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ANNUAL TECHNICAL REPORT
(For period 1 April 1976 through 31 March 1977)

Contract N00014-72-C-0234
LOW-ENERGY PARTICLE EXPERIMENT

This program is directed toward an improved understanding of the sources
and the energization, transport and loss processes associated with the
low-energy (keV) plasmas in the earth's magnetosphere, particularly as
they relate to ionospheric perturbations and ionospheric-magnetospheric

coupling.

The experiment is operating completely successfully and has made three
major discoveries about previously unknown ionospheric acceleration

mechanisms and the composition of the ring current.

1, The discovery of large fluxes of energized ionospheric ions stream-
ing up the magnetic field lines from the ionosphere. This discov-
ery establishes the existence of a major new ionospheric-magnetos-

pheric coupling phenomenon. The characteristics of the phenomenon

point to parallel electric fields as the immediate cause of the
accelerated ions. These results and those of the ONR companion ex-
periment on S3-3, which makes in situ measurements of the electric
fields, put on a firm basis the many recent speculations and infer-
ences relating to large electric potential differences parallel to

the geomagnetic field lines in the magnetosphere.

2. The discovery of a second type of ionospheric acceleration mechan-
ism which preferentially accelerates the perpendicular component
of the ion velocity. 7l

3. The first direct measurement of the composition of the storm-time
ring current. In the energy range from 1-16 keV the main phase
ring current has been found to be primarily composed of H+ and 0+
ions.
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More detailed discussions of the results will be found in the appendix.

Our principal activities during the present reporting period were:

1. The provision of technical planning and liaison for the on-orbit
support of the ONR-118 payload.

2, The performance of surveys of approximately 1000 additional flight
data tapes and the conducting of a preliminary statistical study
on the characteristics of the upstreaming field alligned ion events

observed during these surveys.

3. The detailed analysis of three events in order to establish the
principal characteristics of the parallel electric field structures

which appear to play a major role in auroral acceleration processes.

4. The publication and presentation of the initial results to the sci-

entific community,

Publications and Presentations

During this reporting period we have prepared, published or presented
4 invited review papers; 14 contributed presentations at scientific
meetings; and 4 written publications. A complete bibliographyof the
ONR-118 results follows and copies of the most recent abstracts and

publications are included in the appendix.

'
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E. G. Shelley, Principal Investigator
Lockheed Palo Alto Research Laboratory
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OBSERVATIONS OF THE RING CURRENT COMPOSITION
DURING THE 29 JULY 1977 MAGNETIC STORM

R. G. Johnson (Lockheed Palo Alto Research
Laboratory, Pulo Alto, California 9h430k4)

R. D. Sharp ,
E. G. Shelley (both at: Lockhced Palo Alto
Research Laboratory, Palo Alto, Ca. 94304)

Data on the ring current composition during
the 29 July 1977 magnetic storm were acquired
near apogee (8000 km) of the S3-3 (1976-0658)
satellite. The measurements were made with an
ion mass spectrometer coverirg the energy range
from 0.5 to 16 keV. During the main phase
(Dst = 100y) of the storm, the ratio of O*/H*
number densities in the inner ring current
(L < 4) is significantly higher than observed
in three previous storms with comparable peak
values of Dgt. He' fluxes were also observed
during the main phase but the intensities were
small compared to the 0% and H' fluxes. A
comparison of the results from the main phase
of the 29 July 1977 magnetic storm with the
results from the 29 December 1976, 6 April 1977,
and 19 April 1977 magnetic storms is made,
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A REVIEW OF PARTICLE MEASUREMENTS FROM WITHIN
IONOSPIERIC STRUCTURES RESPONSIBLE FOR AURORAL
ACCELERATION PROCESSES

R. D. Sharp (Space Sciences laboratory, Lockheed
Palo Alto Research Laboratory, Palo Alto,
California 9L4304)

Large scale ionospheric structures containing
‘field aligned d.c, electric fields are thought
to be responsible for "inverted V" events and at
least some types of auroral arcs. Because of
its unique orbital characteristics, the 83-3
satellite is for the first time making measure-

~ments within these structures at altitudes of
~ 1 RE in the polar regions. Particle measure-
ments by the Aerospace group with electrosatic
analyzers and by the Lockheed group with ener-
getic ion mass spectrometers and magnetic elec-
tron spectrometers will be reviewed. Ietails of
the energy and angular distributions of the
electrons and ions in the keV range allow in-
ferencg to be made about the geometry of the
structures and the nature of the acceleration
processes taking place within them. Some of the
characteristics of the structures are similar to

those which have been predicted for the "inverted

V" acceleration regions. In two events which
have been analyzed in detail a vertjical extent of
the parallel electric field of 2 10°km is in-
ferred. An event on 29 July 1976 in which the
Berkeley group has reported intense electrostatic
shocks will be described utilizing the results
of both the Aerospace and Lockheed experiments.
The energy of the accelerated ions in this event
exceeded 16 keV.
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AVERAGE PROPERTIES OF UPSTREAMING ENERGETIC
FIELD ALIGNED IONS

A. Ghielmetti (University of Bern, Bern,
Switzerland

R. G. Johnson

E. G. Shelley

R. D. Sharp (all at: Lockheed Palo Alto
Research Laboratory, Palo Alto, Ca. 9L30L)

Magnetically field aligned ion fluxes have
been observed to stream out of the polar ion-
osphere in a region closely associated with
the auroral oval. The maximum probability of
occurrence as observed by the Lockheed energetic
ion-spectrometer on the S3-3 satellite (1976-
065B) is approximately 35% within a single in-
variant latitude-magnetic local time-altitude
element of size 2° by 3 hrs by 1000 km., The
frequency of occurrence distribution has been
compared to the frequency of occurrence of over=-
head aurora near local miduight during the IQSY
and good agreement is found. A dawn-dusk asym-
metry both in the frequency of occurrence and in

the energy distribution is inferred from the data.

Fluxes are generally hardest at dusk, with the
Ot ions being more energetic than the HY ions.
Initial results indicate that the fluxes become
harder during magnetic storms and toward local
midnight. From the altitude distribution we
conclude that the primary acceleration zone is
most frequently situated above 6000 km and often
extends above 8000 kn.
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ION COMPOSITION IN THE QUIET TIME MAGNETOSPHERE

E. G. Shelley (Lockheed Palo Alto Research
- Laboratory, Palo Alto, California 9L304)

R. D. Sharp
R. G. Johnson (both at: Lockheed Palo Alto
Research Laboratory, Palo Alto, Ca. 94304)

Data on the hot plasma composition in the
earth's magnetopshere in the energy range 0.5
to 16 keV is being acquired with an ion mass
spectrometer aboard the 1976-065B satellite.
The satellite is in an 82° inclination orbit,
with perigee near 260 km and apogee near 8060
km,~and is spinning such that pitch angle data
are obtained for the ions. The ion composition
during selected magnetically quiet-time periods
has been investigated in the regions of the
quiet time ring current and plasma sheet at
altitudes below 8000 km in the midnight sector.
He** ions were observed in several passes and in
one case they were found as low as L = 5.5 which
was near the low latitude edge of the plasma
sheet electrons. These observations of Hett in
the absence significant fluxes of He' show that
solar wind ions are entering the magnetosphere
and are being transported to relatively low L-
shells in the magnetosphere during magnetically
quiet times. In the energy per nucleon range
from 0.5 keV/AMU to 8 keV/AMU the average phase
density ratio between Hett and H' was found to
lie in the 3% to 5% range, consistent with
average solar wind ratios.
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ENERGCETIC PARTIéLE MEASUREMENTS
WITHIN AN INVERTED V ACCELERATION
REGION

R. D. Sharp (Lockheed Palo Alto Research
Laboratory, Palo Alto, California 94304

E. G. Shelley

R. G. Johnson (both at: Lockheed Palo Alto
Research Laboratory, Palo Alto, California
94304)

On September 15, 1976 at 1058 UT the S3-3
satellite passed through a single isolated
inverted-V region of about two degrees
latitudinal width at an altitude of 7000 km
and centered near 74° invariant latitude
The measured energetic electron and ion fluxes
within the structure showed a remarkable
latitudinal symmetry which indicates temporal
stability in this case. The electron pitch-
angle distributions showed evidence of field
aligned electric fields both above and below
the satellite with a total potential drop
of approximately 2 kV. A plausible inter-
pretation of the data suggests that the
vertical extent of the acceleration region
above the satellite was greater than 1000 km
in the central portion of the event, and
significantly less at the edges of the
structure.
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DOWNWARD STREAMING FIELD ALIGNED
'ON. FLUXES IN THE AURORAL ZONE

A. G. GChielmetti*, (Lockheed Palo Alto Research
Laboratory, Palo Alto, California 94304

E. G. Shelle

R. D. Sharp

R. G. Johnson (all at: Lockheed Palo Alto
Research Laboratory, Palo Alto, California
94304)

A survey of mass spectrometer data obtained
on the S3-3 satellite (1976-65B) has revealed
the occasional existence of downward streaming
field aligned ion fluxes. These events are
seen in the same general regions where upward
flowing field aligned and conical distributions
are observed but occur much less frequently
(%1%) at flux levels above ~2x10% keV/cm® sec
ster keV. The angular and energy distributions
have been analyzed in detail in one particular
case, where the maximum flux in the downward
direction was ~ 5 x 107 protons/cm? sec ster
keV. We find that these fluxes occur in con-
junction with an enhanced flux of non-field
aligned ions of comparable energy. Both
components have a peaked energy-spectrum of
~ 1 keV. The average ratio of downcoming to
trapped flux is ~ 5. The presence of the
anti-loss cone in the ~ 10 keV electrons
indicates closed field lines. Upward flowing
field aligned H* and 0% ions are observed
poleward of this region. The observations
are suggestive of a conjugate hemisphere
origin of both the downward flowing field
aligned component and the trapped com-
ponent in the region of enhancement.

* Visiting scientist University of Bern,
Bern, Switzerland
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EVIDENCE FOR IONS OF SOLAR WIND ORIGIN IN THE
STORM~-TIME RING CURRENT NEAR L = 4

R. G. Johnson (Space Sciences Laboratory, Lock-
heed Palo Alto Research Laboratory, Palo Alto,
California 94304)

E. G. Shelley

D. Sharp (both at Lockheed Palo Alto Research
Laboratory, Palo Alto, California 94304)

Ion mass spectrometer measurements in the
energy range 0.5 to 16 keV were obtained on the
S3-3 satellite during the 29 July 1977 magnetic
storm. The first apogee (7900 km) pass during
the storm was acquired near 0400 hours U.T.

(Dg¢ = - 24y) during the ring current build up
to a peak Dg = -1000y (U.T. = 0700 hours).
During this pass, ring current fluxes of HY and
0% ions were observed as low as L = 3.2 at mag-
netic local times near 0500 hours. He'* fluxes
along with other ion fluxes were observed in the
region L = 4.0 to 8.6. In the region L = 4.0 to
4.5, H' and 0% were the dominant fluxes with the
Hett flux being comparable to the He' flux. In
this region the He't phase space density was
about 2% of the H'* phase space density in the
overlapping velocity range. This is compatible
with a solar wind origin for the Het? ions,
whereas the comparable fluxes of He' and Het*
ions and a relatively high Hett/Ht flux ratio is
evidence against an ionospheric origin for the
He*t ions. These observations provide direct

evidence that ions of both solar wind and ion-
ospheric origin are contributing to the ring
current during the early part of the main phase
of this magnetic storm.
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Scale of Electric Field Along Magnetic
Field in Structures of Inverted-V Events

J.B. Cladis and R.D. Sharp

Lockheed Palo Alto Research Laboratory
Palo Alto, California 94304

The distributions of magnetic-field-aligned electric fields in the structures
of several inverted-V events have been examined using data on the pitch-angle
and energy distributions of electrons and ions obtained with the polar-orbiting
1976-65B satellite. Generally, electrostatic potential differences are found
to occur simultaneously ahove and below the altitude of the satellite ( ~ 6000 km).
Both of these potential differences were determined from an analysis of the
electron distributions. The analysis also yields the magnetic field intensity,
By» above the satellite where the potential is zero and the energy distribution
of the downgoing electrons (assumed isotropic) at B, The total potentials
are found to have inverted-V distributions in latitude, with peak values of
several kV and latitudinal widths of ~ 1°, According to the computed values
of Bl’ the potentials extend above the satellite to distances exceeding 1000 km .=
indicating apparent electric-field values of ~1 mV/m. The electric-field
distributions above the spacecraft were also estimated by computing the ion
and electron number densities along the magnetic field and using the quasi-
neutrality condition. The number densities were computed using the observed
upward-directed fluxes of ions and electrons and the downward electron fluxes
at B, inferred from the electron-distribution analysis. The resulting self-
" consistent electric fields were also found to be ~ 1 mV/m.
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Abstract: Heavy Ions in the Magnetosphere by
E. G. Shelley, Lockheed Palo Alto
Research Laboratory, 3251 Hanover St.
Palo Alto, California 94304 Sk

For the purposes of this review heavy ions include all species of
ions having a mass per unit charge of 2 AMU or greater. The discussion
is limited primarily to ions in the energy range between 100 eV and 100 keV.
Prior to the discovery in 1972 of large fluxes of energetic 0+ ions pre-
cipitating into the auroral zone during geomagnetic storms, the only reported
magnetospheric ion species observed in this energy range were helium and
hydrogen. More recently 0+ and He+ have been identified as significant
components of the storm time ring current, suggesting that an ionospheric
source may be involved in the generation of the fluxes responsible for this
current, . . Mass spectrometer measurements on board the S3-3 satellite
'hav; shown that ionospheric ions in the auroral zone are. frequently accelerated
upward along geomagnetic field lines to several keV energy in the altitude
fegion from 5000 km to greater than 8000 km. These observations also show
evidence for acceleration perpendicular to the magnetic field and thus cannot
be explained by a parallel electric field alone. This auroral acceleration
region is most likely the source for the magnetospheric heavy ions of ionospheric
origin, but further acceleration would probably be required to brimg them to
char;éteristic ring current energies. 83-3 and GEOS observations of the He**/H*

ion ratios suggest that the quiet time plasma sheet and outer ring current may

be predominately of solar wind origin.
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SATELLITE MEASUREMENTS FROM WITHIN IONOSPHERIC STRUCTURES

RESPONSIBLE FOR AURORAL ACCELERATION PROCESSES

R. D. Sharp, E. G. Shelley, and R. G. Johnson
Lockheed Palo Alto Research Laboratory
Palo Alto, California 94304

INTRODUCTION

Ionospheric “isturbances at high latitudes
associated with auroral precipitation events are
known to cause radio frequency interference prob-
lems and so the physical causes of these disturb-
ances are of direct relevance to the theme of
this symposium. One class of auroral electron
precipitations known as "inverted V" events are
thought to be caused by large~scale ionospheric
structures containing dc electric filelds, with
a component parallel to the geomagnetic field
resulting in the downward acceleration of the
precipitating electrons (Gurnett, 1972; Swifte,
1975). Until recently, no direct measurements
within these structures have been reported al-
though some of the properties of the auroral
acceleration process have been inferred from the
characteristics of the precipitating electrons
(see review by Evans, 1976).

Recent measurements from within the struc-
tures have been acquired by means of directed
barium jets (Haerendel, 1976) and from the S3-3
satellite which, because of its unique orbital
characteristics, is traversing the structures
at altitudes of v 1 Rg in the polar regions.
Office of Naval Research experiments on the S3-3
satellite are measuring the characteristics of
both the particles and fields within the struc-
tures (Shelley et al., 1976; Mozer et al., 1977)
and in association with the other spacecraft
experiments (Mizera and Fennel, 1977) are pro-
viding the first detailed determinations of
their geometry.

EXPERIMENT

The S3-3 satellite was launched into an
elliptical polar orbit with an initial apogee of
8050 km and perigee of 260 km. The orbital in-
clination 1s 97.5°. The satellite is spinning
at about 3 rpm with its spin axis perpendicular
to the orbital plane. The measurements to be
described in this report were acquired from an
ion and electron spectrometer experiment mounted
with its view direction perpendicular to the
spin axis. The experiment consists of 3 ion
mass spectrometers and 4 electron spectrometers
similar in design to those described previously
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(Shelley et al., 1972; Reed et al., 1969). The
energy ranges and geometric factors of the elec~-
tron spectrometers are listed {n Table 1. The
ion mass spectrometers each acquire a 30-channel
mass-per-unit-charge spectrum at a single energy-
per-unit-charge every second. The energy-per-
unit-charge setting is cycled through &4 values
every 64 seconds, remaining on each step for 16
seconds. Thus, a 12-point energy spectrum is
acquired from the 3 spectrometers everv 64 sec-
onds. These 12 measured energy-per-charge val-
ues are also listed in Table 1.

OBSERVATIONS

Initial observations from the S3-3 ion mass
spectrometer experiment showed intense beams of
upward-directed newly-accelerated ionospheric
ions as a persistent feature of auroral field
lines at altitudes of about 1 RE. Two distinct
classes of ion acceleration phenomena have been
detected, one involving the parallel and one the
perpendicular component of the ion velocity
(Shelley et al., 1976; Sharp et al., 1977).

Figure 1 shows a segment of data from the
low-energy mass spectrometer acquired in the
northern polar region at a local time of about
1430. The relative responses of the Ot and W'
ions are plotted versus time and can be compared
with the pitch angle determined from the on-
board magnetometer shown in the upper panel.

The energy-per-unit-charge of the ‘measured ions
1s also indicated. One sees sharply peaked
pitch-angle distributions for both 0% and Ht
corresponding to ions streaming up the field
lines from the fonosphere. The lower panel
shows the electron fluxes from the CMEB detector
(0.35 < E < 1.1 keV). The deep minima corres-
ponding to the atmospheric loss cone are clearly
evident at the same locations as the ion peaks.
The narrow ion pitch-angle distributions evident
in Figure 1 (e.g., FWHM = 10° for the proton
peaks) are indicative of an acceleration mechan-
ism which primarily energizes the parallel com-
ponent of the ion velocity vector. A possible
mechanism of this type is a dc electric field
with a component parallel to the geomagnetic
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field and, as we will see below, a detailed
analysis of the ion and electron distribution
functions in selected events shows that such
electric fields do occur on auroral geomagnetic
fleld lines at high altitudes.

An example of an observation of the second
class of {on acceleration mechanism is shown in
Fig. 2. These data were acquired in the polar
cusp at an alciutde of 7600 km. One sees in
Figure 2 a latitudinally cxtended regfon of
upward-flowing oxygen fons with a "conical"
pitch-angle distribution, {.e., having a mini-
mum along the direction of the geomagnetic
field. Pitch-angle distributions of this type
are expected {f the ifon acceleration mechanism
acts primarily on the perpendicular component
of the ion velocity, and at an altitude substan-
tially below that at which the fons are ob-~
served. The initial 90° peaked pitch-angle dis-
tribution then folds into the observed conical
distribution under the action of the first adia-
batic invarfant. According to this model the
ions shown in Figure 2 were accelerated in the
alticude region of 4000-5000 km. A possible
mechanism resulting in such angular distribu-
tions is acceleration by means of ion cyclotron
waves.

15 SEPTEMBER 1976 EVENTS

Many of the auroral acceleration events de-
tected by the S3-3 satellite, especially those
occurring during uctive times, are characterized
by rapid temporal variations (determinable by
differences in the electric potential at alei-
tudes below the satellite as measured by the
rapidly moving electrons and the slowly moving
ions) and by overlapping and complex spatial
structures. In an initial attempt to determine
some of the essential features of the structures,
two events have been selected for detalled anal-
ysis which show evidence for a relative lack of
such complicating features and which have a
latitudinal scale size suitable for repeated
pitch-angle scans by the relatively slowly
spinning S3-3 spacecraft. One of these events
at 1058 UT on 15 September 1976 has been des-
cribed in detail by Cladis et al. (1977) and
Cladis and Sharp (1977a,b) and, in view of the
constraints on the length of this prescntation,
will not be further discussed here. Survey
plots showing the overall characteristics of
the second of these events are presented in
Figure 3.

The top three panels show, on a logarithmic
scale, the summed count rates from the 3 ion
spectrometers from {ons with the mass-per-charge
ratios indicated. The {nstrument pitch angle is
shown in the center panel and the lower four
panels show the electron data (see Table 1 for
energy ranges). Along the abscissa are given
Universal Time (SYST) geographic longitude and
latitude, altf{tude (km), fnvarfant latfitude and
magnetic local time, An examination of Figure
2 shows an "event" with a relatively symmetric
pattern of fluxes. Downward streaming (v 100
eV) electrons with a sharply peaked pitch angle
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distribution form the borders. The central re-
gion is characterized by an enhanced flux level
of v 1 keV electrons with dramatically enlarged
loss cones and upstreaming i{ons (primarily pro-
tons in this example) evidencing a parallel elec-
tric potential drop below the satellite of about
1 kilovolt in magnitude. The presence of a par-
allel dc electric field above the satellite in
the central portion of the structure is indicated
by the reduced level of the CMEA fluxes and the
symmetry between the upward and downward moving
soft (E ~ 100 eV) clectrons. In this intcrpre-
tation the primary electrons have been acceler-
ated out of the energy range of the DMEA detector
by a potential difference above the spacecraft of
magnitude ¢, > 0.24 kV. The upward moving sec-
ondary electrons in the energy range of CMEA pro-
duced i{n the atmosphere by the incident primary
beam, are reflected by the parallel electric
field above the spacecraft giving rise to the
observed symmetry. Another important indicator
of a dc electric field above the spacecraft is
the presence of minima at 90° in the pitch-angle
distributions of the primary (CMEB) electrons.
The equation for the first adiabatic invariant
for these particles .is:

5 B,

2
El sin a

2
(E1 - e@A) sin a,

where B is the intensity of the geomagnetic
field. E ts the electron energy and a is cheir
local pitch angle. The subscript 1 refers to the
altitude at the upper edge of the parallel elec-
tric field structure and the subscript 2 refers
to the satellite altitude. By setting a; = 90°
in this equation we have a relationship between - —
the angular width of the observed 90° minimum in
the pitch-angle distribution and the vertical
extent of the parallel electric field structure
above the spacecraft (through B;). The details
of the calculations leading to the determination
of this parameter are beyond the scope of this
brief report. The results for both the event
{1lustrated and the event analyzed by Cladis and
Sharp (1977a,b) are that this vertical dimension
is inferred to be greater than 1000 km.

RELEVANCE TO SPACECRAFT CHARGING

The presence of sharply peaked fon and elec-
tron pitch-angle distributfons such as have been
described here have implications with respect to
the electrostatic charging of spacecraft systems It
(Johnson et al., 1977). An observed source of q
spacecraft malfunctions {s the differential elec-
trostatic charging of adjacent insulated surfaces
leading to high-voltage discharges and accompany-
ing material damage and electromagnetic inter-
ference (Rosen, 1975).

If an anisotropic field-aligned ion flux is fw
incident on a spacecraft with a hole in the outer

skin, then a non-conducting surface on a compon-

ent {nside the skin and on the same magnetic

fleld line as the hole will become positively J
charged providing the hole subtends an angle
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from the component surface equal to or less than
the pitch-angle range over which the positive
fon flux is larger than the electron flux. As~-
suming that the electron flux is higher than the
ion flux at the larger pitch angles (which is
typical) then a large negative potential could
be formed on the component surface adjacent to

a large positive potential. This configuration
is 1llustrated schematically in Figure 4, and to
simplify this example, the secondary electron
emission from the surface is assumed to be negli-
gible. The surface position L on the component
lies along the magnetic field line through the
hole in the spacecraft skin. Angles 1; and 12
are taken to be less than the pitch-angle range
over which the ion flux is greater than the
electron flux so that a positive potential will
occur at position L. Position N {llustrates a
surface region at angles between n; and nj to
the magnetic field direction where the electron
flux is larger than the ion flux. At this posi-
tion a negative potential will occur. At some
position, M, between N and L the electron and
ion fluxes will be equal and a zero potential
will occur. It can be seen that the surface
charging at each position on the surface is re-
lated to the pitch angles subtended at the hole
in the skin and thus, in analogy to pinhole cam=-
eras for electromagnetic radiations, this will
be referred to as the "pinhole camera charging
effect". Although it has been illustrated for

a net positive flux along the field line, an
anisotropic electron flux will also produce a
potential gradient across the surface in essen-
tially the same way.

CONCLUSIONS

The ONR low-energy particle experiment on
the S3-3 satellite {s providing detailed observ=-
ations of the ion and electron energy and pitch-
angle distributions within the ionospheric struc-
tures responsible for at least some types of
auroral acceleration processes.

For two Such structures which have been
analyzed in detail, a geometry is inferred which
has many properties consistent with the oblique
electrostatic shocks predicted by Swift (1975)
to be the cause of auroral arcs and "inverted
V" events. The observed structures have a lati-
tudinal extent of ~ 300 km, a vertical extent
greater than 1000 km, and contain field-aligned
electrostatic potentials of the order of several
kilovolts. The highly field-aligned pitch-angle
distributions of ions and electrons resulting
from accelerations within these structures have
particular significance with respect to differ-
ential charging phenomena on high-altitude space-
craft through the "pinhole camera effect".
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Table 1

DETECTOR CHARACTERISTICS

Energy (E, in keV) or

Detector Particle Energy-Per-Unit-Charge
CMEA Electrons 0.07 » 0.24
CMEB Electrons 0.35 +1.1
CMEC Electrons 1.6 + 5.0
CMED Electrons 7.3+ 24
CXAl Ions 0.50, 0.68, 0.94, 1.28
CXA2 Ions 1.76, 2.4, 3.3, 4.5
CXA3 Ions 6.2, 8.5, 11.6, 16.0

T AAERESAS n J1

2 GAE
(Cll 'S&C'Str’
1.2 x 1078

6.5 x 107°

1.9 x 10”0

6.5 x 1077

Depends on
ion species
=7x107° E
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Figure 1. Data from Revolution 67 on 17 July 1976.

The upper panel shows the pitch angle of
the instrument axis. The two center
panels show data from the mass spectro-
meter at the indicated energies, and the
lower panel shows electron fluxes in the
energy range from 0.37 to 1.28 keV.
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OBSERVATIONS OF IONS OF IONOSPHERIC ORIGIN IN THE STORM-TIME RING CURRENT

R. G. Johnson, R. D. Sharp, and E. G. Shelley

Lockheed Palo Alto Research Laboratory, Palo Alto, California 94304

Abstract. 0%, He', and H* ions in the energy
range 0.5 to 16 keV have been observed in the
storm-time ring current with an energetic ion
mass spectrometer aboard the polar-orbiting S$3-3
satellite. During the main phases of the 29 Dec-
ember 1976, 6 April 1977, and 19 April 1977 mag-
netic storms, the O' number density within the
instrument energy range in the inner ring current
(L = 2.8-4.0) was larger than the H'* density in
the altitude range from about 5000-7000 km. At
two days after the main phase of the 29 December
1976 storm, O* was still the dominant ion at MLT =
14.5 hours in the L = 2.6-3.4 range at altitudes
near 6000 km.

Introduction

This letter is a preliminary report on the
first direct observation of ions of ionospheric
origin in the storm-time ring current. The data
were obtained with a satellite-borne energetic
ion mass spectrometer in the energy range 0.5 to
16 keV and at altitudes up to 8000 km. Data are
presented from the three largest magnetic storms
which have occurred since the satellite S$3-3
started acquiring data in July 1976. 1In view of
the constraint of the length of this letter, the
main phases of the storms are emphasized here, but
one example of the composition during the recovery
phase is also presented.

The discovery of O% ions precipitating from the
magnetosphere with energies up to 12 keV was re-
ported by Shelley et al. (1972) and the ions were
inferred to be of ionospheric origin. However,
no measurements on the trapped component of the
fluxes were obtained because of the spacecraft
orientation. Several aspects of the morphology
of these O' ions have been investigated and their
possible relationships to the storm-time ring
current have been discussed previously (Shelley
et al., 1972; Johnson et al., 1976a; Sharp et al.,
1976, 1977).

Based on considerations of ion lifetimes
against charge exchange in the ring current re-
gions, Tinsley (1976) and Lyons and Evans (1976)
conclude that existing data were inconsistent
with protons being the dominant ring-current ion
species but that the data were consistent with
Het being the dominant species during the recov-
ery phases of storms. These conclusions are in
contrast to earlier analytical work by Smith et
al. (1976) and by Berko (1975) who concluded that
their data were consistent with protons as the
dominant ions during the recovery phases of the
storms investigated. More complete reviews of the
energetic ion composition in the magnetosphere
have recently been made by Fritz (1976) and
Johnson et al. (1976a).

Copyright 1977 by the American Geophysical Union,

Paper number 7L0781.

Observations

The ion composition measurements were made with
an energetic ion mass spectrometer aboard the
polar-orbiting S3-3 spacecraft which has perigee
near 350 km and apogee near 8000 km. The space-
craft is Spinning at 3 rpm with the spin axis nor-
mal to the orbital plane and with the instrument
view directions in the orbital plane. The instru-
ment contains 3 ion mass spectrometers and 4 elec-
tron spectrometers similar to those previously
described (Shelley et al., 1972; Reed et al.,
1969). Each ion spectrometer acquires a 30-chan-
nel mass-per-unit-charge spectrum every second.
Every 16 seconds the energy-per-unit-charge set-
ting for each spectrometer is stepped to one of
the four values, allowing a 12-point energy spec-
trum to be acquired every 64 seconds. Fach spec-
trometer on Step 1 1s in the lowest energy step,
etc. The energy-per-unit-charge values are 0.5,
0.68, 0.94, and 1.28 keV for spectrometer #l; 1.76
2.4, 3.3, and 4.5 keV for spectrometer #2; and
6.2, 8.5, 11.6, and 16.0 keV for spectrometer #3.
The four broadband electron channels span the en-
ergy ranges 0.07 to 0.24 keVv, 0.35 to 1.1 keVv, 1.6
to 5.0 keV, and 7.3 to 24 keV.

Figure 1 shows Dst for the magnetic storms on
29 December 1976, 6 April 1977, and 19 April 1977.
The locations of main phase data to be discussed
are identified by the arrows for spacecraft revo-
lutions 1397, 2196, and 2297. The approximate
magnetic local times for the centers of the main
phase data intervals to be presented are 2.2, 21.0
and 21.4 hours, respectively. As an example of
the data, a survey plot for the first data acqui-
sition through the ring-current region during the
29 December 1976 magnetic storm is shown in Figure
2 for satellite revolution 1397. The abscissa
shows universal time on 29 December 1976, altitude
in kilometers, invariant latitude, magnetic local
time, and L-shell. The four lowest panels show
the logarithm of the counts per half-second count-
ing interval for the electron spectrometers with
the lowest energy being CMEA, etc. The panel la-
beled PITCH shows the pitch angle of the look di-
rection of the spectrometers. The next four pan-
els show the logarithm of the counts from ions
with M/Q = 1, 2, 4, and 16 summed once per second
from selected output channels from all three of
the ion mass spectrometers, giving an approximate
measure of the relative flux of the relevant spe-
cies. The top panel shows the energy step of each
of the three ion mass spectrometers. The time
spent on each energy step (16 seconds) is slightly
shorter than the satellite spin period (20 sec-
onds). In the region L = 3 to 4, trapped fluxes
of H* and O* ions are easily identified by compar-
ing the M/Q = 1 and 16 responses with the pitch-
angle plot. Above about L = 4, significant proton
precipitation and weak O% precipitation are occur-
ring as seen from the filling of the loss cone.
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Fig. 1. Provisional Dst values for the 29 Dec.
1976, 6 April 1977, and 19 April 1977 magnetic
storms. Arrows indicate the universal times of
the satellite passes.

An analysis of the mass spectrums shows that the
response seen in the M/Q = 2 panel is all back-
ground counts within the statistical uncertain-
ties, but the response seen in the M/Q = 4 panel
results from both background counts and low-level
Het counts. Electron precipitation is seen in all
the electron channels throughout the region except
for the highest energy channel in the region below
about L = 4. The O* and H' fluxes observed for
revolutions 2196 and 2297 are comparable to those
illustrated in Figure 2 and extend to somewhat
lower L-shells.

Examples of the mass-per-unit-charge spectrums
of the ions in the inner ring-current region are
shown in Figure 3 for each of the three mass spec-
trometers for satellite revolutions 1397, 2196,
and 2297. The L-shell intervals were selected to
start near the low-latitude edge of the principal
fluxes and to extend outward to L = 4, or for rev-
olution 2196, until the backgrounds in the spec-

Storm-Time Ring Current Ions

trometers due to the outer-belt electrons became
comparable to the ot peaks in the mass spectrums.
Data from all measured pitch angles are included.
In two of the panels, the spectrometer outputs

are summed over the four energy steps to improve
the counting statistics. The relatively large
quantities of the O' ions are evident in each case
and smaller amounts of He' are seen in revolutions
2196 and 2297. The equatorial pitch-angle ranges
corresponding to the 90° pitch angles for the
above L-shell ranges are 15 to 21 degrees, 20 to
41 degrees, and 15 to 31 degrees for revolutions
1397, 2196, .and 2237, respectively. On revolution
2196, much lower intensity O and H' fluxes were
also observed down to L = 2.6 at 90° pitch angle,
corresponding to 50 degrees equatorial pitch angle

Figure 4 shows the energy distributions for the
o' and ut ions in the same L-shell ranges as for
Figure 3. The pre-storm fluxes in these L-shell
ranges were undetected above the local backgrounds
which can be generally assessed from the regions
between the peaks in Figure 3. For revolutions
1397 and 2297 it is seen in Figure 4 that the H*
fluxes are somewhat higher than the O% fluxes and
for revolution 2196 the fluxes are seen to be com-
parable. The H' spectrum is noticeably harder
than the O% spectrum for revolution 1397, but the
spectrums are similar for the other two revolu-
tions. The number densities integrated over the
energy range of the experiment corresponding to
these fluxes are given in Table 1. It is seen
that in each case the 0% number density exceeds
the H' number density. The O% number densities
also exceeded the He' number densities by more
than a factor of ten in each case.

Two days after the beginning of the 29 Decem-
ber 1976 storm, data were acquired at about 0850
UT hours on 31 December in the inner ring-current
region near 6000 km at a magnetic local time of
14.5 hours. The 0% and H* fluxes were more than
a factor of ten lower than the peak fluxes ob-
served during the main phase of the storm, and
were observed only in the two lower energy spec-
trometers. Adequate signal-to-background counts
were obtained in the L-shell range 2.6 to 3.4 to
produce the mass spectrum shown in Figure 5. gt
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Fig. 2. A survey plot of the ion and electron counting rates on 29 December 1976 during satel-
lite revolution 1397. The parameters are discussed in the text.




Johnson et al.: Storm-Time Ring Current Ions 405
@ o (c) (1] (1] )
SPECTROMETER NO | SPECTROMETER NO. 2 SPECTROMETER NO. 3
REV 197 REV 219 p REV 297 W - REV 1997 REV 219 S aen
29 DECEMBER 1976 6 APRIL 1977 000f 19 APRIL 1977 E 29 DECEMBER 1976 6 APRIL 1977 “H
05054 - 0185 05 2250 % - 2306 % 0900 04 - 091043 || % o7 075054 - 0754 54 L 2250:% - 2306.% 2 .
€205 -1L28KEV 3 Eel16-45KEv £+ 16 KEV i 3 L=3.05-1.9 WHL-2T5-261 9. g >
a ey 800 L <2.75 - 361 team-yer | T N\ P o\
H il 0" e’ W g 10 g o't NN e
o | 3 o P . "0 \ SERER
o {\ w 0. He s SRy 3 - -
“ l \ ’k S v, T ‘*ﬂf.‘ REV 2297
o ! v Noois y 19 APRIL 1977
| | il L & 10 H 4 0900:04 - 091043
| |\ : X X, Le2.81-3.97
N ey | e = -
1015 % S 10 15 20 25 0 S0 15 0 3 X 1o 10 1.0 10 1.0 10
CHANNEL NUMBER CHANNEL NUMBER CHANNEL NUMBER BNEROY (REW ENERGYKEW) ENERGY (KEV)
e . ; : : :
:iq. 3« tExamiles 3f wasstisectfumshgzzm t?et§2r39 Fig. 4. Energy distributions for 0% and H' during
ke :gec ig:z e;sA u?in3977 ma;nlg A rz1°1977 HaGs the main phases of the 29 December 1976, 6 April
pecemher . e (G P 9 1977, and 19 April 1977 magnetic storms.
netic storms.

is still found to be the dominant ion. The spec-
trum is summed over the 4 energy steps to improve
the counting statistics. The equatorial pitch-
angle range for the 90° pitch angles measured in
this L-shell range is from 21° to 32°.

Discussions and Conclusions

The data from the early portions of the main
phases of the storms were selected for presenta-
tion with the view that this was the most favor-
able time period to observe the composition of
the ions being injected into the inner ring cur-
rent regions. At least at these times the effects
on the composition due to charge exchange loss
processes (Tinsley, 1976) would be minimized, even
though the effects of transport processes remain
to be investigated. At the present stage of the
analysis, the most significant aspect of the ob-
servations is the large number density ratios of
o* to H* ions and O% to He* ions in the inner ring
current regions during the main phases of the
storms. In view of the low density and high charge
state of oxygen ions in the solar wind (Bame et al.,
1970) and the direct satellite observations of
large fluxes of upward streaming energetic iono-
spheric ions, including o* ions (Shelley et al.,
1976; Johnson et al., 1976b; and Sharp et al.,
1977), it is concluded from the high O%* to H* dens-
ity ratios in the present data that the ionosphere
is a major contributor to the main phase ring cur-
rent in the energy and pitch-angle ranges of the
observations. It is recognized that the present
observations cover only limited ranges in energy
distributions and in equatorial pitch angles.

TABLE 1.

However, the equatorial pitch angle range of the
main phase observations extended to 50°, and a
preliminary analysis of the pitch-angle distribu-
tions shows no evidence for strong gradients in
the distributions near the upper ends of the equa-
torial pitch-angle ranges. In particular, there
was no evidence for the "source cone" distributions
of the type observed by Mauk and McIlwain (1975)
on the ATS-6 satellite at geosynchronous altitude
(L = 6.6). From the present data set it is not
feasible to determine the latitude, local time,
etc., of the ionospheric source region nor to
identify the acceleration and transport processes
involved. These areas will be investigated when
the more extensive satellite data sets from these
storms are available.

Although the energy spectrums for the local
evening data shown in Figures 4(b) and 4(c¢) for
the two April storms are somewhat similar and show
evidence of two components, it should be empha-
sized that the energy spectrums varied signifi-
cantly within the L-shell intervals, and the de-
tails of the averaged spectrums may have little
significance. However, with respect to the ion
composition, it should be noted that in these two
cases the relatively large O% fluxes at 16 keV re-
sult in the O' number densities exceeding the H*
number densities at 16 keV, thus also indicating
a significant ionospheric contribution to ion
fluxes at the upper end of the energy spectrums.
This is in contrast to the morning sector data
shown in Figure 4(a) for the December storm which
shows a rapidly-falling 0% spectrum and the o*
number density is only about one-half of the H*
number density at 16 keV. The significance of the

Number Densities

+
O Number Density,

H* Number Density,

N (em ) N (cm )
16 1 N, /N
Revolution L-Shell Range (0.5 = 16 keV) (0.5 = 16 keV) 16" 1
1396 3.05 - 3.96 2.9 1.4 2.1
2196 2.75 - 3.61 3.3 1.3 3.0
2297 2.81 - 3.97 7.1 4.6 1.3
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Fig. 5. An example of the mass spectrum during

the recovery phase of the 29 December 1976 mag-
netic storm.

lecal time or storm to storm differences in the
spectrums remains to be investigated.

The most obvious characteristic of the recovery
phase mass spectrum shown in Figqure 5 is that the
dominant species is o*. In comparison to the main
phase mass spectrums shown in Figure 3 there is an
enhancement of He' and depletion of Ht relative to
the ot. This is a preliminary result based on the
limited data shown but is gqualitatively consistent
with expectations based on charge exchange (Tinsley
1976) .

" In view of the large fluxes of ionospheric ions
observed during the main phases of the three storms
discussed above, we conclude that the injection,
acceleration, transport, and loss procnsses for
the storm-time ring current should now ce re-eval-
udted with consideration of an ionospheric source
term.
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Abstract. Upward flowing fluxes of energetic
(0.5-16 keV) HY and 0% ions are frequently ob-
served by the ion mass spectrometer on the polar-
orbiting S3-3 satellite. Data obtained on the
first 370 orbits have been used to derive the oc-
currence frequency of these fluxes. The upward |
acceleration of ionospheric ions to keV energies ’
1s a persistent phenomencn generally occurring in
a zone closely associated with the statistical
auroral oval. Upward flowing ion events with
flux above 2 x 106’keV/(cm2 sec ster keV) are ob-
served in more than 60% of the orbits. A strong
dawn-dusk asymmetry is found in the frequency of
occurrence with the maximum in the dusk sector.
The probability of observation increases with
altitude up to apogee (8000 km) indicating that
the main energization takes place preferentially
at altitudes above ~l RE'

Introduction

Evans (1975) has recently summarized the obser=-
vational evidence for acceleration of auroral elec-
trons at low altitudes. He noted that the absence
of a comparable body of field-aligned ion observa-
tions could be due to a preferential upward direc-
tion for the parallel electric field. More recent-
ly intense fluxes of narrowly collimated upward
flowing ions have been discovered over the polar
ionosphere (Shelley et al., 1976). These fluxes
have been interpreted as evidence for a parallel
electric field acceleration (Sharp et al., 1977;
Mizera and Fennell, 1977). Upward flowing conical
distributions having a minimum in the magnetic
field direction have been reported in the same
general regions (Sharp et al., 1977) and inter-
preted as resulting from perpendicular acceleration.
In this letter we present the results of a prelim-
inary statistical study of the frequency of occur-
rence of upward flowing ion (UFI) events of beth
types in the polar ionospheres. The purpose of this
work is to determine the spatial location of the
ion-acceleration regions, their absolute frequency
of occurrence and to examine briefly their relation
to auroral phenomena.

Experiment'Description f

The data used in this study were acquired by a
set of 3 energetic ion-mass spectrometers on the
polar-orbiting S$3-3 (1976-065B) satellite. The 4




three spectrometers operate simultaneously at dif-
ferent energy/charge levels, producing a 12-point
energy spectrum in the range from 0.5-16 keV in

64 seconds. A complete mass scan from mass/charge
1 through 32 is acquired once every second. The
instrument was described in more detail in a pre-
vious publication (Sharp et al., 1977). The sen-
sors are mounted with view direction perpendicular
to the orbital plane and spinning at a rate of ap-
proximately 3 RPM. The S3-3 satellite is in an
elliptical polar orbit (8000 km by 250 km, 97.5°
inclination) with a period of A3 hours. The orbit
precesses at a rate of about one hour in local
time per 20 days and the line of apsides drifts

at a rate of about 1°/day in the orbital plane.
Data from 370 satellite orbits have been includ-
ed in this analysis covering the time period from
July 1976 to February 1977. This period was rela-
tively quiet magnetically with the three hourly

Kp value being < 3 in 767%, 3 < Kp £ 5 in 21% and
Kp > 5 in 3% of the orbits.

For statistical purposes we have subdivided the
polar regions between 60 and 84 degrees invariant
latitude (ILA) into unit bins of size 2° ILA by 3
hours magnetic local time (MLT) by 1000 km alti-
tude. A bin is defined to have been sampled if at
least one complete pitch angle scan is acquired
while the satellite passes through it. We define
a UFI event as the occurrence of at least one ob-
servation within a unit bin of an anisotropic
pitch-angle distribution having a maximum in the
upward moving direction. 1In addition, we require
that the energy flux exceed the sensitivity
threshold of ~2 x 106 kev/(cmzsec ster keV) and
the penetrating energetic electron background.
Since the pitch angle scans do not always extend
to 0°, conical distributions peaking at less than
10° to the field line often cannot be distin-
guished from field aligned ones. In addition,
both kinds of distributions are consistent with a
combined parallel and perpendicular acceleration
process. Thus for this analysis no distinction is
made between field aligned and conical events. A
total of about 8500 samples were obtained in the
period of this analysis and about 380 UFI events
were observed. The probability of occurrence is
. defined as the ratio of the number of UFI events
to the number of samples within a bin.




Results

Protons and singly charged oxygen ions are the
principal ion species observed in UFI events.

They occur with about equal probability and have
energies varying over the full range of the in-
strument (500 eV to 16 keV). Typical HY fluxes
are of the order of 5 x 107 ions/(cm? sec ster
keV) with the maximum flux about an order of mag-
nitude greater. The 0% fluxes are generally less
intense. Helium ion fluxes are rarely observed,
and contribute generally less than about 10-2 to
the total flux. The majority of UFI's have field-
aligned pitch angle distributions with typical
full widths at 10% of intensity maximum ranging
from ~10° to }120°. Their energy distributions
are generally broad, i.e., relative to the energy
step separation. Conical pitch-angle distribu-
tions are observed relatively more frequently in
the 0% ions and mainly near noon. It should be
noted that these angular and energy widths of the
field-aligned ion distributions are inconsistent
with purely parallel acceleration of cold iono-
spheric ions suggesting the presence of some per-
pendicular acceleration process.

The latitudinal extent of the contiguous re-
glons in which UFI events are observed varies from
a fraction of a degree to +8° ILA. In a few cases
when the satellite passed obliquely through the
dusk side auroral zone, regions of continuous ion
upflow were observed with longitudinal extent of
several hours in MLT. The overall probability
that a region of UFI events is encountered on a
satellite pass through the polar auroral zone
above an altitude of 4000 km is about 60%.

Latitudinal Distribution. To obtain the average
probability of observing a UFI event within a
given latitude-MLT sector and above 6000 km, we
summed the number of samples and the number of
events over the two highest altitude intervals
(6000-8000 km). Figure 1 shows the histogram
distribution of the probability as a function of
invariant latitude and magnetic local time. We
see that the UFI events occur within a well-
defined latitudinal zone. This zone exhibits a
diurnal variationgwith the centroid moving from
A~78° ILA at local noon to v68° ILA at local mid-
night. It is wider in the dusk-to-midnight sec-
tor (»15°) than near noon (110°). These features
are in good correspondence with the statistical
auroral oval as derived by Feldstein et al.(1969).
Although the observed absolute probability of oc-




currence is somewhat less than that of discrete
auroral arcs, it is nevertheless significant

( 30%). This value represents a lower limit on
the actual occurrence frequency because of obser—
vational limitations due to the slow spin rate and
the limited energy and sensitivity range of the
instrument. In particular, spatially narrow struc-
structures, short-lived events, monoenergetic
beams and very narrowly collimated beams ( $5°)
are likely to be missed. Because of increased
telemetry noise in the data from August and Sep-
tember 1976 (35 orbits), some weak UFI events in
the 15-21 hr MLT sector may have been obscured.

In the two sectors from 0300 to 0900 hr MLT the
sampling frequency was inadequate to produce a
statistically meaningful latitudinal distribution.
Since the coverage in MLT and altitude in the two
hemispheres is controlled by the orbit dynamics,
biases may result from seasonal effects and varia-
tions in magnetic activity. In particular, the
9-12 hour MLT sector was sampled only in the
northern hemisphere and mainly during magnetically
quiet periods while the 0-3 hr MLT sector was
sampled only in the southern hemisphere mainly
during magnetically disturbed periods. A prelim-
inary analysis of subdivided data indicates sig-
nificant differences due to magnetic activity but
no evident hemispherical difference.

While occasional UFI events have been observed
at latitudes higher than 84° ILA, none were de-
tected below 60° ILA. The detection threshold
for ions is often higher at lower latitudes due to
penetrating electron background; however, field-
aligned ion fluxes typical of the higher latitudes
would have been detected. The absence of such
events at lower latitudes suggests that the large
fluxes of energetic 0% ions reported in the storm-
time ring current as low as 52° ILA (Johnson et
al., 1977) are not directly injected onto the
field lines from the ionosphere but are transport-
ed in from the higher latitude regions.

A comparison of the frequency of occurrence of-
UFI events in the 21-24 hr sector with the distri-
bution of overhead discrete aurora at solar mini-
mum in the 21-03 hr local time sector (Feldstein
et al., 1969) is shown in Figure 2. The UFI
event data are renormalized to the maximum proba-
bility of the IQSY auroral distribution. Ion data
from the 0-3 hr MLT sector are not included be-
cause they stem primarily from magnetically active
periods. It is seen that the relative distribu-
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tion of UFI events and the distribution of dis~-
crete auroral forms are essentially the same.

Local Time Distribution. To obtain the relative
local time distribution of UFI events we integra-
ted the probability distributions of Figure 1
over invariant latitude. The resultant distribu-
tion is displayed in Figure 3. We see that the
probability of observing an event is approximately
constant from 12 to 24 hours but decreases signif-
icantly in the 0 to 12 hour sectors that were
covered. Thus, a strong dawn-dusk asymmetry in
the occurrence frequency of these ion acceleration
events is indicated. Alternatively, the lower
probability in the morning hemisphere might be ex-
plained by an acceleration process that generally
produces UFI events with structures that are more
likely to be missed as discussed above.

While auroral frequency distributions obtained
from all-sky camera observations do not show
clear evidence of a dawn-dusk asymmetry (Feldstein
et al., 1969), the DMSP photographs do indicate
that discrete auroral forms occur predominately
on the evening side (Akasofu, 1975). Strong per-
pendicular electric fields described as electro-
static shocks are frequently encountered near UFIL
events (Mozer et al., 1977). The statistical re-
gion of occurrence in MLT-ILA space of these
shocks (Torbert and Mozer, 1978) is in good agree-
ment with the distributicn described here but does
not display a clear dawn -dusk asymmetry. Correla-
tions between the location of regions of electro-
static turbulence within which electrostatic
shocks are imbedded and discrete auroral arcs have
been reported in three cases studied (Torbert and
Mozer, 1978). Inverted V electron precipitation
events and auroral zone VLF hiss also exhibit a
significant dawn-dusk asymmetry being relatively
uncommon at dawn (Gurnett and Frank, 1972; Gur-
nett, 1966; Hughes and Kaiser, 1971). These two
phenomena have been found to be correlated with
one another (Gurnett and Frank, 1972; and with
discrete auroral forms (Ackerson and Frank, 1972;
Mosier and Gurnett, 1972). The inverted V events
are commonly narrower and have a lower peak elec-
tron energy at dawn than at dusk (Frank and Acker-
son, 1972). The observed distribution of UFI
events suggests that the regions of upward ion-
acceleration, downward electron acceleration, and
discrete auroral arcs are closely associated, and
that these phenomena involve parallel electric
fields. The large-scale field-aligned current
systems also exhibit a dawn-dusk asymmetry in the




upward directed current density,; being generally
higkzr at dusk than at dawn (Potemra, 1977). Al-
though the difference is small, it might be a sig-
nificant factor in causing the dawn-dusk asymmetry
in the UFI events if a current-driven instability
is involved in the mechanism responsible for the
parallel acceleration of ions.

Altitude Distribution. By summing the probabil-
ities over the latitude range within which 90% of
the events occur in each MLT sector, we obtain an
average altitude distribution. The average proba-
bility p(A)that a UFI event occurs at a given al-
titude (A) and any local time and latitude is de-
fined as

;'(A) = I Ip(L,T,A)/number of unit bins
LT

where p(L,T,A) is the probability of observation
within a given bin at invariant latitude (L), lo-
cal time (T), and altitude (A). We have not at-
tempted to correct the probability distributions
for possible biases resulting from the fact that
less time is spent in traversing a bin at lower
altitudes. The magnitude of such a correction is
dependent on unknown parameters such as the char-
acteristic widths and temporal duration of UFI
events; however, the effect is expected to be less
than a factor of 2 in the 4000 to 8000 km altitude
range. The resultant distribution (Figure &4a)
shows that the probability of finding a UFI event
increases with altitude up to apogee. Eighty-five
percent of the events occur above 5000 km and two-
thirds occur above 6000 km. The differential fre-
quency distribution obtained by subtracting proba-
bilities in adjacent altitude regions (Figure &b)
also shows a general increase with altitude, sug-
gesting that the acceleration -frequently occurs
above 8000 km. These results also imply that the
-500 volt equipotential surface is located most
frequently at altitudes ahbove 6000 km and only
rarely below 4000 km. The altitude region where
ions are accelerated appears to coincide well with
the inferred source location of auroral kilometric
radiation (Gurnett, 1976) and VLF auroral hiss
(Gurnett and Frank, 1972). .

Summary and Conclusions

A statistical survey of mass spectrometer data
from the S3-3 satellite has revealed the existence
of an oval-shaped region in the polar ionosphere
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where upward acceleration of ionospheric H+, o,

and occasionally Het ions is occurring. The shape
and location of this region are in good corre-
spondence with the statistical auroral oval.

These upward flowing ions are a persistent phenom-
enon with a high frequency of occurrence. The ob-
servations are consistent with a common parallel
electric field acceleration mechanism producing
both discrete auroral arcs and the upward stream-
ing ion fluxes. However, the observed broad energy
and pitch-angle distributions suggest that a per-
pendicular acceleration process is also often in-
volved. The observed dawn-dusk -asymmetry implies
that upward-directed parallel electric fields in-
volving kV potential drops occur primarily in the
dusk hemisphere. In this preliminary study we
find no evidence in the ion data for parallel
fields with reversed polarity. We can infer from
the altitude profile that the main energization of
ions to energies above 0.5 keV takes place prefer-
entially at altitudes above 5000 km and probably
extends to altitudes above 8000 km. The existence
of small parallel potential drops ( £0.5 kV) or of
weak perpendicular energization at lower altitudes
is not inconsistent with these results.
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Figure Captions

Fig. 1. Histogram distribution of the average
probability of observation of an upward flowing
ion event in the altitude range from 6000-8000 km
as a function of invariant latitude for H' and 0%
ions in the energy range 0.5 to 16 keV. Error
bars indicate statistical uncertainty.

Fig. 2. Comparison of auroral frequency distribu-
tion at solar minimum (Feldstein et. al., 1969)
with the distribution of upward flowing ion events.

Fig. 3. Relative probability of occurrence of an
upward-flowing ion event as a function of magnetic
local time for the altitude range from 6000-8000
km. The distribution was normalized to one at its
maximum value.

Fig. 4(a). Average probability of observing an up-
ward flowing ion event as a function of altitude.
(b). Differential probability of occurrence as a
function of altitude derived from Figure 4(a).
Values were renormalized to yield an integral
probability of one.
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ABSTRACT

Measurements of energetic electrons (0.07 < E < 24 keV)

and ions (0.5 < E < 16 keV) on the S$3-3 satellite show features
which are interpret;d in terms of parallel potential drops of

up to several kV magnitude existing simultaneously both above
and below the satellite. This leads to the inference that the
satellite is within an auroral acceleration region. Two events
of this type are examined in which the satellite is in the 7000-
8000 km altitude range and at auroral latitudes. Both events are
interpreted as traversals of an "inverted V" acceleration region
of broad latitudinal width (2° - 4°). In both cases, one can

infer a vertical extent to the acceleration region of 2 103 km.
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I. INTRODUCTION

Previous results have suggested that at least some types of auroral electron 1S
acceleration processes occur within large scale ionospheric structures contain-
ing potential drops of the order of 104 eV aligned parallel to the magnetic
field and situated at altitudes above those which have been repeatedly sampled 1
by experiments on rockets and low altitude, polar-orbiting satellites [Gurnett,
1972; Evans, 1974; Swift, 1975; Kauffman et al., 1976, Falthammer, 1977].

The S3-3 satellite (8,000 km apogee, 240 km perigee, 97.5° inclination)
is now sampling this region of the magnetosphere and has discovered that such

structures are indeed a commonly occurring phenomena at altitudes of about

1 RE at auroral latitudes. Some of the manifestations of these phenomena
are:
1. Upward flowing, narrowly collimated beams of energetic (keV)
field aligned ions, indicative of electrostatic acceleration
of ambient ionospheric ions. [Shelley et. al., 1976, Ghielmetti

et al., 1978]

2. Occasional conical pitch angle distributions in the energetic
ions indicating additional processes providing a perpendicular
as well as a parallel component to the ion acceleration. [Sharp

et al., 1977; Ghielmetti et al., 1978].

3. Signatures of keV potential drops both above and below the
satellite in the energetic electron .populations [Mizera and

Fennell, 1977; Cladis and Sharp, 1977a, b].

4. Narrow spatial regions with measured d.c. electric fields 2

2

10° mV/m which are referred to as electrostatic shocks by the

ers
Berkeley experiment/ [Mozer et al., 1977; Torbert and Mozer, 1978].




In this.paper we show some examples of the plasma observations from
within these ionospheric structures, focusing primarily on the use of the
electron pitch angle distributions as a diagnostic tool to probe for indica-
tors of their geometry, particularly their vertical extent. A detailed dis-
cussion of the use of this type of analysis on another event has been pre-
sented by Cladis et al. [1977].

The Lockheed experiment on S3-3 consists of three ion-mass-spectrometers
and four magnetic electron spectrometers which have been described in previous
publications [Shelley et al., 1976, Sharp et al., 1977 ]. The satellite
is spinning at approximately 3 rpm with its spin axis perpendicular to the
orbital plane and the instruments are mounted with their view directions

.perpendicular to the spin axis, providing almost compiete pitch angle scans
of the measured fluxes. The angular acceptance range for the spectrometers
is approximately 6° full width. The electron spectrometers have broad energy
bands and nearly rectangular response functions so as to include almost all
electrons with .07 < E < 24 keV in the four measured intervals (See Table I).
They are sampled twice per second providing approximately 9° angular
resolution. The ion spectrometers each have 4 energy-per-charge settings
which are stepped every 16 seconds. These are also listed in Table I. The
ion spectrometers provide a complete mass-per-charge sweep at each of three
energy-per-charge values every 1 second.

Since the satellite spins at ~ 3 rpm and it requires several spins to
be able to differentiate characteristic pitch angle structure from spatial
or temporal variations, we focus these studies on ionOSpperic structures with
a broad latitudinal extent which, as we will see, are inferred to have relatively
w;;k parallel electric fields (of the order of m1111§olts per meter) e xtending
over vertical dimensions.of «.103 km. These are possibly a different class of
phenomena than those being studied by the Berkeley group [Mozer et al., 1977]
whose experiment more naturally focuses on high electric field phenomena

e




6'102 mv/m) which are found to occur over narrow (<€ few km) latitudinal dimen-
sions[Torbert and Mozer 1978]. The two claases of phenomena are generally

associated spatially but are not identical. An
example of this spatial association is given in Figure 1 which shows data
obtained over the northern hemisphere auroral zone on 29 July 1976. The
abscissa shows universal time, altitude in kilometers, invariant latitude,
magnetic local time, and L value. The four lowest panels show the logarithm
of the counts per half-second counting interval for the electron spectrom-
eters. The panel labeled PITCH shows the pitch angle of the look direction
of the spectrometer. The next four panels show the logarithm of the counts
from ions with m/q = 1,2,4, and 16, respectively, summed once per second
from selected output channels from all three of‘the mass spectrometers giv-
ing an approximate measure of the relative flux of the relevant species. The
top panel shows the energy step of each of the three mass spectrometers. The
spin numbers are labeled for reference. For example, for the l6-second period
associated with spin 12 the three spectrometers were set at E/q values of
1.28, 4.5, and 16.0 keV, respectively, and the m/q = 1 plot shows the sum of
the proton counts at these three energies. In fact, on this spin the observed
counts derived almost entirely from the high energy spectrometer indicating a
peak in the spectrum at E > 16 keV.

In examining Figure 1 one sees two regions, labeled Region I and Region
I1, each of which contains particle flﬁxes with common signatures extending
over a wide latitudinal range. Region I shows symmetric, 90° peaked pitch
angle distributions in the three lowest energy electron channels which, as
will be shown, are indicative of a broad region of parallel electric fields
located above the spacecraft. Region II is a broad region of upward flowing
ions associated with a drop-out in the low energy electron fluxes which is
indicative of a potential drop below the spacecraft.

Both of these regions are contained within a larger scale region in
which the electron fluxes, as measured by the Aerospace Corporation's electro-

static analyzers, show the characteristic signature of an "inverted V" event
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when plotted on a grey scale energy-time spectrogram. [Mizera and Fennell,
1978; the spectrogram for this event is shown in Figure 3 of this reference.]
Within this large scale "inverted V" region four discrete, narrow, electro-
static shocks have been reported by the Berkeley group [Mozer et al., 1977]

at the locations indicated on the lowest horizontal axis in Figure 1. Upward
flowing energetic ions are océasionally observed at the locations of the elec-
trostatic shocks [Mizera et al., 1977] when the plasma analyzers are fortui-
tously oriented downward at the times of passage through the narrow structures.
On this occasion the Lockheed spectrometers saw no upward flowing ions until
the satellite reached Region II.

As indicated above, this report will focus on the broad scale structures.
Preliminary indications are that these regions are generally spatially asso-
ciated with enhanced low frequency noise or turbulence in the electric field
data [Torbert and Mozer, 1978). The signatures of the parallel potential
drops within the structures consist of the upward flowing ion beams plus cer-
tain features of the electron pitch angle distributions to be described below.
Signatures of potential drops above and below the satellite are often observed
simultaneously indicating a substantial vertical extent to the structures.

As discussed by Ghielmetti et al. [1978] the ion beams often show the com-
‘bined effects of perpendicular and parallel accelerations as well as the
transfer of energy between the two components by the mirroring action of the
magnetic field. This complication plus the time lags in the ion data due to
the substantial times of flight involved (e.g., 1 keV O+ ions require over

9 secs to travel 1000 km) make the ion data less useful for quantitative
analysis in possibly time-varying events than the rapidly moving electrons.

Therefore, in these initial studies we will focus on the electron signatures.




latter

" For the following discussion we define primary electrons as those electrons

entering the -acceleration region from above and those electrons which have
passed through the acceleration region and are reflected below the spacecraft
before interacting with the atmosphere. We define degraded primary electrons

as those primary electrons which have lost energy in the atmosphere below

the acceleration region, ;nd we define secondary electrons as those electrons
which have been produced in the atmosphere below the acceleration region by

the primary electrons. As illustrated in Figure 2, the electrons observed in
the presence of a parallel upward-directed electric field above the spacecraft
fall into two general categories; primaries and degraded primaries with energy
greater than the potential drop above the spacecraft, (E > ¢A§, and secondaries
and degraded primaries with energy less than the potential drop (E < ¢A). The
class is characterized by an up-down symmetry in their pitch angle distributions
since the upcoming electrons from the atmosphere are all reflected by ¢A.

Sgnce the primary electrons are all accelerated to energies greater than ¢A’ a
detector whose energy band is entirely below ¢A will shown an up-down symmetry
as indicated in Figure 2a. In addition to the short-lived particles topologi-
cally connected to the atmosphere (shaded region in Figure 2a), one often sees
a quasi-stable component of the fluxes in this energy range which are trapped
beéween the magnetic mirror below the spacecraft and the electric mirror above.
(angular regions indicated by circles in Figure 2a). This population is fed

by scattering and by fluctuations in the electric fields and, because of inten-
sity fluctuations in the flux levels of the primaries, can build up to levels
greater than the instantaneous leveis observed in the loss cone. Examples of
this class of signatures are the Region I electron fluxes in CMﬁA. CMEB, and
MEC shown in Figure 1 and the CMEA fluxes in the central portion of the event

illustrated in Figure 7.




The electroms with E > ¢A' generally exhibit a well-defined loss cone

which destroys the up-down symmetry and establishes their identification.
The loss cone is both widened and deepened by the potential below the space-
craft [Cladis et al., 1977] with the widening simply related to the magnitude

of this potential through the expression:

B E. + ¢
sinz a = 'B—S —S—E——E 1)
T S
where ap is the angular half width of the loss cone. ¢B is the kinetic .

energy gained in the parallel field below the satellite, Bs and BT are the
magnitudes of the magnetic field at the location of the satellite and the
top of the atmosphere respectively, and ES is the measured energy of the
electrons at the location of the satellite.

The primary electrons with energies only moderately greater than ¢A

also exhibit an angular cutoff in the vicinity of 90°. This can be inter-

preted as a result of the action of the first adiabatic invariant:

(=]
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sinzd c = _S- . _S.__.__A_ (2)
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c
gained in the parallel field between the satellite altitude and 2

where a_, is the angular location of the cutoff, ¢A is the kinetic energy

1 (see

1 is the magnetic field strength at Zl. This equation has two

quantities which are generally unknowns, ¢A and Bl' Bl is of particular

Figure 2) and B

interest since it is related to the vertical scale size of the ionospheric
structure (labeled d 1in Figure 2) which can serve to help differentiate
between various models for the cause of the parallel potential drops (e.g.,

double layers, oblique shocks, anomalous resistivity) which have character-




istically different scale sizes. In this work we will assume isotropy of

the incident spectrum (for Z > Zl) and utilize simultaneous measurements of

electrons in the different energy ranges to provide information on both un-
knowns in Equation (2) thereby inferring values for the parameter d , as

well as obtaining estimates of ¢A and ¢B from the measured cutoffs in the

pitch angle distributions at'uc and o .

Since we are utilizing broad band electron detectors some uncertainty
arises in the assignment of ES in these expressions for as and . To
improve the accuracy of the estimates.of ¢A’ ¢B’ and d one can fit an

assumed distribution function to the detector response or otherwise use

supplementary information from other detectors. We have taken this approach

to estimate the energy E_ to be associated with the pitch angle e correspond-

S
ing to 50% of the total reduction in the count rate in the region of the
angular cutoff.

A more general and extended discussion of these and other signatures

of parallel electric fields in the particle distribution functions has been

presented by Kauffman et al. [1976], and Whipple [1977].

II. JULY 29, 1976, 11:28 UT EVENT

As discussed above, the up-down symmetry in the pitch angle distribu- |

tions in CMEA, CMEB, and CMEC in Region I indicates that they are respond-

ing primarily to slectrons with energies < ¢A. This implies that the pri-
mary electrons are accelerated out of the detector's energy range and estab-

lishes a lower limit of ¢A 2 5 keV in this region. CMED which is respond- -

|
|

ing to the primary portion of the electron spectrum shows the 90° minimums
in the pitch angle distributions expected to result from ¢A as discussed

in Section I. The transition from 90° maximum to 90° minimum type pitch

=
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angle distributions evidently occurs in the lower end of the CMED energy

window since the observed 90° minimums are occasionally somewhat obscured

by electrons which retain the 90° pcaked angular distributions characteristic
of the lower energy channels (see Figure 1). The CMED pitch angle distribu-
tion for spin 3+ (i.e., the second of the two pitch angle scans on spin 3)

is illustrated in expanded form as the upper curve of Figure 3. The average
value of a, as defined above for this distribution is 63°. In order to at-
tempt to determine the uncertainty introduced by the contribution from the
90° peaked low energy electrons, we note from Figure 1 that the shape of

the 90° maxima in the angular distributions is generally not a strong func-
tion of energy. This is illustrated in more detail for spin 3+ in Figure 4.
We therefore subtract a quantity with the shape of the measured CMEC pitch
angle distribution from the CMED distribution in Figure 3 in order to evalu-
ate the uncertainty such a contribution might introduce to the estimated
value of .- The maximum magnitude such a contribution could have is that
required to reduce the measured CMED 90° flux to zero. The residual CMED
flux after the subtraction of such a distribution is illustrated by the ]
dashed curve in Figure 3. A similar curve corrected for a 90° peaked
contribution of half this magnitude is illustrated by the dotted curve. Both

the dotted and dashed distributions yield average a_ values of 63° equivalent

(¥
to that derived from the uncorrected (solid) curve. Thus the measured value
of this quantity is insensitive in this case to the magnitude of the correc-
tion and can be used to estimate B1 from Equation (2) and the parameter d
as discussed in Section I.

Within the range of the CMED detector the electron flux during this

period is generally decreasing with increasing energy [P. F. Mizera, private

communication] and the midpoint of the energy band (15.4 keV) can be taken




as an upper limit on Es. Using the lower limit of 5 keV on QA derived from
the CMEC pitch angle distribution, we obtain Bs/BIz 1.2 and d 3 800 km
assuming a l/r3 magnetic field dependence.

An altetnaﬁive lower limit can be obtained provided there is some
residual primary flux at 90° within the bandpass of the detector which has not
been excluded by the action of QA (for example one of the two upper curves
in Figure 3). In these circumstances, electrons with energies at least as low
as the upper end of the CMED energy window (23.5 keV) can reachq > 90° at
the satellite altitude. Thus in Equation (2) we can set % = 90° ana ES :.23.5
keV for a limit on BS/B1 21.3and d 3 1100 km.

The parallel potential drop below the spacecraft in region I is of
relatively low magnitude. The width of the CMED loss cone (qL = 19°) shown
for spin 3+ in Figure 3 is equal to its expected value in the absence of such
a potential. No upward-flowing ions (with E > 0.5 keV) were observed in the
Lockheed mass spectrometers. The Aerospace electrostatic analyzers did in
fact see weak upstreaming ion fluxes in the 100 eV range. [Mizera and
Fennell, 1978) so a weak potential probably did exist below the spacecraft,
but its magnitude was too low to be detected with the techniques utilized
here.

Region II on the other hand is characterized by the signatures of a
large 9" As discussed in Section I,.one sees continuous upstreaming ion
beams with energies up to 16 keV. The electron loss cones are also signifi-
cantly widened with respect to Region I (see Figure 1). This is illustrated
for spin 7+ in more detail in Figure 5 where for CMED q = 28° corresponding
to a ¢, T 13 keV.

Another indicator of the strong ¢h in Region II is the dramatic suppres-
sion of the low energy secondary and degraded primary electrons in this

region relative to Reglon I. A potential drop above the spacecraft is also

o
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implied by this signature since the primary spectrum is accelerated to higher
energies, but in general this is not sufficient to suppress the low energy
electron fluxes since, depending on the primary spectrum, the fluxes of up-
coming and reflected secondaries in a given low energy region can exceed the
fluxes of primaries that exis;ed in that region prior to the onset of the ¢A'
The ¢g OO0 the other hand acts both to reflect the lowest energy secondaries
and reduce the level of the degraded primaries by the factor ES/(Es + ¢B)
relating the flux at the top of the atmosphere to the flux at the satellite
which enters through Liouville's theorem.

In contrast to the potential below the spacecraft, the potential above
the spacecraft has not changed substantially between Region I and Region II.
Even though the magnitude of the low energy secondaries and degraded primary
electrons is suppressed, when detectable (i.e., in CMEC) they still exhibit
the up-down symmetry characteristic of ¢A 2 5 keV (see Figure 6). (Later,
toward the end of Region II [Vv8Pim 12] one sees in CMEC the transition tc a
loss cone/antiloss cone asymmetry indicating that ¢A is decreasing to the
CMEC energy range [see Figure 1].) The CMED distribution for spin 7+
illustrated in Figure 5 shows a 90° minimum with GC = 62°, about the same
as in spin 3+, again approximately independent of a correction for a low
energy component peaked at 90°. From the Aerospace spectrogram (op. cit.)
one finds that the energy spectrum of the primary electrons in this period
has not deviated appreciably from Region I. Thus we can conclude that the
electric field geometry above the spacecraft is approximately the same as in
Region I ( d extending to 103 km) but that the field below the spacecraft

has dramatically increased.
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III. SEPTEMBER 15, 1976, 1058 UT EVENT i

The July 29 event described in Section II was selected primarily to illus-

trate the relationship of the broad parallel electric field regions to the
electrostatic shock regions observed by Mozer et al. [1977]. It was a rela-
tively complicated event with overall potential drops of larger magnitude

than are typical. In this section we will describe a simpler, less intense,
and isolated event with a quasi-symmetric structure that allows for separation
of spatial and temporal variations which generally are indistinguishable in
measurements from a single satellite. Survey plots for this event are shown
in Figure 7 in a format similar to Figure 1. One sees significant fluxes of
upflowing ions and substantially widened loss cones in CMEB in the central
portion of the event (spins 2, 3, and 4) indicative of a potential drop be-
low the spacecraft. The maximum energy at which the upstreaming ion fluxes Q

were observed was 1.76 keV on spin 3. In this same region one sees 90°

peaked pitch angle distributions with an up-down symmetry in CMEA similar
to those found in the low energy channels in the July 29 event. There are

also 90° minimums in the CMEB distributions which are most obvious in the

wings of the event, outside the region of the 90° maximums in the lower
energy electrons. Narrowly collimated, field-aligned, downward-flowing elec-
tron "spikes'" are seen at the edges of the event in CMEA. This is a com~ ;
monly observed signature in this channel at the edges of the ionospheric
structures. We interpret these data to indicate that there is a field- RS ;
aligned potential drop above the spacecraft throughout the event, with
wea# OA at the edges of the event where CMEA is responding to primary elec-
trons in the field-aligned spikes; and an increasing ¢A toward the center of
the event where the depression in the CMEA flux levels and their up-down |

symmetry implies that ’A 4 +24 keV.
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The symmetric nature of the ionospheric structure in this event

is best illustrated by intercomparing the pitch angle distributions at
the high and low latitude edges of the event by "folding" Figure 7 so
that the two CMEA spikes are superimposed. This has been done in Figure
8 where both the CMEA and CMEB responses are shown plotted versus pitch
angle rather than time in order to provide a more precise intercomparison.
As indicated in the figure, time progresses from left to right for the
data from the high latitude edge of the structure and from right to

left for the data from the low latitude edge. The remarkable correspon-
dence indicates that we are traversing a iemporally stable structure

and that the observed variations are primarily spatial and angular. It
also suggests that there is some significance to this pattern at the
edges of the structure in terms of the mechanism responsible for its
origin.

A CMEB pitch angle distribution measured near the center of the

event is shown in Figure 9. As in the previous example, the 90°

minimum is possibly somewhat obscured by a contribution from fluxes

at the low end of the energy window with 90° peaked distributions similar
to those observed in CMEA. Again this seems plausible since it is
unlikely that the transition from 90° maximums to 90° minimums in the
pitch angle distributions occurs exactly at the edge of the energy
window. Also, similar to the July 29 example, the uncertainty in ae
introduced by such a 90o peaked contribution is small (see Figure 9).

From the up-down symmetry of CMEA we can infer that all the primaries




have been accelerated out of its passband. This sets a lower limit on
’A 2 .24 keV. The low response in CMEC suggests that the spectrum is
falling in the CMEB energy range, so for a lower limit on the parameter

d we use the midpoint of the CMEB energy band for E_ and obtain d z 1200 km

S
through the use of Equation 2.

As before an alternative limit can be obtained for models represented
by the family of curves between the two extremes shown in Figure 10. For
these cases, and for the upper curve, where there is a residual response
at 90° due to the assumed isotropic incident spectrum, one can set ES in
Equation 2 equal to the upper edge of the CMEB energy window (1.13 keV)
and obtain a lower liyit on Bs/BI corresponding to d 2 1000 km.

Burch et al. [1976) have found from measurements on a low altitude
satellite beneath the electron acceleration regions in "inverted V"
events that the electron distribution functions are well described by
Maxwellian primary electron beams which have been accelerated through
an electrostatic potential. A Maxwellian distribution has the property
that acceleration through an electrostatic potential changes the magni-
tude but not the shape of the energy spectrum for energies greater than
the value of the electrostatic potential. Thus under this assumptién,

‘the CMEB/CMEC response ratio R is a unique measure of the temperature of
the Maxwellian, independent of ¢A’ as long as ¢A is less than the lower
edge of the CMEB energy window or .35 keV. As ¢A increases above this
level it will depress this ratio since the primary electrons are excluded

from the lower portion of the CMEB window. A plot of the CMEB/CMEC response

ratio for this event is shown in Figure 10. The CMEB response was taken

-13-
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at the peak of the pitch angle distribution on each spin while the CMEC

response was averaged over the approximately isotropic region outside the
loss cone. A plausible interpretation of these data is that the tempera-
ture is slowly varying throughout the event (except for the region of ob-
vious hardening near spin 5+ associated with an increase in the CMEC response;
see Figure 8) following the détted curve in Figure 10. The depression in R
from the dotted curve is then due to ¢A increasing above .35 keV. This inter-
pretation is supported by the fact that we know from the depression in CMEA
that ¢A is in fact increasing toward the center of the event, and by the
approximate constancy in CMEC which would most likely be affected by a
change in temperature. Under this interpretation, for spin 3+ we obtain
¢A = ,54 keV from the measured depression in R.

The widest CMEB loss cone in this event, indicative of the maximum
value of ¢B’ occurred on spin 3+ and is shown in Figure 9. Using this
ap value and the Es obtained from fitting the above described Maxwellian
to the CMEB response function, we obtain ¢B = 1.9 keV from Equation 1.
Thus the total parallel potential drop in this case is approximately 2.4
keV.

Another useful inference about the geometry of this event is obtained
from the fact that the 90° minimums in CMEB are wider at the gdges of the
event (Figure 8) than in the center (Figure 9). We infer from the fact
‘that the CMEA response has noé‘yec fallen to the intensity level of the
secondaries and degraded primaries that ¢A is less in these edge regions than
in the central portion of the event. For a constant d , the 90° minimums

should get narrower as ¢A gets smaller. Therefore d must be less at the

edgés than in the center.




IV. SUMMARY AND CONCLUSIONS

We have shown two examples of plasma measurements from within large
scale ionospheric structures containing parallel electric fields. In the
July 29, 1976 example there is an "inverted V" electron event of 4° lati-
tudinal width within which thére are two broad regions of parallel electric
fields and a number of intense, narrow electrostatic shocks. Region I is
inferred to have a parallel potential drop above the spacecraft of 5 kV
or greater with a vertical dimension extending to 103 km above the space-
craft. Region II has a similar field geometry above the spacecraft and
in addition shows evidence of a potential drop belnw the spacecraft of
13 kV or greater. In the September 15, 1976 exampie we infer: 1. A
stable spatial structure of approximately 2° latitudinal width; 2. A
vertical dimension extending to > 103 km above the spacecraft, larger
in the center of the structure than at the edges; 3. A total field aligned
potential drop of 2.4 kV with both ¢A and ¢B reaching their maximum values
in the center of the structure. All of these features are qualitatively
consistent with the V-shaped potential models proposed by Gurnett [1972],
Swift [1975], and others to explain "iqverced V" events.

The simultaneous observation of signatures of ?A and ‘% implies that
the electric fields involved extend over a large vertical dimension. If we
assume that the fields determined from the inferred potentials and vertical
scale sizes are continucus and roughly independent of altitude, we obtain
field strengths of the order of vmV/m in these broad scale regions in con-

trast to thetuIOZ mV/m fields reported in the narrow electrostatic shocks

[Mozer et al., 1977]. The inferred vertical scale sizes are much larger than

characteristic dimensions such as the deBye length or the ion gyro radius;

-1 8-
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however, this analysis cannot in fact differentiate between extended regions
of low field and multiple double layers with regions of intense fields ex-

tending over short vertical dimensions situated both above and below the

satellite.
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TABLE I. DETECTOR CUARACTERISTICS

DETECTOR  PARTICLE ENERGY, keV GDE, cm’s sr keV
s Electrons  0.07 - 0.24 1.2x 107°
CMEB Blectzane . 0.3% > 1.9 6.5 % 10°°
CMEC Electrons 1.6 - 5.0 1.9 X 107°
CMED fleatyons 7.3 = 3% 6.5 X 107

Energy per unit charge

Step 1 2 3 4
CXA 1 Tone 0.50 0.68  0.94  1.28
CXA 2 Ions 1.76 2.4 3.3 4.5
CXA 3 Ions 6.2 8.5 11.6 16.0




FIGURE CAPTIONS

Figure 1 - Survey plots for July 29, 1976. Universal time (labeled

SYST) is given on the abscissa. The location of four electrostatic
shocks reported by Mozer el.al. (1977) are indicated by broad horizontal
lines along the abscissa. The energy setting of the ion mass spectrometers

(step number) is indicated at the top (see Table I.).

Figure 2 - Expected electron pitch angle distributions in the presence

of a parallel electric field.

Figure 3 - CMED angular distribution on spin 3f July 29, 1976. See

figure 1 for definition of spin numbers.

+
Figure 4 - CMEA, CMEB and CMEC angular distribution on spin 3,

July 29, 1976.
Figure 5 - CMED angular distribution on spin 7%, July 29, 1976.
Figure 6 - CMEC angular distribution on spin 7 and 8, July 29, 1976.

Figure 7 - Survey plots for September 15, 1976. Format is similar to

figure 1.

" Figure 8 - CMEA and CMEB angular distributions at the two edges

of the acceleration region. The vertical arrows indicate the direction

of motion of the measured electrons.

0 ARG O ‘
s -




Figure 9 - CMEB angular distribution on spin 3+, September 15, 1976.

See figure 8 for definition of spin numbers.

Figure 10 - CMEB to CMEC response ratios over the acceleration
region on September 15, 1976. The right hand ordinate shows the

temperature of a Maxwellian determined by this ratio.
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