) which has v| intercepts of:

1 %
+ {(Z/me);ej(VT-V)/[(Ba/B)-li / (1)
The dashed ellipse which has v intercepts of:
4
£ ((2/m )lelV]” (2)

VT is the total potential drop down to the atmosphere, V is the potential at the satellite

and Ba/B is the ratio of the magnetic field strengths whicl defines the loss cone pitch

angle at the satellite. (Chiu and Schulz, 1977). From the f(v) contours in the -V

quadrants in relation to the dashed curves in Fig. 2, one can see the nadir loss cones
widen at the lowest velocities. For example, the local atmospheric loss cone at a satellite
altitude of 7300 km is ~18.5% A particle with a pitch angle greater than 162° will mirror
below 100 km in altitude. The measured loss cones for the electrons at this time vary
from ~150° to 120° as the velocity decreases from ~30 down to ~ 0.8 x 104 km/sec.
These enhanced loss cones are consistent with a parallel electric field below the satellite

that accelerates the positive ions to approximately 2 keV.

The combination of the electron and the ion distribution functions clearly shows the
existence of a strong potential drop along B above and below 7300 km. To obtain an
estimate of this potential difference between the cold ionospheric ions below and the

magnetospheric electrons above, differential energy spectra at OO, 90° and 180° pitch
g P P




angle are presented. Figure 3 shows the differential energy flux spectra for these ions
and electrons at high altitude. The top spectrum is for ions coming up from the earth at
UT = 12120 sec. The peak intensity of ~6 x 107 [kev/cmz-ster-sec-kev] occurs at an
energy near 2 keV. The spectrum changes by over three orders of magnitude from ~ 0.1 to
2 keV. The second set of spectra, shown in Fig. 3 at high altitude, are for electrons:
downgoing, upcoming and mirroring. The downgoing electrons have a peak flux of 7 x lO7

[ke\'/cmZ-Stersec-ke\'] near 1 keV.

The upcoming and downgoing electron fluxes are the same (within statistical errors)
for energies below ~ 1 keV. This feature of equal intensities for fluxes at 0° and 180° is
characteristic of secondary or backscattered electrons in the presence of an inverted 'V'
structure. It was pointed out by Evans (1974) and Whipple (1977) and shown experi-
mentally by Mizera et al. (1976) that these types of distributions would occur if a parallel
electric field above the observer were of sufficient strength to turn the backscattered
electrons around. Therefore the interpretation of the downgoing and upcoming high
altitude electron spectra in Fig. 3 is that a parallel electric field above 7300 km is an
effective barrier that reflects upcoming electrons with energies less than 1 keV and
results in the same intensity for the upcoming and downgoing fluxes at the satellite

altitude.

The spectrum for the mirroring electrons at high altitude shows a low energy
component that is not present in the downgoing electrons whereas the high energy
component is virtually the same. The low energy electrons, with pitch angels near 90°,
are also confined below the inferred potential barrier above the satellite. The mirroring
spectrum in Fig. 3 indicates the existence of a significant trapped electron population at

low energies between the top of the potential barrier and the atmosphere. In Fig. 2, this

-14~




| 10°F ]
| .L
b PROTONS 1 |
w's 10 G "
" HIGH ALTITUDE 1 1 LOWALTITUDE :
r 037158 R 3 021730 J
10°- 2 10° o
1 C B ]
= - j
e ] 1
.5 1 ‘
C10° 10 -
5" }; ] ]
!
s ¢
20 ‘}“’ E
g | i
Bb ELECTRONS Vol
10°F 410
ot
] :1 ?‘ * DOWNGOING
5 ol 4 o JPCOMING
10°F o :ﬂmt & MIRRORING
_ { AUG 12,1976 ]
4 |
DR S o 110 | j
0.1 1.0 10 1.0 10
ELECTRON AND ION ENERGY (keVl  ELECTRON ENERGY
Figure 3. Differential Energy Flux Spectra for Protons and Electrons at 7300 km over the
Northern Auroral Region and Electrons at 275 km over the Southern Auroral
Region. These data were taken approximately one hour apart on Aug. 12, 1976
in the dusk to midnight local time sector. The background level is one count
threshold.




trapped electron population is bounded by the dashed ellipse which has intercepts given by:
£ {{(2/m )1eiV}/[1-(B_/B)]} " i

Bo/B is the ratio of magnetic field strengths at the equator and the satellite (Chiu and

Schulz, 1977).

Approximately one hour prior to the high altitude northern polar acquisition, data
were also taken near perigee in the southern auroral region. An inverted 'V' structure was
observed between 8220-8260 sec U.T. when the satellite crossed the evening auroral zone
near 275 km. The magnetic field coordinates were A = 70.6% MLT = 23.2 hrs. From the
characteristics of the ion and electron measurements at high altitude, we inferred that an
invarted 'V' structure would locate at the foot of the northern field line at A= 72.9° and
MLT = 18.6 hrs. This comparison of high and low altitude data is not to suggest that the
same structure was observed one hour apart and in opposite hemispheres, but only to
exhibit the charged particle morphology under the limitations of a single satellite's
measurements. Additional evidence was gathered from the DMSP auroral photographs
taken over the southern auroral zones around this time. They indicate a narrow arc
structure extending from local midnight to dusk at the time of the S3-3 southern perigee
data. On the next DMSP acquisition, some 100 minutes later, a narrow arc structure near
dusk was also present. These measurements tend to corroborate the description of narrow
inverted 'V' structures during the time of the S3-3 measurements at both apogee and

perigee.

The low altitude inverted 'V' structure is characterized by the spectra shown in
Figure 3. These electron data were taken near the peak of the inverted 'V' structure. The

comparison of the upcoming with the downgoing fluxes in the loss cone is one of our

-16-




methods of identifying parallel electric field acceleration above the satellite (Mizera et
al. 1976). Within experimental uncertainties, we would estimate the magnitude of the
total potential drop over the southern auroral zone to lie between 2 and 3 kV. Our
estimate of the total potential measured at high altitudes above the northern auroral
region is obtained by summing the peak value of the ion beam spectrum (~2 keV) with the
value obtained from the upcoming and downgoing electron spectra (~1 keV ) or a total
potential drop of = 3 kV. It is perhaps a fortuitious circumstance that the poteatial
difference along B inferred from the high and low altitude data agrees so well with each
other. Nevertheless this may indicate a rather reproducible feature in the auroral

morphology for the dusk to midnight local time sector.




Summary and Speculations

The data presented here represent one more piece of information added to the diversity of
auroral measurements. It provides convincing evidence that substantial electric fields,
parallel to B, are operating over both hemispheres at relatively low altitudes (<2 RE).
This example is just one of many similar observations made by the S3-3 satellite at
altitudes between 6000 - 8000 km. We hesitate to use the word "typical” to describe this
event, but the occurrence of upward streaming ions from the earth's dusk to midnight

local time sector, in the few keV energy range, are common observations.

Spectra of accelerated ions parallel to B taken at altitudes above 6000 km have
been observed at invariant latitudes as high as 87°. Our preliminary examination of these
high latitude data during times of quiescent magnetic activity (KPS 2+, ApSlZ), shows
that the ions coming from the earth are observed over a range of local times. The very
high latitude ion beams are generally associated with intense, soft electron precipitating
fluxes. (The energy of these accelerated fluxes range up to = 2 keV for electrons and
=4 keV for ions.) The latitude extent of the individual accelerated fluxes vary from a few

tenths of a degree to greater than five degrees.

Just as the ions provide an estimate of the potential drop below the satellite, the

electrons can provide the magnitude of the potential drop above the satellite. From
Figures 2 and 3, we can infer a 2 kV potential below 7300 km and 1 kV potential above.
Therefore 2/3 of the parallel electric field resides below 7300 km. The total potential
drop of = 3 kV agrees well with that inferred from the low altitude electron data taken at
the opposite hemisphere one hour earlier. Additional evidence of parallel electric fields is

provided by the reduced intensity of the backscattered electrons in Figure 3 at high

-19-
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altitude. This reduction would occur if the low altitude backscatter spectrum is shifted in
energy by an amount equal to the potential drop below the satellite. The observation of
the enhanced loss cones in the electron pitch angle distributions and the velocity space
contours in Figure 2 are also consistent with a total potential difference of approximately

3 kV.

In principle, estimates of the location in altitude can be inferred from a careful

examination of the auroral pitch angle distributions (Kaufmann et al., 1976). A

preliminary examination of the electron pitch angle distributions showed that the loss
cones of the lowest energy electrons (x0.2 keV) were enhanced by approximately 40°
from the value near 162° that is expected in the absence of an electric field acceleration.
As the energy of the observed electron distributions increased up to ~ 2 keV, the
atmospheric loss cone approached 160° as predicted by the first adiabatic invariant
relationship in the presence of a potential difference along B. In order to estimate the
location of the electric field, a detailed model of the ionospheric and atmospheric
processes including the source region of the ions must be invoked. This procedure is

beyond the scope of this analysis at this time.

However from the data analyzed and presented here, we can for the first time put
limits on the parallel electric field associated with inverted V' structures. Since the total
potential drop below 7300 km is approximately 2 kV and the distance between the
ionospheric source and the satellite is approximately 6000 km, a lower limit of
~0.3 mV/meter would be predicted for a uniform electric field. If we extend this value
above the satellite to account for the 1 kV potential inferred from the high altitude
electrons, then the electric field would terminate beyond = 10,000 km. This estimate
assumes that the potential drop above and below the satellite constitutes a single
extensive structure. Using this assumption, a self-consistent solution for the electric
field, in agreement with the particle data at both high and low altitudes, can be obtained

in the model of Chiu and Schulz (1977).
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THE IVAN A. GETTING LABORATORIES

The Laboratory Operations of The Aerospace Corporation is conducting
experimental and theoretical investigations necessary for the evaluation and
application of scientific advances to new military concepts and systems., Ver-
satility and flexibility have been developed to a high degree by the laboratory
personnel in dealing with the many problems encountered in the nation's rapidly
developing space and missile systems. Expertise in the latest scientific devel-
opments is vital to the accomplishment of tasks related to these problems. The
laboratories that contribute to this research are:

Aerophysics Laboratory: Launch and reentry aerodynamics, heat trans-

fer, reentry physics, chemical kinetics, structural mechanics, flight dynamics,
atmospheric pollution, and high-power gas lasers.

Chemistry and Physics Laboratory: Atmospheric reactions and atmos-
pheric optics, chemical reactions in polluted atmospheres, chemical reactions
of excited species in rocket plumes, chemical thermodynamics, plasma and
laser-induced reactions, laser chemistry, propulsion chemistry, space vacuum
and radiation effects on materials, lubrication and surface phenomena, photo-
sensitive materials and sensors, high precision laser ranging, and the appli-
cation of physics and chemistry to problems of law enforcement and biomedicine.

Electronics Research Laboratory: Electromagnetic theory, devices, and
propagation phenomena, including plasma electromagnetics; quantum electronics,
lasers, and electro-optics; communication sciences, applied electronics, semi-
conducting, superconducting, and crystal device physics, optical and acoustical
imaging; atmospheric pollution; millimeter wave and far-infrared technology.

Materials Sciences Laboratory: Development of new materials; metal
matrix composites and new forms of carbon; test and evaluation of graphite
and ceramics in reentry; spacecraft materials and electronic components in
nuclear weapons environment; application of fracture mechanics to stress cor-
rosion and fatigue-induced fractures in structural metals,

Space Sciences Laboratory: Atmospheric and ionospheric physics, radia-
tion from the atmosphere, density and composition of the atmosphere, aurorae
and airglow; magnetospheric physics, cosmic rays, generation and propagation
of plasma waves in the magnetosphere; solar physics, studies of solar magnetic
fields; space astronomy, x-ray astronomy; the effects of nuclear explosions,
magnetic storms, and solar activity on the earth's atmosphere, ionosphery, and
magnetosphere; the effects of optical, electromagnetic, and particulate radia-
tions in space on space systems,
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