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THE DYNAMICS OF THE LOW ENERGY PLASMA IN THE JOVIAN MAGNETOSPHERE

by
RALPH L. MCNUTT, JR.
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on July 25, 1980 in partial fulfillment of the requirements

for the Degree of Doctor of Philosophy.

ABSTRACT

Positive jon data gathered by the Voyager Plasma Science experiment in
the dayside Jovian magnetosphere are analyzed to obtain densities, velocity
components, and temperatures of the low energy plasma population. This
reduced data set is discussed in the context of the outstanding questions
concerning this plasma population and its dynamics.

Specifically, we find that on the dayside, there exists a plasma
population of temperature ~100 electron volts which moves azimuthally but
does not rigidly corotate with the planet. The plasma mass density is
everywhere dominated by heavy ions and the density gradient is consistent
with outward plasma diffusion via flux tube interchange. We also find a
local time asymmetry in the plasma data which we interpret as being
magnetic field aligned flow away from the magnetic equator on the dayside
and toward it on the nightside. The flow is presumably driven by the
asymmetry in the magnetosphere produced by the solar wind.

The plasma tends to be concentrated in a plasma sheet, which is
associated with the current sheet inferred from Voyager Magnetometer
measurements. The sheet plasma is relatively cool, and apparently diffuses
outward from the Io torus. Although the plasma sheet itself forms a time
stationary pattern, plasma contained therein is in a dynamical state which
affects momentum balance across the sheet. The inertia of the sheet
apparently causes the lack of corotation of the dayside magnetosphere. In
addition, the plasma flow in the sheet is super-Alfvénic, although this
condition does not result in a planetary wind outflow, as some
investigators have theorized.
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The observed plasma provides the inertia in the Jovian magnetosphere,
inside of approximately 40 Jovian radii. This is ultimately responsible

for plasma transport, angular momentum transport, and the magnetic field
1ine configuration in the dayside magnetosphere.

Thesis Supervisor: John W. Belcher

Title: Associate Professor of Physics
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CHAPTER I. THE JOVIAN MAGNETOSPHERE BEFORE VOYAGER

A.  INTRODUCTION

The planet Jupiter has been known and its motion observed since the
time of the ancient astronomers of Chaldea and Alexandria. Knowledge of
the planet itself has only been gathered in recent historical times and the
vast majority of that only in the lTast decade. In 1610 Gallileo was the
first to see the planet as more than just a point of light. He discovered
the lighter zones and darker belts that encircle the planet and the fourr
Jovian moons, now named in his honor.

The Jovian magnetosphere was discovered only in the second half of
this century. In situ investigation of this structure by instrumented
spacecraft has only been accompl ished within the lTast decade. In Chapter I
of this work, we review the relevant observations of the magnetosphere from
Earth and the in situ observations by the Pioneer 10 and Pioneer 11
spacecraft, as well as same of the theoretical models which these obser-
vations inspired. We also discuss the outstanding problems which were
unresolved before the Voyager encounters in 1979.

The second chapter describes the Plasma Science experiment flown on
the more sophisticated Voyager 1 and Voyager 2 spacecraft. We describe the
basic measurements possible with the instrument and consider their advan-
tages and disadvantages in the determmination of the characteristics of the
magnetospheric plasma.

We describe the observations of the low energy plasma population in
Chapter III, where we characterize the data and present results of our

detailed plasma data analysis.
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In the fourth chapter we discuss the global magnetospheric morphology
of the low energy plasma population. The includes a discussion of the
plasma sheet surrounding Jupiter and the transport of plasma in the dayside
magnetosphere. Finally, we compare our findings with those of the other
Voyager fields and particle experiments.
The Tast section summarizes our conclusions, enunerates some of the

still unanswered questions, and discusses future opportunities for in situ

measurements.

B. RADIO OBSERVATIONS

In 1954, Burke and Franklin (1955) discovered radio emissions from
Jupiter at 22.2 MHz. Previous observations had been made at 18.3 MHz
(Shain, 1956), but Jupiter had not been recognized as the source. They
found that the emission tends to be right c¢ircularly polarized, suggesting
influence on the propagation by a Jovian magnetic field. After several
years of observations, it became clear that the emission features rotate
with the planet but with a period differing slightly from that of the
observable clouds. The System III planetary longitude system, rotating
with these features, was subsequently adopted by the IAU to coordinate
observations of radio emissions.

These emissions gave rise to an entire field of study. The emissions
occur as bursts of radio noise of either short (~ millisecond) or long
(~ second) time duration. Ground based observations have detected activity
from about 3 to 40 MHz, hence the name "decametric radiation". Three main
sources of emission were identified. In addition, Bigg (1964) noted that

the position of the Galilean satellite Io appears to modulate the emission
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probability of sane of the sources. The non-Io correlated emissions were
related to a range of Zenographic System III longitudes. This range was
named the "active hemisphere."

Other radio emissions were observed coming from Jupiter soon after the
discovery of decametric emission. In 1958, thermal emission was detected
from Jupiter at 9450 MHz (Mayer et al., 1958). A year later, a new
non-thermal component was observed at 3000 MHz (Sloanaker, 1959) and within
six years, the non-thermal component was observed down to 200 MHz (see
Roberts, 1965). This "decimetric emission" is ché}acterized both by its
non-thermal spectrum and a large degree of linear polarization.

- Accumulated observational evidence strongly supported the theory that the
emission was due to synchrotron radiation from electrons trapped in a
roughly dipolar, planetary magnetic field. The flux density and polariz-
ation of fhe decimetric component were found " to vary with the System III
longitude. Jariation in the former was ascribed to the beaming of
radiation from very energetic electrons. It was postulated that these were
trapped in a dipole field titled with respect to the Jovian rotation axis.
In such a configuration, the flux density should (and is cbserved to) peak
twice each Jovian rotation period, i.e., when the "magnetic equator"
(symmetry surface of the magnetic field) is viewed edge on. As the earth
1ies within 3° of Jupiter's rotational equatorial plane, minima in the
observed flux density corresponds to the pointing toward and away from
Earth, respectively, of the two magnetic poles. Morris and Berge (1962)
first noted the variation of the polarization plane by +10°. Most
radiating electrons mirror close to the magnetic equator, implying that the
magnetic axis is inclined by .10° with respect to the rotational axis of

the planet. This observation also allowed the deduction of the System III
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longitude of the magnetic pole in the northern hemisphere. It was noted,
however, that the variation with time of the polarization angle deviated
fran pure sinusoidal, suggesting that higher multipole moments of the field
must be significant in the emission region. Berge (1966) made inter-
feranetric observations at 2880 MHz and 1415 MHz to construct a two
dimensional brightness temperature map of the decimetric emission. Using
several symmetry assumptions he found a brightness peak located about one
Jovian diameter from the center of the planet on each side of the magnetic
axis, indicating the location and extent of the Jovian radiation belts. In
contrast to the decametric radiation, the decimetric radiation has only a
very weak circularly polarized canponent and is not influenced by Io. The
lTongitude distribution of flux density and polarization angle as observed
over the years allowed a determination of the mean rotation rate of the
decimetric emission sources. In 1967, Komesaroff and McCullock (1967)
found a rotation period within a second of the System III period.

These radio observations gave the first knowledge of the Jovian
magnetic field and trapped particle population. Following the initial
decametric observations, it was proposed that the decametric emissions
occur just above the Tlocal electron gyrofrequency in the extraordinary
mode (E111s, 1965). On the basis of the observed frequencies, it was the
surface field strength must therefore exceed four gauss (Warwick, 1967;
Goldreich and Lynden-Bell, 1969). For the extraordinary mode, right hand
circular polarization should be observed if the magnetic field has a
component toward the observer. With the knowledge of the System III
longitudes of the magnetic poles, this implied that the northern magnetic
pole of Jupiter is Tocated in its northern hemisphere. The magnetic field

of Jupiter should therefore point southward at its equator, the opposite
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situation from that on Earth. Berée (1965) reached the same conclusion
from the circularly polarized compdnent of the decimeter radiation.

Fron the theory of synchrotron emission (Ginzburg and Syrovatskii,
1965) the number and charactertistic energy of radiating electrons can be
calculated if the magnetic field strength, spectrum and intensity are
known. Using the spectrum maximum and intensity measurements a one gauss
field implies 1028 electrons at 14 MeV. This is consistent with the
magnetic field exerting total control over the electron motion for a belt
centered on 4 Jovian radii about 2 radii in diameter, as seen in the two
dimensional brightness measurements (Berge 1966). The time scale for
energy loss is about a year. The radiation belts are an entire field of
study in and of themselves. Subsequent to the Pioneer flybys of Jupiter,
the subject has been reviewed by Schulz (1979).

C. MAGNETOSPHERIC MODELS BEFORE PIONEER

The first attempts to model the magnetosphere of Jupiter were based on
extrapolating the knowledge of the magnetosphere of the earth. At the
time, nothing was known of the solar wind at the orbit of Jupiter. It was
generally assumed that the solar wind did flow past the orbit of Jupiter
and would be diverted by the presence of the Jovian magnetic field. Using
the Parker model of the solar wind, measured solar wind parameters at the
earth, and a dipole field for Jupiter, simple calculations gave a standoff
value of ~50 R, (Jovian radii; 1 Ry = 71,000 km) for a surface magnetic
field strength of ~10 gauss (Brice and Ioannidis, 1970). Hence, the Jovian
field was considered strong enough not only to form a magnetosphere 1ike

the earth's, but also one large enough to encompass all four of the large
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Galilean satellites. Balancing the magnetic pressure against the thermal
pressure of the solar wind also suggested a long magnetotail for Jupiter
with an extent of at least 100 RJ. It was also noted that the open field
lines in such a tail should also form a polar cap as at the earth (Brice
and Ioannidis, 1970).

At the same time it was recognized that Jupiter's magnetosphere must
be inherently different from the earth's, as a result of its higher
rotation rate, as emphasized by El11is (1965). The discussion of the global
dynamics of the Jovian magnetosphere has always been related to one of
three concepts or mechanisms. These are corotation, flux tube interchange,
and the centrifugal instability. The three are, to some degreg, inter-
related, and of consequence for magnetized planets with "“rapid" rotation

rates. We discuss these three concepts below.
1. COROTATION

The rotation of a planet and of its atmosphere is coupled through its
ionosphere to its magnetosphere. Given the velocity of the neutrals in the

jonosphere VN, and the planetary magnetic field B, an electric field:

*_ 1 » j
E=-< va§

must be established near the planet in order that the net force vanish on
the electrons and ions in the ionosphere. In general, the magnetospheric
plasma should exhibit infinite conductivity‘along magnetic field lines and
infinite resistivity across them, so that this electric field maps along

the field lines into the magnetosphere and imparts a drift velocity to the

magnetospheric plasma.
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If the viscosity in the neutral atmospheré and the conductivity in the
inosphere are both sufficiently large, the magentic field in the
magnetosphere will, in effect, be rigidly coupled to the planet. In this
case, the plasma drift velocity at a location T in the magnetosphere is

given by

where & is the planetary angular velocity. The magnetosphere is then said
to "rigidly corotate" or "corotate" with the planet (Davis, 1947; Davis,
1948; Hones and Bergeson, 1965; Melrose, 1967; Birmingham and Northrup,
1979).

Gold (1964) also noted that all of the planets with a magnetic field
will enforce corotation close to the planet.

However, farther from the planet, in the terrestrial magnetosphere,
the corotation electric field is not the dominant electric field. The
interaction between the magnetosphere and the solar wind leads to plasma
flow driven by the solar wind. Given the solar wind velocity sz and
magnetic field Esw’ this motion is controlled by the convection electric

field

vSW
- T xB

ECOHV SW

induced by the solar wind. C(lose to the earth the "corotation" electric
field (equation (1)) dominates. The magnetic shell (which is also a
constant electric potential shell) on which the total electric field is

zero is the plasmapause. Tubes of constant magnetic flux inside the
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plasmapause corotate wfth the earth and tend to remain "full" of plasma
while those outside "spil1" plasma down the magnetotail and tend to remain
“empty". Observationally, this boundary in the Earth's magnetosphere
occurs inside the magnetopause (the magnetospheric outer boundary), and
exhibits a change in plasma number density of as much as two ordérs,of
magnitude (Carpenter, 1966). In Jupiter's magnetosphere, using extrapo-
lated solar wind parameters, Brice and loannidis (1970) found that the
plasmapause and magnetopéﬁse should essentially coincide. As a result,
Jupiter's flux tubes should remain closed to solar wind p]asmé, "full" of
any plasma created witin the Jovian magnetosphere, and should corotate with
the planet.
In the case of Jupiter, Gledhill (1967a) noted that corotation should
occur unless one or more of the following applies:
(a) the plasma density becomes so small that parallel
electric fields can exist
(b) the plasma density becomes so large that there is
conduction across the 1ines of force
(c) the differential motions of the ions and electrons
produce currents which appreciably distort the
planetary magnetic field
(d) the viscous interactions at the magnetosphere/solar
wind boundary retard the motion
(e) the plasma density becomes so small that the space
charge necessary to produce the corotation electric
field cannot be maintained.
Historically, this concept of corotation was first <:ated in a more

general form for magnetic stars by Ferraro (1937). Since stellar atmos-
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pheres are fully ionized, the magnetic field is, in fact, rigidly coupled
to the stellar surface. However, the angular speed @ of the "surface"
material need not be the same everywhere. Ferraro's jsorotation law states
that @ must be constant along a given magnetic field line. If there exists
a magnetic symmetry axis, then the angular velocity must be constant over a
magnetic surface formed by revolving a field 1ine about that axis. The
same general result is applicable to a planet with a differentially

rotating ionosphere.
2. FLUX TUBE INTERCHANGE

Flux tube interchange was first proposed by Gold (1959) as a means of
plasma transport in the earth's magnetosphere. In the terrestial case,
this interchange is envisioned as being driven by pressure gradient forces.
Gold found that interchange will occur if the plasma energy density in a

flux tube falls off faster than r'4

r'20/3

in the isothermal case or faster than
in the adiabatic case. Such pressure gradient interchange motions
were considered in more detail by Sonnerup and Laird (1963).

At Jupiter, it was hypothesized that the centrifugal force seen by
corotating plasma daminates, and would drive the interchange (Iéann?dis and
Brice, 1971). Although flux tube field lines are "frozen" to the |
magnetospheric plasma, the "feet" of the tubes are free to move in the
jonosphere relative to the planet provided the resistivity of the iono-
sphere is low enough at same ionospheric level. In this case, overloading
of plasma in the equatorial plane results in a Rayleigh-Taylor type of
instability. A "full" flux tube interchanges with an "empty" one, driving

a field aligned current. The gain in energy from the centrifugal potential
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is dissipated as Joule heating in the jonosphere. Brice and loannidis
estimated that the time scale for instability growth is longer than the
Alfven travel time from the equatorial plane to the ionosphere and shorter
than the time required to fill a Jovian flux tube. Hence, the necessary
field aligned current system can be established and marginal stability
maintained. They found that for marginal stability, the equatorial density
should decrease as r‘4 in a dipole magnetic field. More rapid decreases
would be unstable with respect to interchange. This confirmed Melrose's
result that the marginally stable density should vary as B/r at the equator
(Melrose, 1967). Hill (1976) has included the effect of counterstreaming
protons along the magnetic field lines and found that density decreases

more rapid than r-9/2

in the equatorial plane should lead to interchange
motion.

In reality, totally "full" flux tubes never interchange with totally
"empty" ones and the process should be a diffusive one with convective
cells on some small scale. Siscoe has treated the Jovian magnetosphere on

this basis. In the case of diffusion, the true plasma density will be

given by the marginally stable density distribution.
3. THE CENTRIFUGAL INSTABILITY

The centrifugal'ﬁhstability is a particular case of the general plasma
instability known as the ballooning mode instability. The instability
essentially opens magnetic field lines allowing the escape of plasma along
the field. This is in constrast to interchange motion in which the field
1ines remain closed and plasma transport is perpendicular to the field.

For the centrifugal instability to occur, the ionospheric conductivity must

effectively be infinite so that interchange motion is not possible.
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In the case of a magnetized star, Dungey (1958) observed that
corotating plasma at larger distances will experience larger centrifugal
forces. This causes the plasma to concentrate at the farthest point from
the rotation axis until a "blob" of magnetized plasma breaks away, via a
suitable topology alteration of the field, carrying off angular momentum.
Hines (1964) related Dungey's remarks to the plasma in the earth's plasma-
sphere. He noted that the centrifugal force on the corotating plasma is
balanced by a J x B force from an azimuthal current flow (3 being the
current density). Letting n be the number density of ions of mass m; at

distance r from the spin axis, distortion of the total field from that of a

22

dipole becomes consequential when the kinetic energy denstiy 1/2 n my

becomes comparable to the local magnetic field energy density 82/8“. An
equivalent statement is that steady state azimuthal flow cannot be super-
Al fvéenic. By assuning a field geometry, e.g., dipolar, one can then
calculate the maximum radial distance from the planet at which the
planetary field can contain the plasma.

Gold (1964) also discussed this point, emphasizing that the distance
to which a plasma element can corotate is determined by the total balance
of forces. This must include the centrifugal and gravitational forces,
pressure gradients, and electromagnetic (J x B) forces in steady state.

This reasoning was first applied to the magnetosphere of Jupiter by
Gledhill (1967b). Letting o be the planetary radius, B0 the equatorial
field strength, r = rOL the radial distance, @ the planetary angular
velocity, m the ion mass, and Nmax the max imum plasma density, Gledhill

found:
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as the maximum plasma density which can corotate in a dipolar magnetic
field in the equatorial plane. This result can be obtained from Hines'
equation as well. Exceeding this density could, it was supposed, lead to
the plasma breaking away or "slipping" with respect to the main field.

The centrifugal instability in a dipole field has also been treated by
Michel and Sturrock (1974) and applied to the case of the Jovian
magnetosphere. They proposed that the buildup of plasma in the equatorial
plane should result in a steady planetary wind in the outeromagnetosphere.
This idea has been elaborated by Kennel and Coroniti (1975). The most
recent treatment of the centrifugal instability, by Hasegawa (1980),
includes both the planetary dipole field and a current sheet magnetic field
in the calculation. Hasegawa postu]ate§ a periodic filling and opening of

the mégnetosphere as a result of the instability.
4. PLASMA SPATIAL DISTRIBUTION

A major goal of all the magnetosphere modeling attempts was to deduce
the density distribution of plasma. Gledhill's model has already been
alluded to. Using a dipole field, his relation for the equatorial plasma
density, and the assumption of hydrostatic equilibrium (Angerami and
Thomas, 1964), he found a discus shaped magnetosphere. The model, which

postulated that the decametric radiation emissions occur at the plasma

frequency, was criticized on many points. The large density (~106 cm'3)
was ruled out by lack of detectable Faraday rotation in the emissions
(Warwick, 1967) and on the grounds that recombination would 1imit the

density to much lower values (Ioannidis and Brice, 1971). The model also
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predicted excessive expospheric temperature and seemed susceptible to flux
tube interchange as well (Mendis and Axford, 1974).

Melrose (1967) showed that the magnetosphere of Jupiter could be
divided into an inner gravitationally dominated past and an outer centri-
fugally daninated past beyond 2 RJ. He concluded that the outer region
would be flattened and density 1imited by flux tube intercharge. However,
particles with energies high enough to escape the Jovian ionosphere and
populate the outer region were shown to result in a two stream instability.
Melrose predicted that, as a result, the magnetosphere would be fragmented
into "blobs" of plasma beyond 7 to 8 planetary radii.

Piddington and Drake (1968) noted that the centrifugal force on a
corotating plasma would set up a ring current such as hypothesized by Hines
(above). However, they suggested that such a current, while distorting the
magnetic field, would be compatible with flux tube interchange and would
not set up a centrifugal instability. Piddington (1969) pointed out that
such a field distortion would lead to the inflation of the Jovian magneto-
sphere as a whole.

In two papers, Brice and Ioannidis discussed the characteristics of
the Jovian magnetosphere (Brice and Ioannidis, 1970; Ioannidis and Brice,
1971). They argued that thermal plasma from the Jovian ionosphere would
not, of itself, populate the outer centrifugal region. The potential-
barrier to be crossed was of the order of several electron volts while the
ionospheric temperature was thought to be on the order of several hundred
degrees Kelvin. The pointed out that appreciable fluxes of photoelectrons
in the 10eV to 30eV range were available to drive protons from the iono-
sphere to the outer region via ambipolar diffusion. The magnetosphere was

hypothesized to be in diffusive equilibrium out to about 8 RJ at which
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i

distance the maximum density df ~100 protohs cm'3 would fall off as r'4 as

a result of flux tube interchange. Finally, they argued that although the
ionospheric Pederson conductivity was low enough to allow interchange
motion, rigid corotation of the entire magnetosphere should still occur.
Mendis and Axford (1974) and Michael and Sturrock (1974) reexamined the
Brice and Ioannidis model, elaborated upon it, and came to the same basic

conclusions.
5. PRE-PIONEER EXPECTATIONS

In sumary, from 1955 until 1973, several major discoveries about the
particle and field environment of Jupiter were made. These resulted in
general conclusions about the near Jovian space which could only be
verified by an in situ spacecraft investigation. Observations of the
decimetric and decametric emission from Jupiter implied that Jupiter has a
magnetic field, that the field is roughly dipolar with a symmetry axis
tilted about 10° with respect to the rotational axis, and that the surface
equatorial field strength is between 1 and 10 gauss. The field near the
planet was known to confine radiation belts emitting synchrotron radiation.
The moon Io was known to play an important role in modulating the
decametric emissions; these were thought to be generated near the foot of
the Io flux tube in the northern hemisphere of Jupiter. This model
accounted for both the upper cutoff frequency and polarization of the
bursts. Absorption of high energy particles by all of the Galilean
satellites was considered possible (Mendis and Axford, 1974).

Scaling of the earth's magnetosphere to that of Jupiter predicted a

bow-shock standoff distance of ~50 RJ and a closed magnetosphere, with flux



22
tubes essentially full of corotating plasma. Protons from the ionosphere
would populate the magnetosphere with low energy (S 10 eV) plasma. A peak
of ~100 protons cm'3 at ~ 10 RJ would be produced as a result of diffusive
equilibrium at $ 10 R‘J and flux tube interchange at larger distances.
Finally, the interchange mechanism could also diffuse solar wind plasma
inward and energize it, populating the radiation belt. It was on the basis
of this scenario that planners built and instrumented the Pioneer 10 and

Pioneer 11 spacecraft.
D. EARTH BASED OPTICAL OBSERVATIONS

Just prior to the Pioneer 10 flyby of Jupiter, Brown énd Chaffee
(1974) reported observations of neutral sodium D-line emission, associated
with the Galilean moon Io. McElroy et al. (1974) proposed that a cloud of
sodium and other gases should be present near Io in orbit about Jupiter.
They also noted that Io should have a detectable ionosphere and that, if
ionized, the neutral sodium could be a source of magnetospheric plasma.
After the Pioneer flybys, Trafton (1975) discovered emissions which, when
corrected for Io's motion, could be ascribed to potassium resonance 1ines.
By this time, analysis of Pioneer 10 ultraviolet spectrometer data
(discussed below) indicated a neutral hyhrogen cloud in the same region as
the sodium cloud (Carlson and Judge, 1975) and the newly discovered cloud
of neutral potassium.

In 1975, Kupo et al. (1976) reported emission from a partial torus of
singly ionized sul fur corotating with Jdbiter and associated with Io. The
sul fur cloud differed in shape from the sodium cloud, being more extended

on the side of Jupiter opposite Io. They found the ionized sulfur subject
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to large variations and anticorrelated in ehission intensity with that of
the sodium cloud. This is expected if neutral sulfur is sputtered off of
Io and then ionized. Then the appearance of ijonized sulfur corresponds to
ionization of the sodium, and hence, a drop in the D-line emission from
neutral sodium. Kupo et al. also noted that the observations imply periods
during which the Jovian magnetosphere contains a significant amount of
heavy ion plasma.

Brown (1976) presented a model of the sulfur observations in which
jonization occurs via electron collisions. He deduced an electron density

of 3200 cm™>

at a temperature of 2.2 eV in the vicinity of Io.

Mekler and Eviatar (1977) showed that the sulfur is distributed in a
partial disk, absent near Io, six Jovian radii in radius and two in
thickness. Further, they calculated an electron temperature of 10 eV and a
number density of 500 ions cm'3, one quarter of which are sulfur.

The most recent observations include detection of sodium emission at
~35Rj from Jupiter (Pilcher and Schempp, 1979) and that of singly ionized
oxygen some four to eight Jovian radii from Jupiter, concentrated in the

magnetic equatorial plane (Pilcher and Morgan, 1979).
E. PIONEER OBSERVATIONS
1. SPACECRAFT AND TRAJECTORY
The first in situ fields and particle measurements were made at
Jupiter by Pioneer 10 and Pioneer 11 in December, 1973 and December, 1974,

respectively. Both spacecraft are spin stabilized at 4.8 rpm. Pioneer 10

carries a scientific payload of 11 instruments weighing 33 kg and consuming
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24 watts of electrical power (Hall, 1974). Pioneer 11 carries the same
instruments as Pioneer 10 (some with minor additions and modifications) as
well as an additional high field magnetometer.

Both Pioneers covered roughly the same local times as thé Voyagers
which followed them, although the latitudinal coverage was qufte diffefent.
The Pioneers also penetrated well into the region of the radiation belts
from which the synchrotron emission is observed. Pioneer 10 approached
Jupiter at about 1000;1oca1 time from low southern latitudes. The
hyperbolic orbit was inclined 13.8° to Jupiter's equatorid] plane.
Spacecraft periapsis was 2.85 RJ. The prograde orbit covered 180° in the
12 hours centered on the closest approach to Jupiter and the outbound
asymptote covered Tow northern latitude at about 0600 local time. Pioneer
11 was in a retrograde orbit with periapsis at 1.60 RJ, covering 720° in
longitude in the 12 hours nearest closest approach. The inbound asymptote
was about the same as that of Pioneer 10, but at larger latitudes. The
orbital plane was inclined at 51.8° so that the outward asymptote was at
mid-latitudes and about noon local time. (Kennel and Coroniti, 1977; Van

Allen et al., 1975; Hall, 1975).
2. GLOBAL STRUCTURE

The in situ Pioneer measurements provided both basic results
unanticipated by theoretical considerations as well as some answers and
many new questions. The most striking global discovery was the inflation
of the outer Jovain magnetosphere to double the expected size. The Plasma
Analyzer (Wolfe et al., 1974) detected the bowshock a* 109 R; inbound on

Pioneer 10 and at 242 RJ outbound. Pioneer 11 data showed three inbound
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and three outbound shock crossings. The corresponding innermost
magnetopause crossings, identified by the plasma analyzer and vector helium
magnetometer, occured in the range of 40 RJ to 60 RJ. The bulk of data
used in the analysis of the dynamics of the Jovian magnetosphere came from
the magnetometer (Smith et al. 1974; Acufia and Ness, 1976) and the
energetic particle experiments (Van Allen et al., 1974; Simpson et al.,
1974; Trainor et al. 1974; Filius and McIlwain, 1974). Data from the
magnetic field experiments was used to model the internal magnetic field of
Jupifer and confirmed the deduction of the radio astronomers, viz. the
equatorial field strength of .4 gauss was primarily due to a dipole tilted
~10° to the rotational axis at a System III longitude of ~200°, with
opposite polarity of that of the earth. Pioneer 10 also made the
unanticipated discovery that outside of 10 RJ a significant additional
magnetic field exists, resulting in radial distention of the field lines.
In this region, periodic field strength decreases at the Jovian spin period
were observed along the spacecraft trajectories, most prominantly on
Pioneer 10 outbound. The field distortions were interpreted as due to the
presence of an annular current sheet, warped but rotating rigidly with the
planet. Further, the sheet was postulated to be due to the centrifugal
forces acting upon trapped low energy magnetospheric plasma XSmifh_gE,Ql.,
1974), the configuration suggested by Piddington (1969). The energetic
particle experiments registered regular omnidirectional flux variations
also at the spin period of Jupiter. Van Allen noted that the flux maxima
were much broader in time than the field minima and that the maxima were
best described by a "magnetodisc" (Van Allen et al. 1974) of quasi-trapped
energetic particles, the former aligned with the magnetic dipole equator

(that plane passing through the planet, perpendicular to the planetary
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dipole moment). Van Allen also attributed the field distension to unseen
corotating low energy plasma, with plasma, field, and high energy particles
all symmetric about the magnetic dipole equatorial plane (Van Allen et al.,
1974). The magnetodisc phenomena were confirmed by the other particle
experimenters. Pioneer 11 magnetic field data also showed clear field
decreases at a ten hour period, but a simple disc-1ike magnetosphere was
ruled out by high latitude bow shock and magnetopause crossings. In
addition, flux maxima were seen by Pioneer 11 inbound, at times cor-
responding to magnetic field decreases. Outbound at mid-latitudes, the
magnetic field did not exhibit a current sheet structure and the particle
flux maxima exceeded those seen inbound, a result inconsistent with
quasi-trapping in and confinement to the magnetic equatorial plane (Filius
et al. 1975; Simpson et al. 1975; Van Allen et al. 1975). Thus, doubts
were raised about the magnetodisc picture. Since the inclination of the
Pioneer orbits to the Jovain equatorial plane were greater than the tilt of
the dipole from the rotation axis, the spacecraft was only expected to pass
into the rigid disc once every ten hours and never through it. Large
fluxes at high latitudes and lack of phase synchronization of flux maxima
with supposed disc entrances (Filius et al., 1975; Simpson et al., 1975;
Chenette et al., 1974) led to the hypothesis that the ten hours variation
was temporal rather than spatial. In addition, MeV proton and electron
fluxes showing ten hour periodicities (Filius 1976; Simpson et al., 1974;
Trainor et al., 1974; Trainor et al., 1975; Vasyliunas, 1975) were observed
in the solar wind prior and subsequent to the spacecraft Jupiter
encounters. These observations formed the basis of the "clock model" as

opposed to the "disc model”.
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The Pioneer 10 Ultraviolet Spectrometer revealed what was reported as
an incomplete torus of neutral hydrogen, centered on Io, and in orbit about
Jupiter (Carlson and Judge, 1974). The hydrogen discovery was made by the
two channel ultraviolet spectrometer on board the spacecraft. (One channel
is used for measuring Lyman ¢ emission at 1216 X and the other channel the
helium resonance line at 584 R). The Lyman a channel detected emission
within six Jovian radii of Jupiter. The cloud had a vertical extent of
about one Joyian radius with more atamic hydrogen trailing Io than leading
it, covering about 120° of Io's orbit (Carlson and Judge, 1975). Sodium
jons resulting from the ionization of the neutral sodium cloud were shown
to give a negligible contribution to the measured UV signal.

It is worth noting, in view of the Voyager detection of the copious
presence of heavy ions, that all Pioneer particle measurements were
interpreted as being primarily hydrogen with either the inferred Io
hydrogen torus (Carlson and Judge, 1974) or the Jovian ionoshpere being the
source. Simpson did note that his fission cell detector could be
responding to nuclei with Z ~ 10 (Simpson et al., 1974; Simpson et al.,

1975), but that other explanations for the signature existed as well.
3. ENERGETIC PARTICLE ANISOTROPIES

Additional information on the energetic particle population is
available in the form of the measured anisotropy in the particle flux.
Both Pioneer spacecraft are spinners, which enabled the particle
experiments to measure the angular distribution of the energetic particles

in the plane perpendicular to the spacecraft spin axis.
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Assuning that the ~MeV particles (which the Pioneer experimenter
interpreted as being protons above) are isotropic in their rest frame, bulk
plasma flow will result in a first order anisotropy in the energetic
particle distribution in the spacecraft frame. Although both first order
and second order anisotropies were present in the Pioneer data, the former
dominated and were consistent in direction and magnitude with corotation of
the plasma at less than ~60 Ry (Van Allen et al., 1974; Simpson et al.,
1974). However, magnitudes larger than those predicted for corotation
above were also seen (Trainor et al., 1974) and the measurements may be
affected by field aligned streaming (McDonald et al., 1979). Birmingham
and Northrup (1979) reconsidered the theory of flux anisotropies in detail.
Applying this theory to Pioneer 10 inbound between'42.4 RJ and 5.4 RJ
~ Northrup et al. (1979) concluded tha} the corotational anisotropy alone
does_not explain the data and that there must be some magnetic field
aligned flow to explain the observations. This flow was found to be from
the equatorial region back toward this planet.

The Pioneer results showed that the first order anisotropy in the
energetic particle popuTatibn at Jupiter is produced by more than just
corotation of the plasma. In the magnetospheric enviromment, additional
sources of first order anistropy exist; hence the bulk motion of the plasma
cannot be unambiguously deduced (Birmingham and Northrup, 1979; Northrup

and Thomsen, 1980).
4. LOW ENERGY PLASMA MEASUREMENTS

Measurements of the characteristics of the low energy plasma component

are possible by either indirect or direct means. It was known that in the
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absence of a low energy plasma, high energy particle fluxes could result in
the spacecraft acquring a large electrostatic charge (De Forest, 1972).
Near periapsis on Pioneer 11, some instruments underwent uncommanded mode
changes which may have been due to electrostatic discharge (Hall, 1975).
Scarf (1975) argued that the lack of such charging effects on Pioneer 10
implied the existence of a "thermal" plasma within 6 to 7 Ry of the planet.
This gave observational plausibility to the "dynamical" component of the
plasma postu1at¢d by various investigators (Smith et al., 1974; Van Allen
et al., 1974; cf. Piddington, 1969, referred to in Van Allen).

Unfortunately, direct measurement of the "thermal" plasma was a
difficult process on the Pioneer spacecraft. The plasma analyzer detected
magnetopause crossings by a dropout of signal to background (Wolfe et al.
1974; Mihalov et al. 1975). During the magnetospheric passages, background
signals resulting from the large MeV proton and electron fluxes obscured
the low energy (<5 keV) plasma signal. Frank et al. (1976) were able to
extract a signal from the Pioneer 10 data within 15 RJ of the planet. The
analyzed data consist of energy/charge spectra in 24 channels from 100 eV
to 4.8 keV. Assuming that the signal was due entirely to protons (unlikely
in view of the Voyager results), Frank et al. fit very sub-sonic Maxwellian
distributions to the spectra, and extracted densities and temperatures. He
reported densities from 10 to 100 cm'3 and temperatures on the order of 100
eV. In addition, an increase in density was observed during the inbound
passage of Jo's flux tubes. On the basis of the data, Frank hypothesized a
ring current in the vicinity of Europa's L-shell as well as a "plasmapause"
exterior to Io's L-shell. The latter result was called into question at
the time (Neugebauer and Eviatar, 1976). They noted that the density

profile in no way resembled the pre-Pioneer predictions (Ioannidis and
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Brice, 1971; Mendis and AXford, 1974), although the agreement with theory
is better if Io, rather than the ionosphere, is the principal source of
plasma (Siscoe and Chen, 1977). At least during the voyager encounters
this proved to be the case. In s IV.D. below we will attempt to reconcile
these Pioneer results with the Voyager results to be discussed in Chapter

IIT and IV below.

F. MAGNETOSPHERIC MODELS AFTER PIONEER
1. MAGNETODISC MODELS

The Pioneer data guided the development of many new theoretical models
of the Jovian magnetosphere. The principal observation upon which the
post-Pioneer model ing has been based is that of the "magnetodisc". The
thrust of the resultant modeling has been to deduce plasma properties from
the measured magnetic field and to deduce the disc topology from the timing
of signatures as seen in both magnetic field and high energy particle data.

Smith et al. (1974) identified the magnetodisc as a current sheet and,
following Piddington (1969), postulated that the current gave rise to a J x
B force which balanced the centrifugal force exerted on an unobserved
thermal plasma. They also concluded that the magnetodisc has the shape of
a bent annulus about Jupiter. It was envisioned as lying perpendicular to
Jupiter's rotation axis in the meridian plane containing both the angular
momentum and magnetic dipole vectors, below the rotational equator on one
side of the planet and above it on the other. The postulated that the disc
rigidly corotates with the p]anet’so that it appears to “flap" up and down

to a semi-stationary observer (such as a spacecraft). They found that the



31
required current could be accounted for by a f 100 eV proton/electron
plasma of .1 particle cm'3. The plasma annulus would be 1 RJ thick and
stretch from 20 RJ to 90 RJ. They also noted that particles with energies
> 10 keV have a scale height larger than the magnetosphere, and so, if
isotropic, would fill it.

Northrup et al. (1974) considered the timing of the energetic particle
flux maxima and concluded that a rigid magnetodisc could not account for
the observations. They showed that the energetic particle flux maxima on
the outbound pass of Pioneer 10 are consistent with there being a
progagation delay torthe outer magnetosphere of the field configuration.
Such a delay could result from a low Alfvén speed (Eviapar and Ershkovitch,
1976) or from convection of the field by a plasma wind (Kivelson et al.,
1978).

Several investigators have considered in more detail plasma models
based on the magnetic field data obtained on the Pioneer 10 outbound pass.
Goertz et al. (1976) derived an analytic magnetic field model on the basis
of the data set. They found that the current sheet does not bend back
toward the rotational equatorial p]aqe, as had been suggested by Smith and
his coworkers. Hill et al. (1974) noted that confinement of plasma more
closely to the magnetic equatorial pfane should result if its thermal
energy density is about the same as its corotational energy density or
greater. This idea is analyzed in more detail by Goertz (1976b).

Using the Pioneer 10 magnetic field, Goertz (1976b) and Goldstein
(1977) derived the properties of the resultant corotating plasma
population. Among the results (Goerfz, 1979): (a) the plasma is
concentrated in the equatorial plane and decreases as L'5'4, (b) the

temperature in the plasma sheet is of the order of several keV and
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increases with distance from the p]anet,.and (c) the Alfvénic Mach number
exceeds unity in the sheet without giving rise to a planetary wind. Goertz
(1976b) notes that this merely reflects the fact that magnetic field line
tension, as well as energy density, affects the containment of plasma.
Although the temperatures are high, these conclusions foreshadow the Plasma
Science observations discussed herein. Goldstein (1977) did note that the
predicted temperature gradient could be reduced if the plasma angular
velocity decreased as a function of distance from the planet. This was the
case at Jupiter during the Voyager flybys of the planet (McNutt, et al.,
1979 and this thesis).

Other investigations were carried out by Gleeson and Axford (1976),
Vickers (1978), and Sozzou (1978).

More specialized inquiry has been made into the temperature of the
plasma sheet. Walker et al. (1978) considered the twelve encounters with
the current sheet seen by Pioneer 10 on its outbound pass. Assuming the
field depression was a pure diamagnetic effect, they concluded that
energetic protons of energy >10 keV are the major constituents of the
"thermal" plasma in the Jovian magnetodisc. This result compares favorably
with Goldstein's rigid disc model, but not with the Voyager Plasma Science
results (sIV.B.). Van Allen (1978) subsequently ana]yzed his energetic
electron data at 51 RJ outbound on Pioneer 10. He found that the
characteristic particle energy is ~100 keV and that the energetic protons
contribute an order of magnitude more to the pressure than do the energetic
electrons. Noting that these results depend crucially on how the energy
spectrum is extrapolated to lower energies, Goertz et al. (1979) fit the
differential energy spectra to an exponential in magnetic rigidity. They

reconsidered the >300 keV proton data set used by Walker et al. (1978) and
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found that the dominant plasma contributions is from 100 eV to 10 keV
protons in the magnetodisc. Such temperatures are still high compared to

those measured in the dayside magnetosphere by Voyager (this thesis).
2. PLANETARY WIND MODELS

The second large class of post-Pioneer models discussed are those
incorporating p]aéﬁa outflow driven by centrigugal forces. This is
essentially a time stationary version of the centrifugé] instabil ity
(discussed above). The outflow must be accompanied by a change in magnetic
field line topology. Parker and Stewart (1967) discussed this change in
terms of a model in which the ring current is produced by pressure gradient
rather than céntrifuga] forces. Starting with a dipole field in vacuo,
they showed that increasing pressure can finally result in an open fié]d
1ine topology. In general, the various theoretical treatments of radial
outflow have rested on the consideration of the full set of MHD equations.
Mestel (1961; 1968) has investigated the axisymmetric case in which a
centrifugally driven outflow from a magnetic rotator can result. He noted
that the outflow will begin just outside of the radius at which the plasma
energy density exceeds that of the magnetic field while the plasma
corotates inside.

This formulation has been applied to Jupiter by Kennel and Coroniti
(1975) in which they compared Jupiter to a pulsar. They noted that the
Pioneer 10 measurement of the toroidal field component is, in a time
averaged sense, consistent with outflow. In this case, torque must be
.supplied by the planet to balance the loss of angu’ar momentum. In this

context Kennel and Coroniti (1975) raised the question of whether
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corotation can be enforced at all on Jupiter's magnetosphere. Only if
atmosphere-ionosphere coupling via neutral-ion collisions is strong enough
will corotation be enforced on the magentosphere. They suggested that if
radial outflow accounts for the observed azimuthal magnetic field component
seen on Pioneer 10 outbound, sufficient torque may not be available from
the upward viscous diffusion of angular momentum through Jupiter's neutral
atmosphere to enforce corotation.

Kennel and Coroniti (1977) also proposed a variation in which the
sfate of the magnetospheric flow is directly influenced by the-ram pressure
of the upstream solar wind. They suggested that while super-Alfveénic
magnetospheric flow always occurs down the magnetotail, it may also occur
in the dayside magnetosphere as well. This, they postulated, happens if
the upstream solar wind ram pressure is so low that the magnetosphere
exands and the “trans-Alfven" surface is well inside of the magnetopause,
At times of high solar wind ram pressure only a sub-Alfvén planetary
“"breeze" would develop on the dayside.

Smith et al. (1976) have noted that although the spiraling of the
field, as seen by Pioneer 10, is accomodated quite naturally by the outflow
models, there are two serious objections against the models when their
predictions are compared with the observations. The exi%tenée of
quasi-trapped particle flux in the magnetodisc seems inconsistent with an
outflowing wind. More seriously, a southward component of the field is
always observed within the magnetodisc. In Mestel's solution of the MHD
equations, such a component implies that within the magnetic surface
defined by such field lines, there can be no radial outflow and the plasma

must rigidly corotate with the planet.
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3. CLOCK MODEL

Chenette et al. (1974) found interplanetary bursts of electrons in the
energy range 3 to 30 MeV modulated with the spin period of Jupiter. The
electron bursts were seen up to 1 AU from Jupiter exhibiting 10 hour
periodicities in flux and spectral index and were in phase with variations
observed inside the magnetosphere at >50 Rj from the planet. These facts
led Chenette et al. to hypothesize that the outer magnetosphere electron
flux is spatially homogeneous and varies temporally rather than spatially.
Evidence for such temporal variation in the Pioneer 11 data also were
discussed by Simpson and McKibben (1976).

Hill et al. (1974b) postulated such an effect as a result of either
the magnetic field geometry or the ionospheric plasma source being
longitudinally asymmetric. Such effects would result in a "diurnal
trapping region"” in which plasma would be quasi-trapped in a given System
III longitude range. As this region swept by the nightside of the planet,
a burst of relativistic electrons would be emitted, escaping the magneto-
sphere on field Tines connected to the interplanetary field. Vasyliunas
(1975) showed that the maximum flux in the interplanetary electrons bursts
is observed when the Jovian “active hemisphere" faces the local midnight
meridian. Dessler and Hill (1975) found that at these times the longitude
of Jupiter in.fhe midnight meridian plane is that at which the
lTatitudinally averaged surface magnetic field has a broad minimum. They
suggested that this field variation enables flux tubes at those Zenographic
longitudes to preferentially fill with plasma while they rotate through the
dayside magnetosphere. When facing the night side these tubes are opened

by the centrifugal instability and plasma, including the observed inter-
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planetary electrons, is released. Consequences of this model and its
extensions have been discussed in a series of papers (Hill and Dessler,

1976a, Carbary et al. 1976, Dessler, 1978, Dessler and Vasyliunas, 1979).
4. SOURCES OF MAGNETOSPHERIC PLASMA

Prior to Voyager flybys of Jupiter, the source of magnetospheric
plasma for Jupiter had been somewhat of a puzzle. The Jovian ionosphere
and the p;rticle torus associated with Io were considered the most Tikely
sources. Self-consistent magnetospheric models (Carbary and Hill, 1978;
Hill and Carbary, 1978) indicated that it was difficult to reconcile an
jonospheric source with the radially distended magnetic field configuration
seen by the Pioneer. At the same time the Jovian ionosphere presented a
ready supply of magnetospheric protons while the ultimate source of the
torus remained unknown.

Ioannidis and Brice (1971) suggested that the upper Jovian ionosphere
populated the magnetosphere with protons. Melrose (1967) had pointed out
that such a source would drive a two-stream instability in the outer
magnetosphere. Goertz (1976c) showed that this would trap some of the
protons there. However, in deriving a model of a rapidly rotating
magnetosphere, Carbary and Hill (1978) showed that an ionospheric source
leads to an inflation of the magnetosphere rather than to an annular
current sheet configuration, such as seen by the Pioneer spacecraft.

Discovery of the particle tori centered on Io led Siscoe and Chen
(1977) to postulate that photoionization of the Io hydrogen torus could be
a source of the magnetospheric plasma. They noted that the ijons could

diffuse outward via flux tube interchange while remaining confined close to
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the equatorial region. Hill and Michel (1976) investigated the effects on
the magnetosphere produced by heavy ions from the atmospheres of the
Gal ilean satellites. They noted that ions of mass m and temperature T will

be distributed in a dipole field according to the centrifugal scale height

2kT\1/2
H, = (=)
3ng

where op is the corotation angular speéd. For a thermal plasma at a
temperature less than 3 eV per amu, the séa]e height“is about 1 RJ. They
found that the predominance of such a source would lead to the type of
magnetic field distortion observed by Pioneer 10. This would not be true
of an ionospheric source. Siscoe (1977) carriéd out a similar analysis by
conserving the first and second adiabatic invariants of plasma originating
at the Galilean satellites. The results are in total agreement with those
of Hill and Michel. Hill and Carbary (1978) derived a self-consistent
magnetospheric configuration for plasma injected at the Galilean
satellites. In this case, they found a field configuration resembling that
seen by Pioneer 10. The solar wind and the interstellar neutral gas in the
solar system can also supply ions to the Jovian magnetosphere. Siscoe
(1978) discussed each possible source, noting that heavy ions from Io
should have important dynamical effects. Such a population, he noted,

should dominate those from other sources in mass density.
G. OUTSTANDING PROBLEMS BEFORE VOYAGER

The state of knowledge about Jupiter's magnetosphere prior to the

Voyager flybys in March and July of 1979 has been summed up by Goertz and
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Thomsen (1979a). They noted the need for characterization of the low
energy plasma in the inner magnetosphere (<10 RJ). Measurements of the
plasma parameters in the energy range below that sampled by Pioneer
instruments were needed in the middle (~10RJ to ~40 RJ) and outer (>40 RJ)
magnetosphere as well. A knowledge of the gross properties of the plasma
was needed so that the global dynamics could be better understood. What
the density, temperature, and source of the magnetodisc plasma were
remained out;tanding questions. Answers to these relate directly to the
diamagnetic effect in the current sheet and the role of centrifugal versus
pressure gradient forces in the sheet dynamics. Finally, and perhaps most
importantly, the question of whether the plasma flow resulted in a
centrifugally driven wind or a quasi-steady state corotating disc remained
to the answered. Analysis of data from the plasma experiment on Voyager 1
and Voyager 2 has resulted in answers, and some surprises, in regard to

these fundamental questions.
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CHAPTER II. THE VOYAGER PLASMA SCIENCE EXPERIMENT

A. THE VOYAGER SPACECRAFT

The Voyager 1 and Voyager 2 spacecraft evolved from Mariner class
spacecraft into the most advanced planetary exploration spacecraft yet
flown. The Voyagers are three axis stabilized by hydrazine jets and weigh
815 kilograms. The science instrument payload, including 11 scientific
experiments, weighs 115 kg and draws some 100 watts of electrical power at
encounter.

The spacecraft configuration consists of the spacecraft main frame, a
3.66 meter diameter high gain antenna, a radioisotope thermoelectric
generator boom, and the science}boom. The science boom carries the Cosmic
Ray experiment, the Low Energy Charged Particle experiment, the Plasma
Science experiment, and a two axis scan platform. The latter provides
precise pointing for the Ultraviolet Spectrometer, Infrared Spectrometer
and Radiometer, Photopolarmeter, and Imaging Science (visible light)
Subsystem which are all mounted on it. A pair of 10 meter antennas,
mounted at right angles on the bus, are used by the Plasma Wave and
Planetary Radio Astronomy experiments. The Magnetometer experiment
consists of two high field sensors on the frame structure and two low field
sensors located along a 13 meter boom.

Both spacecraft were launched by Titan Centaur III-E boosters and
inserted into trans-Jupiter orbit with solid field propulsion modules.
Voyager 1, launched on September 5, 1977, approached Jupiter to within 4.9

RJ on March 5, 1979. Voyager 2, launched August 20, 1977 on a lower
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velocity orbit, achieved a closest approach of 10.1 RJ on July 9, 19749.
Both spacecraft are now on their way to Saturn encounters in 1980 and 1981.
Voyager 2, in addition, has possible options for an encounter with Uranus

in 1986 and with Neptune in 1989.

B. PLASMA SCIENCE INSTRUMENT DESCRIPTION AND OPERATION

The Plasma Science instrument has been described in detail (Bridge et
al., 1977) and only salient points are summarized here. The experiment
consists of four modulated grid Faraday cups and the associated electronics
package (Figure 1). Three of the cups are arranged in a symmetric configu-
ration to form the main sensor. The symmetry axis parallels that of the
high gain antenna which stays locked on the earth except for short
intervals during some spacecraft maneuvers. The normals of the main sensor
Faraday cups (A,B, and C cups) aré tilted at 20° to the symmetry axis and
equally spaced 120° in azimuth abeut it. The side sensor (D-cup) nommal is
tilted 90° to the symmetry axis and located 167° in azimuth from the A-cup
normal. Looking into the cups, A,B, and C are labeled in a clockwise
sense. In the same sense the D-cup is located 262° in azimuth from the
Canopus tracker on the spacecraft}

A11 four Faraday cups measure electric currents from positive ions in
the energy per change range of 10 volts to 5950 volts. In addition, the
side sensor measures currents from electrons. That analysis in the
magnetosphere is discussed elsewhere (Scudder et al., 1981). Measurements
are made in a set of discrete con{inuous voltage windows which, to first

order, increase logarithmically with the voltage. Two positive ion
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measurement modes are available and have been used in our analysis. The
low resolution mode (L-mode) uses 16-voltage windows, each with an energy
per charge resolution of = 29%. The high resolution mode (M-mode) uses 128
voltage windows with an energy per charge resolution of = 3.6%. During the
encounter, a complete L-mode measurement takes 3.84 seconds, with consecu-
tive L-mode energy per charge spectra taken 96 seconds aﬁart. A complete
M-mode measurement takes 30.72 seconds; however, only currents from 72 of
the measurement channels are telemetered during each measurement sequence
of 96 seconds. To obtain a full M-mode spectrum on the ground, it takes
two sequence times or 192 seconds. The convention used for our analysis is
to form a composite spectrum every 192 seconds in which data in channels 1
to 56 from one measurement sequence are combined with data in channels 57
to 128 from the subsequent sequence. The Plamsa Science data occupies 32
of the 3600 bits per second of general science and engineering data which
are telemetered to earth during the encounter phase of the missions.

The limiting noise in the measurements is a result of high energy
particles in the magnetosphere penetrating the input field-effect transis-
tors. Fluctuations in such a background produce noise at the preamplifier
input. This effect was reduced by shielding the input transitors with 8 g
c:m"2 of copper. During the encounters the background noise current was
about 5 x 10'13 amperes, about an order of magnitude larger than the
1imiting instrument noise. The maximum current measured was some five
orders of magnitude larger. The instrument has four gain states which can
be either preprogrammed in the onboard spacecraft computer or commanded
from the ground. Gain state changes were ground commanded during both

encounters so as to avoid saturation in the measurement chain, yet maintain
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a suitably large signal to noise ratio in the data. Some saturation
occurred in the L-mode data during the Voyager 1 encounter and one M-mode
saturated as well. Neither L-mode nor M-mode saturatiqn occurred during
the Voyager 2 encounter. |
The Plasma Science instrument fits in a box some 60 cm squafe by 40 cm
deep. The instrument weights 9.9 kilograms and draws 8.1 watts (peak) of

electrical power from the spacecraft supply.
C. BASIC CONSIDERATIONS IN DATA INTERPRETATION

A Faraday cup is an electrostatic device, and therefore measures
positive ion properties as a function of energy per charge. The measured
electric currents are related to the positive ion distribution function in
the following way (Vasyliunas, 1971; Belcher et al., 1980). Consider the
response of the cup to ah jonic species of mass number A, charge number Z*
and distribution function f(V). Let the set of contiguous potentials,
provided by the modulation grid to select the energy per charge channels be

K+1

{¢j}j=1 where K is 16(L-mode) or 128 (M-mode). This defines a

corresponding set of particle velocities {Vj}§:i where
= 1/2
T .* . . Y
VJ (2eZ; ¢J/A1mp) Il.1

with e and my, being the proton charge and mass, respectively. In the jth
channel the measured current is due to particles with an average velocity
component of

U= 172V + Vy) I1.2

in a velocity window of width

AV = Vg - Vg 11.3
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Given the area of the cup collector A0 and the response function of the

instrument R(V, f) the current Ij measured in the jth channel is

V.
J+1 ®
- * roa > > A

L Aof (zve +A) dv_ ff F(3) R(LA) vy jdvy, 1.4

) -

J
where the subscript n denotes the component parallel to n in velocity space
and the subscripts t; and t, refer to the orthogonal components perpen-
dicular to 7.
To evaluate the integral, assume the distribution function is a con-

vected, isotropic Maxwellian characterized by density n, thermal speed w,

and bulk velocity U. Then

+. 2
f (V) = N exp {- M—j} I1.5
w3 1r3/2 w2

The thermal speed is related to the plasma temperature by

1/2

W = (2kT/Amp) I1.6

where k is Boltazmann's constant. For reasons which we discuss in the next
chapter, we are concerned here primarily with the sidé sebsor (D-cup). The
response function for the side sensor can be characterized by a
transparency T and a parameter o« of the order of unity (Binsack, 1966,

Sittler, 1978; Olbert, private communication, 1980):
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The integrations over Vi1 and Vio Can be carried out analytically and yield

the result
V541 )3 2
]f n a ut
Lj = Tohot™e /, fulvy) —3— exp {'[‘2—73 vy 1.8
. aw +V aw +v
J n n
where
2
(vp-u.) :
_n nn
fM(v ) = "]:72wexp {_ —_7—w II.9

is the one-dimensional distribution function along the cup normal and the
bulk flow components normal and transverse to the cup are Un and Uy s
respectively.

In principle, both u, and up can be extracted from the measured
currents. However, the influence of g on the currents is too slight to be

observable unless u > u (e.g. flow very oblique to the cup normal). In

n
practice, we do not analyze flows which are highly oblique because our
confidence in the validity of expression (11.7) for R(V,R) is low for high
angles of incidence. For the cases we consider herein, it is reasonable to
assume that the bulk flow is within ~20° of the cup normal; thus utz/un2 is
small and the exponential in II.8 can be approximated as unity for those
values of v, for which fy (vn) gives an appreciable contribution to the
integral. This will introduce errors of order utzlun2 in resulting
estimated for n, Ups and w. The errors introduced are such that estimates

for up, and w will be high and estimates for n low for Mach numbers greater

than unity.
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If we assume that the transverse flow is negligible, the response
function enters the integral of (II1.8) only via the factor an/(aw2+vn2).
In many cases of interest, the ions are supersonic (un > w), and even this
term can be taken as unity if we neglect terms of order (qun)z.
Furthermore, for the high resolution M-mode, the velocity windows are
invariably narrow compared to the distribution function (AVJ << w). With
these two additional assumptions, equation (II.8) becames:

I = TohoZ*e (V5 aVy) fy (VJ.)

Using definitions II.1 through II.3, this yields

I. w2
- - (Z)fM V.) 11.10
- i
TOAo ﬁ; (¢ ) A

i+17%

Thus, for a supersonic flow within ~20° of the D-cup axis, the currents Ij
as measured in the high resolution M-mode are, to a good approximation,
directly related to the reduced distribution function via equation (1I-10).
If the flow is transonic (Mach numbers of order unity), of if we are
dealing with Tow resolution L-mode data, equation (II.10) is very

approx imate, and we must return to the integral equation (I1.8) to properly
relate fM and Ij (e.g., in the least squares fit analysis of L mode data
described in Chpater III and Appendix I). In any case, for data display,
we plot the quantity shown on the left hand side of equation (II.10). We
will loosely refer to this as the "measured distribution function", even

though it actually gives the distribution function scaled by (Z*)Z/A, and

this only approximately so for the transonic case and/or L-mode data.
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The plasma in the Jovian magnetosphere has been found to consist of
several different ionic species with different masses and different change
states (Bridge, et al., 1979a, Sullivan and Bagenal, 1979). As a result,
the measured current in the jth channel is actually a sum of terms 1ike
(I1.4), each computed for a particular ionic species. In such a case, a
display of the left hand side of (II1.8) will yield a superposition of ionic
distribution functions, each scaled by the appropriate value of (Z)*Z/A.
Furthermore, if a set of ionic species with mass and charge numbers {Ai’

* }§=1 are moving into the cup with the same velbcity camponent U, and

i
all species are reasonably supersonic, then the measured distribution
function will show a series of peaks at energies per charge of Ai/zi*
times the proton energy per charge. If we can identify the energy per
charge of the proton peak, we can determine the mass to charge ratios of
jonic species producing peaks at higher energies per charge. For example,
doubly ionized sulfur (52+) has a mass to charge ratio of 16, and, if
supersonic, will produce a peak in the measured distribution function at 16
times the energy per charge of H". In this case, we refer to the "16 peak"

2+. The number of different mass to charge ratios actually found

as being S
in the Jovian magentosphere is small - e.g., 1, 8, 10 2/3, 16, 23, 32, and
64, as we discuss in Chapter 3 below. Thus, even if we do not know the
energy per charge of protons, we can usually deduce the mass to charge
ratios of the heavier ionic species, if two or more are present, by
comparison of the various ratios of observed energy per charge. Knowing
the mass to charge ratios we can then deduce the common velocity.

From this discussion, it is clear that we can only determine the ratio

Ay/Li*, and not A; and Z;* individually. For example, 0" has the same mass
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to charge ratio as SZ+, and will appear at the same energy per charge as
52+ in our measured spectra. This is a basic ambiguity in the measurement.
We will use various physical considerations to argue, for example, whether
the 16 peaks should be mostly 0" or 52+. However, we emphasize that even
though we may misidentify Ai or Zi* separately, as long és we correctly
identify the ratio {Ai/zi*} for a set of ionic species, we will obtain the
correct total charge and mass density of the plasma. To show this, suppose

we have obtained a set of densities and thermal speeds {n,, wi}N=1 for

i
species with mass to charge ratios {Ai/zi*}?=1 (which we take to be known
from comparison of observed energies per charge). Then the total charge

density NC, in units of the proton charge is
N. =2 Z.* n; I1.11

and the total mass density, in units of the proton mass is

NM = ? Aini I1.12

From equation (II.9) and (II.10), it is clear that if we know Ai/zi* then
Zi*ni/wi is a measured quantity, and thus independent of our individual
choice of A, and Z;*. But w; is also independent of this choice, since all

. is an invariant,

velocities scale as (Ai/Zi*)l/2 (see II.1). Thus 21* n,

as is Ai”i’ since Ai/zi* is known. Even though we may incorrectly identify

Ai and Zi* separately, we always arrive at the correct total mass and total

charge densities if we know Ai/zi*‘
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Thus far we haée been assuming that the various species have a high
enough Mach number that the energy per charge peaks are well defined for
different Ai/zi*' It is easily seen that the peak in energy per charge of
the ith species will be within a thermal width of the peak of the (i +‘1)
th species when

. 1/2
Wisg/Up = 1 = (AZ500%/Z5*Rs4q) 11.13

For Ai/Zi* values of 1 and 8, strong overlap will begin to occur at Mach
numbers near unity. However, for values of 8 and 10 -2/3, or 10 -2/3 and
16, strong overlap begins at Mach numbers of ~6. Thus we lose resolution
in the heavy ions at relatively high Mach numbers, and identification of
individual heavy ion peaks becomes difficult. This happens in many of the
observed spectra. Even here, however, it is easily seen from equation

(I1-8) that as long as all species are within our energy range, then

- z
b Ij = T0 AO e u, 3Ny Zi* 11.14
and thus
NC = ? Ni Zi* = § IJ./T0 A0 e u, 11.15

Provided that we have an estimate of U, from other sources, we can estimate

NC even though the individual peaks cannot be identified.

D. SPACECRAFT TRAJECTORY AND INSTRUMENT RESPONSE AT JUPITER ENCOUNTER

Because of the finite field of view of the various sensors, the
direction of the cup normals with respect to the bulk plasma motion is of

primary importance for measuring the properties of the magnetospheric
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plasma. Except for brief periods of spacecraft maneuvers, the spacecraft
attitude is fixed in inertial space. On the basis of pre-Voyager theory
(see Introduction), it was expected that the plasma flow would be azimuthal
about the planet, locked into Jupiter's rotation. In this case, as the
spacecraft rounds Jupiter in its hyperbolic encounter orbit, the flow would
appear to an observer on the spacecraft to change direction as a function
of time. To make this more explicit, in Figure Za, we show the Voyager 1
trajectory as projected into the Jovian rotational equatorial plane during
encounter. In Figure 3a, the same type of projection is shown for Voyager
2. In each, the sun is to the right, and tic marks are shown along the
trajectory every 12 hours with the day of year shown at the start of each
day UTC (Universal time, coordinated) day on board the spacecraft. During
the encounters, the main sensor symmetry axis (denoted by S in the figures)
lay almost in Jupiter's equatorial plane. On the inbound passes, the side
sensor cup nomal (denoted by D in the figures) also lay almost in the same
plane. Past periapsis the spacecraft were rolled about the high gain
antenna axis to acquire Arcturus with the Canopus star tracker. This
allowed the imaging of a crescent Jupiter with the Image Science television
cameras on the outbound leg of the trajectories. In this orientation, the
normal of the D-cup pointed nérthward of the equatorial plane. It is
qualitatively obvious from the trajectory plots that during the inbound
approach to the planet, supersonic azimuthally flowing plasma would be
detected primarily by the side sensor while not being detected by the main
sensor. As the spacecraft is accelerated around Jupiter, such flow would
be detected by the main senso# cups near closest approach and then lost to

the instrument entirely on the outbound trajectory.
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These remarks can be made QUéntitative for Voyager 1 (Figure 2b) and
for Voyager 2 (Figure 3b) by plotting the instrument response to a cold,
rigidly corotating positive ion beam for three of the Faraday cups. Unit
response means that all the particle flux passing through the instrument
aperture is detected at the instrument collector. The response of the A,C,
and D cups is shown and aberration due to the spacecraft motion has been
included. The response of the B cups closely parallels that of the C cup
and so has not been shown. The B and C cup normals are near mirror images
in the Jovian equatorial plane, pointing to the south and to the north of
that plane respectively until the change of reference star to Arcturus.

Starting at 62-2000 (day of year 62, 20 hours, 00 minutes spacecraft
UTC), Figure 2b shows that the D cup would "see" the plasma beam, while the
other cups would not see it during most of the inbound trajectory leg.

Only from ~64-0800 to ~64-1300 could a corotating beam be detected by the
main sensor cups. By 64-1800 (the right hand edge of the figure), all cups
have a zero response to a cold, corotating plasma. For reference,
periapsis is about 64-1204.

In Figure 3b we show the same cup responses during the Voyager 2
encounter from 189-1700 to 191-1500 (periapsis is ~190-2229). Although
qualitatively the same as the Voyager 1 cup response, the Voyager 2 D-cup
response falls off earlier before closest approach and the A-cup response
is appreciable for a longer time around closest approach to the planet.

The difference between the cup responses for the two encounters is the
result of different encounter trajectory geometries. Operationally, this
has helped to 1imit the number of Voyager 2 D-cup spectra which we have

successfully analyzed.
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The spacecraft maneuvers alluded to were designed to orient certain of
the experiments for special observations, several maneuvers being designed
and executed specifically for the Plasma Science inyestigation. These can
be divided into two types: rolls and off-axis maneuvefs. In the former,
the spacecraft executes a turn about the high gain antenna axﬁs (pointed at
the earth). Since the Plasma Science main sensor symmetry axis is parallel
to the antenna axis, such maneuvers only affect the side sensor orientation
in a fundaméﬁtal way. Off-axis maneuvers involve turning the spacecraftv
about one of its other two axes ("pitch" about the spacecraft X-axis, "yaw"
about the Y-axis) such that the high bit data rate communications link with
the earth is temporarily broken. During these times, data is accumulated
on the on-board tape recorder for high rate playback to earth once
communication has been reestablished.

The Voyager 1 spacecraft executed seven off-axis maneuveré designed to
look for plasma f]ow'in the middle or outer magnetosphere. In each case,
the spacecraft was rolled such that the Y-axis lay parallel to Jupiter's
rotation axis. A subsequent yaw of 360° scanned the main sensor in a plane
parallel to the rotational equatorial plane. The yaws were completed in
about 32 minutes so that the symetry axis of the main sensor moved about
16° between starts of subsequent 96 second measurement sequences. Since
the three independent velocity component measurements possible with the
main sensor allow the bulk velocity vector to be constructed (Bridge et
al., 1977), spectra acquired with the A,B, and C cups would give the full
velocity of the plasma if it lay close enough to the rotational equatorial
plane. Each maneuver was finished by completing the initial roll so as to

bring the spacecraft back to its nominal orientation. Of the two inbound
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and five outbound off-axis maneuvers, strong signals in all three main
sensor cups were only seen for the second inbound maneuver PLOMAN 2 (Plasma
Outlfow Maneuver 2) at ~35 Jovian radii inbound. We defer the discussion
of results to the data section below. A roll to sweep the side sensor to
Took for magnetic field aligned plasma flow and the roll to charge
reference stars from Canopus to Arcturus were executed as well. Voyager 2
executed no off-axis maneuvers during its Jupiter encounter phase as a
result of contingency planning associated with command receiver problems on
the spacecraft (Stone and Lane, 1979).

During the outbound leg of Voyager 2 encounter, that spacecraft did
execute several roll maneuvers to reorient the side sensor. In each case,
the spacecraft was rolled 180°, maintained that orientation for ~10 hours
(~ one Jovian rotation period) and then completed the roll to the nominal
orientation. Readily analyzable signals were seen only during part of one

of these "reversed orientation" periods.
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CHAPTER III. PLASMA OBSERVATIONS IN THE MIDDLE MAGNETOSPHERE

A.  INTRODUCTION

The Plasma Science experiment gathered data continuously during the
flybys of Jupiter by the two Voyager spacecraft. Between the last inbound
and first outbound magnetopause crossings, the Plasma Science instrument on
Voyager 1 telemetered to earth a total of some 66,000 positive ion, energy
per charge spectra (L and M modes, all four Faraday cups). Traveling at a
lower speed, Voyager 2 spent more time between its last fnbound and first
outbound magnetopause crossings. During this time it telemetered to earth
some 96,000 positive ion spectra. As we have remarked above, processing of
these data is contingent upon many different factors. These include the
angle between the plasma flow and the cup normals, the ratio of the
velocity component into the cup to the thermal speed (effective Mach
number, Meff)’ the level of background current, and the effects of time
aliasing. As long as the measured currents are above background and time
aliasing is not a problem, the analysis can proceed at various levels
depending upon how accurately the response function of the instrument is
modeled.

In this thesis, we present an analysis of positive ion data gathered
in the dayside middle magnetosphere (10 Ry S r S 40 Rj). Outside of .40
Rjs the data are contaminated by noise as a result of low fluxes of
positive ions into the cups. The trajectory of Voyager 2 does not
penetrate the inner magnetosphere (r $ 10 RJ) so that comparison between

the two spacecraft there is not possible. More importantly, the inner
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region, as sampled by Voyager 1 is dominated by the Io plasma torus and its
associated dynamics, which form separate subjects of their own (Bagenal and
Sullivan, 1981). For these reasons, we restrict ourselves to a study of
the plasma in the middle magnetopshere. As we shall see the plasma
dynamics (e.g. cf. the plasma sheet) are very different from those of the
inner magnetosphere. The plasma flow in the middle magnetosphere is
predominantly azimuthal about the planet, in the same sense as its
rotation. As a result, the flow is directed into the D-cup only on the
1nbohnd legs of the spacecraft trajectories (§II.D). Under these condi-
tions, we have a good knowledge of the instrument.response function and can
analyze the D-cup data so as to give quantitative results. This analysis
yields only one component of the bulk velocity, although comparison of
fluxes in the different cups shows that this is the largest measured
component. The other cups notably B and C, still contain a large amount of
information. However, the facts that these cups are asymmetric ih shape
and view the flow at very oblique angles in the middle magnetosphere make
the analysis of the data complex. At this time, a method of routine
quantitative analysis is not available. The data from the more oblique
sensors can be used to make some quantitative statements about the flow

directfon, which we do below (SIII.F).
B. POSITIVE ION CHARGE DENSITY
At the lowest level of analysis, we can obtain the total positive ion

charge density from the total current measured in the D-cup (§II.B). We

assume normal incidence of the flow into the cup so that the response



55
function is a constant. As long as the plasma is supersonic, the
corrections, which go as the second power of the inverse effective Mach
nunber, are small. We assume that within 17 RJ of the planet the plasma
rigidly corotates and that outside of the distance the velocity component
into the D cup is constant at 200 km/sec. This choice is in reasonable
agreement with the results of Bagenal and Sullivan (1981) and McNutt et al.
(1979). Such a choice gives excellent agreement between the total positive
ion charge density derived from the ratio of flux density to assumed
velocity, and the total electron density recordéd by the Plasma Science
experiment (Scudder et al., 1981).

The results are shown for Voyager 1 in Figure 4 and for Voyager 2 in
Figure 5. In each case the total L-mode current and total M-mode current
above the noise level were compared and the larger used for the ana]ysis;
This tends to minimize time‘aliasing problems which can occur with the
M-mode spectra and also eliminates the L-mode data for those spectra where
instrument saturation occured. Also, in order to best characterize the
data through closest approach, the data used are those from that cup for
which the sensor response to a cold corotating beam is largest. In
approaching the planet densities are, therefore, obtained from the D-cup,
then the C-cup, and finally, the A-cup (see Fig. 2a, 3a and discussions).
In each figure the spacecraft event time is shown at the bottom with tic
marks every hour and the distance from Jupiter's center in planetary radii
at the top. (Throughout we have used the pre-encounter value 1RJ (Jovian
radius) = 71,372 km (Van Allen et al., 1974). This has been updated to a
value of 71,398 km (Smoluchowski, 1976).) Periapsis is marked by CA

("closest approach"). The top panel shows the vertical distance of the



56
spacecraft in R; from the magnetic dipole equator. Crossings of this
equator are shown by arrows in the density panel for reference. These do
not always coincide with the current sheet crossings as observed by Voyager
and the correspondence is worse at larger distances from the planet (Ness
et al. 1979a; Ness et al. 1979b).

Globally, the charge density shows two local increases every dJovian
rotation period (~9h55m) (except for Voyager 1 at 64-000, see SIII.G).

This is in agreement with the magnetodisc interpretation of the Pioneer
fields énd particles data (§I.F.1). However, the decreases in magnetic
field magnitude and increases in plasma density do not always exactly
coincide. Hence, the term "magnetodisc" as originally employed (Van Allen,
1974) is not fully descriptive of the plasma data. To be precise in our
terminology, we will speak of the "current sheet" in reference to the
magnetodisc signature in the magnetic field data and of the "plasma sheet"
in reference to the signature in the Plasma Science experiment data.

In the Voyager 1 density profile (Figure 4), at the plasma sheet
crossings the density enhancements are pronounced and correlate fairly well
with the dipole equator crossings. The correspondence is better at smaller
radial distances although the two crossings of the plasma sheet centered on
64-0000 are a notable exception. The density curve, shown by the solid
1ine is in good agreement with the corresponding electron density curve
(Scudder et al., 1981). Crosses mark the mass density determinations
discussed below (SIII.E).

The Voyager 2 data (Figure 5) are displayed in a similar manner. The
plasma sheet crossings do not show the regular structure seen in the

Voyager 1 data. Pronounced crossings are centered on ~188-2230, ~189-0130,
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and ~189-0000. Th; abrupt crossings at 190-2200 and 191-0930 are also
clearly defined, uhlike the density enhancement centered on ~189-2230. The
Ganymede wake dropout phenomena is readily apparent from 190-0400 through
190-1200 (Bridge, et al. 1979b; Burlaga et al. 1980) and tends to obscure
any regular density increases in this region. Again, crosses show the mass

density from fits to selected spectra (SIII.E).
C. ANALYSIS OF HIGHLY RESOLVED SPECTRA FROM VOYAGER 1
1. CONSTRAINTS ON THE ANALYSIS

In order to fully characterize the low energy plasma in the middle
magnetosphere, we would 1ike to have available the full three dimensional
distribution functions of all ijon species present. For various reasons we
have alluded to, this is not possible in the dayside middle magnetosphere.
Using our knowledge of the instrument response (§II.C) and the assumption
of local thermodynamic equilibrium, we can fit the positive jon spectra in
the D-cup in a non-linear least squares sense (see Appendix). Throughout
most of the dayside middle magnetosphere this fit is based on the reduced
distribution function measured along the D-cup normal, so that we routinely
find only one velocity component. A more detailed analysis with a special
simulation computer code using data in the other cups can provide knowledge
of the full velocity vector (Belcher et al., 1980). However, computing
constraints restrict usage of this analysis and so, in this thesis, we will
primarily concern ourselves with the reduced Maxwellian distribution

function parameters of the plasma as derived from a non-1inear least
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squares fit to the positive ion spectra as measured only in tHe D-cup.

The accuracy with which the positive jon data sets can be fit is
strongly dependent upon data quality. The data quality is affected by
several factors including plasma temperature, flux into the D-cup and the
measurement mode (L or M). The occurence of spectra consitituting the
"best" data seems to be related to crossings of the plasma sheet by the
spacecraft. One of the best examples of M-mode.data from Voyager 1 is
shown in Figure 6. We plot distribution function versus energy per charge
of the M-mode spectrum taken at 63-1537:35. The spectrum shown is from a
~20 minute period in which the plasma density was high enough and
temperatures low enough that the M mode flux is well above the nosie level
for most channels and all dominant species withfn the energy per charge
scan of the instrument are resolved. We can analyze this spectrum by
utilizing a set of assumptions and then checking these for consistency.
Following our previous discussions, we assume that the plasma is
multicomponent in nature, anq further, that each component is well
represented by a convected, jsotropic Maxwellian distribution function.
Since the convective velocity is expected to be almost anti-parallel to the
(outwardly directed) normal of the D-sensor and the magnetic field is
nearly perpendicular to the normal, we assume that the species have a
common velocity component (1le. they are "comoving") into the sensor. In
general, there could be a field-aligned differential streaming among the
components, but this should be a negligible effect for spectra measured

with the D-cup.
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2. COMPOSITION AND TEMPERATURE: MAJOR IONIC SPECIES

Although certain parameters of the plasma, such as total mass density
and total charge density, are independent of the exact species
identification (II.C) others (such as temperature) are not. There are many
times when the effective Mach numbers are lower than in the spectrum shown
in Figure 6 and the various species are not resolved in the M-mode data; in
the L-mode data the heavy (A > 2) species are never resolved by the wider
energy per charge channels. As a result of these limitations, we need to
make some definite assumptions as to the plasma composition. This does not
strongly affect the M-mode data analysis presented herein, but it does
affect the L-mode analysis to follow. As there are ample sources of
hydrogen in the Jupiter environment and the lowest mass to change ratio is
that for protons, we assume that the peak at the lowest energy per charge
(see Figure 6) is due to protons.

We have noted above that various ions of oxygen and sul fur have also
been identified in the Jovian magnetosphere. In particular, the Plasma
Science instrument has observed species with mass to charge ratios of
1,8,10 2/3, 16 and 23 (Bridge et al., 1979a; Bridge et al., 1979b).
Sullivan and Bagenal (1979) have noted that such ratios result from
protons, oxygen, sulfur, and sodium. Figure 6 shows these characteristic
peaks.

As a guide to analysis, we have listed the ionization potentials of
various atoms (Table I) and molecules (Table II) which are possible
candidates for detection. We have also indicated the mass to charge ratio

and whether the species has been identified in the Plasma Science data. Of
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the species which have been possibly observed, the highest ionization

potential listed is 47.3 eV for ST (

mass to charge ratio 8). Observed ion
temperatures in the torus range from ~25 eV to ~85 eV (Bagenal and
Sullivan, 1981) and characteristic electron temperétUres'are also in the
tens of eV (Scudder et al., 1981). Broadfoot et al. (1979) observed no 03*
(I.P. 54.9 eV, A/Z* = 5 1/3) and the Plasma Science spectra show no
characteristic signals at mass to charge ratios of less than'8.. Qutside of
~15 Ry there are many instances, such as in the spectrum shown, of a peak
at 10 2/3. The peak is clearly not at 11 1/2 (Na2+) and so is most

3 with an ionization potential of about 35 eV.

plausibly identified as S
These considerations suggest that in its past, the observed plasma
populations was exposed to some jonization mechanism of at least 35 eV in
charactertisic energy but not as large as 54 eV. On this basis, the peak
at mass to charge of 8 is most Tikely oxygen and not suflur, and we assume
the former 1dentffitation in the analysis of the data. The peak at 16 is
more of a problem. Consideration of ionization energies and the fact that
there is a significant amount of 02+ and S3+ would suggest that the signal
is most probably due to sulfur, with most of the oxygen in the doubly
ionized state. However, this is not necessarily true. To put the analysis
of this spectrum on a more quantitative basis so as to better investigate
the plasma composition, we have used our fit procedure to find number
densities, temperatures, and bulk velocity components for the species
suggested by the spectrum.

We have fit various parts of the 63-1537 M-mode spectrum with various
components using eleven different sets of assumptions. These are

enumerated, along with the results, in Table III. Since the peaks at mass
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to charge ratios of 8, 10 2/3, and 16 are well defined and dominant, for
case 1 (Table III) Qe fit three comoving, isotropic Maxwellian
distributions with independent thermal speeds to the spectrum. Each
density is taken as an independent parameter (this is true in all of our

3* and 0% although the

§2*

analyses). We have assumed a composition of 02+, S
16 peak could as well be 52+ or (as is likely) a combination of 0" and
with different thermal speeds. In Figure 18, we show the fit currents.
Only that part of the spectrum used in the fit is shown. The individual
Maxwellians are shown by thin lines (parabolas) and their summed contri-
bution in each channel is shown by crosses. Under case 1 in Table III we
show the individual fit parameters including the thermal speed w,
temperature T, and temperature per proton mass (.amu) for each component.
In this example we obtain a total mass density of 22.18 amu cm'3 and a

total charge density of 1.67 cm"3

, which gives an average mass to charge
ratio of 13.28. These parameters are functions of the mass to charge ratio
only and are independent of the assumed composition.

The probable source of sulfur and oxygen is sulfur dioxide venting
from lo (Cheng, 1980). Hence, each magnetic flux tube should contain twice
as many oxygen as sulfur atoms. If the ionic species have not thermal ized
with respect to each other, the local number density'ratio of oxygen to
sul fur should be two. Thermalization implies a ﬁigh%r scale height for
oxygen relative to sulfur, decreasing the local ratio samewhat (for
discussion, see Bagenal and Sullivan, 1981). With this in mind, we have
computed the ratjo of oxygen to sulfur atoms assuming the 16 peak is either

all ot or all 32+ using the case 1 parameters. The numbers are 7.36 and

0.223, respectively. Since we are high by a factor of 3.7 in the all
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oxygen éase and low by a factor of 9.0 in the all sulfur case, this
suggests that the 16 peak is indeed a combination of the two if the
ultimate source is sulfur dioxide. If we assume a ratio of 2, then it can

3

be shown that the signal at 16 must contain 0.554 0% jons ecm™ and 0.199

52+ ions cm'3 if we are seeing all of the oxygen and sul fur present and
they have the same thermal speed. It is likely that we are detecting all
of the oxygen, which is probably in its first two ionization states only.
Furthermore, if we recall the ionfzation potentials of Table I and our
previous arguments, it is likely that the 8 peak is mostly 02+ and contri-
butions to the currents from S4+ are negligible. On‘the other hand, the
jonization energy needed to create ot and St is about the same. Since the
latter is out of our energy per charge scan, it has not been included in
the analysis, though it probably makes a significant contribution to the
plasma population. Hence, 0.199 ions cm'3 of SZ+ is an upper 1imit and
most of the signal at 16 is probably due to o'.

The thermal speed is usually the most ill-defined quantity since it is
dependent upon the complete definition of the peaks. In the fit shown
here, the comparison of temperature and temperature per atomic mass unit
(amu) for each component shows that these quantities both vary from

2+

component to component. Assuming that the peak at 8 is all 0~ and the

peak at 10 2/3 is all S3+

, it appears that the thermal speed rather than
the temperature, tends to be the same for each of these components. This
is consistent with ionization and pick-up by the magnetic field of a
collisionless plasma (Bagenal and Sullivan, 1981). However, the thermal
speed of the 16 peak is scmewhat lower. As a comparison, for cases 2 and 3

(Table II1) we have assumed that the temperature is the same for each
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component and that the 16 peak is all 0" and all 52+, respectively. The
fits are shown in Figures 8 and 9. Although, the temperature so derived
varies almost by a factor of 2 from one case to another, it is important to
note that the velocity component, total mass density, and total positive
charge density, are almost totally unaffected by the different assumptions.
These fits show that neither the assumption of a common thermal speed or of
a common temperature gives a complete description of the situation. This
is true of other resolved M-mode spectra as well.

In case 4 (Table III) we fit an independent Maxwe]lién distribution to
the proton peak in the M-mode and in case 5 we include that peak in a fit
using the four resolved peaks and a common velocity component (see §SIII.C.3
below). It should be noted that the proton thermal speed is far higher
than those of the other components and, in fact, the proton and (assumed)
ot temperatures are comparable (cases 4 and 5; Table III). This seems to
be typical in those few spectra in which simultaneous but independent

proton and 0% fits to M-mode spectra are possible.
3. COMPOSITION AND TEMPERATURE: MINOR IONIC SPECIES

Ionic species with ratios of mass to charge of 1,8,10 2/3, and 16 are
routinely presént in the spectra obtained with the D-cup in the middle
magnetosphere. Species of positive ions as higher mass to charge ratios
also contribute to the inertia of the plasma (Bagenal and Sullivan, 1980).
In general, these are not visible in the data taken with the D-cup due to
the Tow Mach numbers exhibited by the ionic species. For example, when the

speices at a mass to charge ratio of 16 has a low enough effective Mach
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number any signal from Na* is obscured. Species with larger mass té charge
ratios are usually above our energy per charge range outside of ~10 RJ.

There is a clear signature of the sodium at a mass to charge ratio of
23 in the cold spectrum of Figure 6 although a peak is not fully resolved.
We attempted to fit this species both to gain more understanding of the
relative temperature problem (the identification of a 23 peak as Na© is
fairly certain) and to estimate by what amount the mass and charge
densities are underestimated by excluding Na*in our fits of other spectra.
In each attempt (cases 6 and 7) we could not obtain a good fit to the data.
This led us to consﬁder what other species might be contributing to the
signal in this part of the energy per charge spectrum. There have been
reported sightings of neutral potassium in the Jovian magnetosphere
(Trafton, 1975; Trafton, 1977), although potassium has never been clearly
detected by any spacecraft instrumentation (e.g., Vogt et al., 1979a).
However, at a mass to charge ratio of 19 1/2, doubly ionized potassium
would tend to contribute to the signal at about the appropriate place in
the spectrum. Upon reviewing the high Mach number M-mode spectra, we found
that in one Voyager 1 spectrum, taken at 62-1020:47.065 there is a clear
shoulder at mass to charge .18 to the side of the 16 peak. The measured
flux was low and further analysis needs to be carried out so as to be
certain that the signal is real and not an artifact of spacecraft noise.

2+’ S3+

From Table III, we note that the ionization potentials for K , and
02+ are comparable, so that any neutral potassium present at the ijonization
site would probably have contributed to a K2+ population. In any case,
under the assumption of both K2+ and Na* being present, good fits to the

data could be obtained (cases 9, 10, and 11). There are indications from
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the case 9 parameters that the temperatures of 0" and Na© are closer than
are their thermal speeds, but there is not enough resolution to come to a a
solid conclusion. The mass and charge densities of Na© and K2+ from the
three fits are consistent and represent about 10% and 7%, respectively, of
the total mass and charge densities. As we remarked above, usually the
plasma is hotter than it is in this spectrum and no signal around a mass to
charge ratio of 23 is resolved. In such a case, by assuming only a
contribution at 16 the fit parameters will adjust themselves (e.g. by
increasing the fit thermal speed) so as to include any density
contributions fromK2+ and/or Na*. The contributions by those (supposed)
species in the high Mach number case are, therefore, upper 1imits to what
we will usually neglect by fitting only the 8, 10 2/3 and 16 peaks.

With respect to neglecting contributions to the density, there is only
one spectrum in the entire D-cup data set which clearly shows contributions
by ion species with mass to charge ratios of 1, 8, 10 2/3, 16, 23, and 32.
This is the spectrum taken at 63-1550:23.086 which has been published
elsewhere (Sullivan and Bagenal, 1979; Belcher et al., 1980), and is not
shown here. The peaks at 8 and 10 2/3 are not as well defined as those in
the spectrun whose analysis we have detailed above. Unlike the spectrum at
1537 on day 63, this spectrum gives us the opportunity to estimate the
density we neglect by not being able to include the peak at 32 in the
analysis. In addition, assumning that the source of all the sufur and
oxygen is SO, that the local number density ratio n [0]/n[S] is 2 and that
52+ and 0% have the same thermal speed, this is one of 3 spectra taken in
the middle magnetosphere which allows us to calculate the relative

contribution of 0% and 82+ to the 16 peak. A set of fit parameters, based
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upon several types of fits as detailed above, is shown in Table IV. Again,

the 0+ and proton temperatures are in the same range while the HY, 02+

, and
S3+ have about the same thermal speed. At this same time the core electron
temperature is 10.6 eV (Scudder et al., 1981) comparable to the H" and 0F
temperatures. Computing mass and positive ion charge densities we find a
total mass density of 22.5 amu en™3.  Of that amount 5.23 amu cm™> or 23%
is contributed by the fits to K2+, Na+, and S*.  The contribution increases
to 24% if the protons are included. The total positive ion charge density

s 1.69 cm73. The charge density from K2+, Na* and ST contributes 0.197

cm"3 or 12% of the total while that of the protons contribute another 13%.

The measured electron charge density at 63-1550:55.486 is 1.33 cm'3
(Scudder et al., 1981) which is in fair agreement. If we set the local
oxygen ion number density to sul fur jon number density ratio to 2 we find

that 0.518 0+ ions cm‘3 and 0.112 52+ ion cm‘3

contribute to the 16 peak.
In this, we assumed that the 8 peak is all O2+ and the 32 peak all s™.
This is based on the relatively high energy (47.3 eV) needed to produce S4+
and the relatively low energy (6.6 eV) at which 02+ dissasociates (Table
II). We note that this results in an average charge state of 1.4 and an
average mass of 18.2 amu for the positive ions in the plasma. The averge
mass to charge ratio is 13.3 consistent with the analysis of the 1537
spectrum in which st s neglected.

Including the peak at the mass to charge ratio of 32 still provides
only a lower 1imit to the positive ion mass and charge densities, but the
further corrections to these quantities are probably smaller still. From

data taken in the torus region it is known that there are heavier ions

whose energy per charge is above our scan range in the middle magnetosphere
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(Sullivan and Bagenal, 1979). There is no evidence for k" at the mass to
charge ratio 39. There is evidence for ions at mass to charge ratios of
64, ~104, and ~160 (Sullivan and Bagenal, 1979). The 64 signal is most
likely 502+; the other species remain unidentified. In the middle
magnetosphere these ijons probably make less of a contribution than st at 32

and add 1ittle to our mass and charge densities.
4. LIMITS ON THE ELECTROSTATIC POTENTIAL OF THE SPACECRAFT

We have also investigated the possible effect of spacecraft charging
on the fit parameters. We included the proton peak in the analysis and fit
the spectrum at 63-1537 to four independent Maxellians, letting the bulk
velocity component of each be fit independently of the others. For a given
species i, of mass to charge ratio Ai/zi*’ assume the peak in its
distribution is measured at some voltage ¢. Assume further that the

instrument has acquired a potential 4 that the true bulk component into

s/c’
the sensor is Uj and that the inferred component, assuming no spacecraft

charging, is Vi' Then we have

1
~A.m
2 VP

2 _
U.I "Z.i*E(¢+¢ S/C) IT1I.1

1 2

V.
2 P

= Zi* e ¢ II1.2

were mp is the proton mass and e the proton charge. If Vi can be measured

for two different species and Ui is assumed to be the same for both, we can

solve for ¢ and Ui' The results of the fit to the spectrum taken at

s/c
63-1537 are shown under case 4 in Table III. The best estimate of possible
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charging effects is derived by comparing fits to ionic species with very
different mass to charge ratios. This minimizes the effect of errors in
the velocity component found from the fit (i.e., in the values of Vi)'
Using the values tablulated in Table III, we can compute values of U; and
bs/ct If we compare the energy per charge values at heavy ion peaks with
that of the protons, the largest spacecraft potential is derived from

comparison with the 10 2/3 peak, from which we obtain ¢ = 30.6 volts, U.

s/¢ i

= 198 km/sec. This is st{ll an upper limit on bs/c however. Since only
72 M-mode channels are telemetered each measurement cycle, the proton peak
was obtained 96'seconds before the heavy ion peaks. On this timescale,
variations in the plasma bulk velocity of this magnitude are not uncommon.
We have extended this type of analysis to other M-mode spectra as well.

A1l results are consistent with the spacecraft not charging to more than
tens of volts at the most and usually to only a few volts (Bridge et al.
1979a; Scudder et al., 1981). The results are inconsistent with the large
spacecraft potentials which, it had been hypothesized, would occur (Scarf
and Gurnett, 1977). Intercomparison of velocity components found from the
heavy ion peaks also give upper 1imits on the spacecraft potential but with
large errors in the determinations. This can be illustrated as follows.
The velocity component value for the 10 2/3 peak is off by 1% from those of
the 8 and 16 peaks. We can use the velocity component values from the fits

to these peaks to calculate V, and ¢ and then find what VH+ (Vi for the

s/c

proton signal) should be. From the 10 2/3 and 16 peaks we find ¢ = -131

s/c
volts and Ui = 187 km/sec. Such high negative potentials are unreasonable
because they would repel all low energy electrons from the spacecraft, and

this does not happen (Scudder.gg_gl., 1981). From the 8 and 10 2/3 peaks



69

we find ¢ = 131 volts and U = 203 km/sec. In this casé VH+ = 127 km/sec

s/c¢
which is 1.3 thermal widths Tower than where the proton component peak is
actually seen.

We also note that the high velocity and temperature for the 10 2/3
peak could be explained by an admixture of Na2+ jons rather than by
spacecraft charging. We consider this unlikely, for although there is a
clear signal at 23 of Na* jons, it requires 47.3 eV to populate the Na2+
state, which is somewhat high compared to the other jonization potentials
that seem to be typical for other ion species in the plasma. Such a
characteristsic energy at the place of ionization would probably have
resulted in O3+ production, but, as we have noted, this ionic species is
not seen. ‘Such an energy would also argue for the peak at 8 to be a
mixture of 02+ and S4+ (see values in Table III) and further complicate the
analysis. For the sake of argument, suppose there were a population of

2+

Na“" at mass to charge ratio 11 1/2. Further, suppose the true velocity

component is 195 km/sec but that 197 km/sec is the apparent average

2+. Then, instead of 0.128 S3+ jons

velocity from a mixture of S3+ and Na
cm'3, we find 0.0942 S3+ jons em™3 and 0.0526 Na2t ions cm'3, the latter
accounting for 26% of the measured current. The high velocity component of
the peak at the mass to charge ratio of 10 2/3 is probably more indicative
of the inherent error in the fit rather than a result of either detection

2+

of Na~ or any spacecraft potential.

5. COMPARISON OF RESULTS OF L-MODE AND M-MODE ANALYSES

In Figure 10, we show M-mode spectral data which includes a plasma

sheet crossing and the spectra just discussed (63-1537 and 63-1550). The
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figure shows a four hour and fifteen minute run of M-mode spectra from
63-1300 to 63-1715 measured in the D-cup on Voyager 1 inbound. The spectra
are plotted as current versus channel number. The current scale has been
normalized to the largest current seen during the entire time period and
the (linear) channel number scale has been labeled with energy per charge
tic marks. It should be noted here that the current scale is 1inear while
the individual spectral plots exhibit distribution function plotted on a
logarithmic scale.

The figure gives a good representation of the'variability of the data.
The peak of the species with the mass to charge ratio of 16 in the 63-1537
spectrun is the highest peak on the figure. While individual spectra show
peaks which look well defined and Maxwellian, variations in all the fit
parameters from spectrum to spectrum can be significant. In this time
period, density increases associated with the plasma sheet can be seen
centered around 63-1345 and 63-1550 while the magnetic field minimum
(indicative of the center of the current sheet) occurs at about 63-1400
(Ness et al., 1979a). The heavy ions occupy the energy per charge range of
.1000 to 6000 volts. The proton signals occur at about 100 volts and, in
the sequence shown, only 3 spectra show proton signals prominently above
the noise level. This is a typical problem with the proton signal in the
M-mode data. It is readily apparent from Figure 10 that most of the M-mode
spectra are in the noise and cannot be fit. This situation is remedied to
a large extent by the adjacent L-mode spectra. Since the channel widths in
energy per charge are larger than for the M-mode (by a factor of .8), there
is a gain in the signal-to-noise ratio, thus improving the proton signal.

At the same time, this decreases the energy per charge resolution so that
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the plasma parameters for the ionic species other than protons are more
uncertain. The situation is illustrated in Figure 11 where we show a
spline fit representation for the L-mode data in the same period as shown
in Figure 10; To emphasize the proton signal, we have plotted distribution
function versus channel number, both on a linear scale.

In Figure 12, we show the L-mode spectrum taken one minute after the |
63-1537 M-mode spectrum‘discussed above. Here the Tack of resolution of
the heavy ions is apparent. The protons, however, remain as a resolved
separate peak. Typically, the L-mode spectra show such a signature, even
when> the Mach number is lower. In this example, the effect of the 16 peak
being clearly separated from the others in the M-mode is clearly reflected
in the peak in the 14th channel of the L-mode. In those cases where the
M-mode spectra are unresolved, the corresponding L-mode data exhibit two
smooth peaks, one from protons and the bth?r from heavy ions. .

The L-mode spectra never contain enough information to allow an
unambiguous fit to the heavy ion "peak". Even assuming the same velocity
component for all species as well as the same temperature for the assumed
major contributors (02+, S3+, and 0+) Teaves too many free parameters for
the fitting procedure (see Appendix) to work with reasonable results.

We have carried out a series of fits to the L-mocde spectrum at
63-1538:36.524 shown in Figure 12. This spectrum should yield plasma
parameters close to those found in our detailed M-mode analysis discussed
above, though as Figures 10 and 11 show there can be great variability on a
time scale of one minute. So as to 1imit the number of fit parameters, we
have assuned a constant bulk velocity component and a common temperature

for the heavy ion species used in the fit. The fits are illustrated in
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Figures 13, 14, and 15 and the parameters listed in Table V. Attempting to
fit more than two heavy ion species typically results in one of the
densities being driven negative. This occurs because the densities are
not constrafned to be positive and the information content of the L-mode
spectra is relatively Tow. Of the cases illustrated, case 1 (of Table V)
canes closest to reproducing values charactertistic of the M-mode analysis

detailed in Table III.
~D. SURVEY OF L-MODE AND M-MODE SPECTRA

As we have indicated, the spectra shown in Figure 6 (M-mode) and
Figure 12 (L-mode) are somewhat atypical. Usually, the sonic Mach number
is lower and there is less resolution of the peaks. An example from
Voyager 1 inbound is shown in Figure 16. Only the peaks at 10 2/3 and 16
are resolved; that at mass to charge ratio 8 is a shoulder on the 10 2/3
peak, and any proton signal has been lost in the noise. The latter can be
recovered from the adjacent L-mode with its higher signal-to-noise ratio
(Figure 17). This confirms the identification of 10 2/3 and 16 as the
correct mass to charge ratios for the resolved peaks. Fitting independent
Maxwellians to the resolved peaks, we find bulk velocity components of 204
km sec and é03 %m/sec, respectively. With respect to resolution, we find
that the 10 2/3 peak exhibits a sonic Mach number of 10.1 as compared to
15.0 for the 10 2/3 peak in Figure 6. A sample M-mode from Voyager 2 taken
at 189-1921 is shown in Figure 18. A preliminary analysis based on the
peaks at 1, 10 2/3, and 16 gave a common velocity component of 210 km/sec

(Bridge et al., 1979b). An unsuccessful attempt to use our analysis
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program is shown in Figure 19. The assumed composition is 1onic%species
with mass to charge ratios of 1,8,10 2/3, and 16. The velocity obtained is
200 km/sec. Only the parameters for the proton peak are well defined (Mach
number 2.1, temperature 45.4 eV), while the individual Maxwellian fits to
the heavier species bear no relation to even the minimumally resolved
peaks. More information can be extracted from this spectrum, but a more
sophisticated analysis is required. This is typical of many of the Voyager
1 M-mode spectra and almost all of the Voyager 2 M-mode spectra. The
corresponding Voyager 2 L-mode spectrum from 189-1921 and a fit to it are
shown in Figure§ 20 and 21. Although the fit to the proton peak is good
and the predicted total currents match the measured currents well in most
channels, the 0" number density is negative and the fit to the heavy ion

3+. The velocity

peak overestimates both the density and temperature of S
component obtained is 209 km/sec, consistent with the M-mode analysis
results. The proton temperature is 31 eV and the formal mass and charge
densities are 4.33 amu cm'3 and 0.593 cm'3. The electron data gives about
0.75 c:m'3 for the total charge density at this time and ~26 eV for the core
electron temperature (Scudder et al., 1981). These numbers are fairly
consistent and in any case individual spectra about this time indicate the
plasma conditions were fluctuating ~20% or more (cf. Figures 18 and 20 -
although taken only 30 seconds apart, the flux levels are quite different).
However, since we could not obtain good fits to these spectra we have
omitted them in the subsequent analysis. We have included the M-mode

velocity determination as it is consistent with the channel Tocations in

which the minimally resolved 10 2/3 and 16 peaks occur.
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The best resolved M-mode spectrum was seen by Voyager 2 inbound at
190-0454 and is shown in Figure 22. A fit to it is shown in Figure 23.
Again, clear peaks are seen at mass to charge ratios 1, 10 2/3, and 16
although there are apparently contributions at the other indicated mass to
charge ratios as well. There is also a high energy shoulder on the proton
peak which may be indicative of alpha particles. (Such a signature is even
more apparent in the 189-1921 spectrum in Figure 18 and has resulted in the
fit velocity component being high.) No such signatures were seen in any of
the Voyager 1 data. Unlike the case with the 63-1537 Voyager 1 spectrum,
spectra near the Voyager 2 190-0454 spectrum are not resolved. The
situation is jllustrated in Figure 24 which shows Voyager 2 M-mode spectra
from 190-0300 to 190-0715. The format is the same as that used for the
Voyager 1 M-mode spectra in Figure 10. The spectrum at 190-0454 dominates
all others in this time period which includes some of the "drop-outs" of
data (no measured plasma) associated with the Ganymede wake (Bridge et al. -
1979b; Burlaga et al., 1980) from the fit in Figure 23, for the 190-0454
spectrun. The measured velocity component is 130 km/sec, implying that ;
during a full 192 sec measurement time, the plasma sampled occupies about
0.35 RJ in space. Siscoe and Summers (1981) have suggested that this is
the correct order of magnitude for convection cell size in the plasma, and;
hence such dramatic variations from spectrum to spectrum are not i
unreasonable. Analysis of the two L-mode spectra preceding the resolved
M-mode spectra and of the two L-mode spectra following it quantifies these
variations. The analysis shows that the local density increase is
accompanied by a local decrease of temperature and a local increase of the:

flow component into the D-cup. At ~190-0455 a charge density spike is seen
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in the electron data (Scudder et al., 1981), with most of the increase in
the core electron component. At this time, the core temperature is locally
cooler. In Figure 23, the Maxwellian at a mass to charge ratio of 16 has a
Mach number of 9.5 and, assuming O+, a temperature of 15.7 eV as compared
to a one spectrum drop in the core electron temperature to 9.5 eV (Scudder
et al., 1981).

To compare plasma conditions as seen by Voyager 1 and Voyager 2 at the
same distance from Jupiter, we show in Figure 29 an M-mode spectrum taken
by Voyager 1 inbound at 16.5 RJ, the same distance as the Voyager 2
spectrum at 190-0454 (Figure 22). The Voyager 1 spectrum is of the class
of unresolved M-modes with noise contamination of the proton signal. The
split arrows in the figure, accompanying the mass to charge ratios, show
the peak Tocation for those specfes indicated on two different fits to the
spectrum. The Tower determinations of the peak locations result from

2+ 3+

fitting O s°, and 0" with the same velocity component and the same

temperature. The larger values are obtained from the same fit constraints

2+ rather

but identifiying the species at a mass to charge ratio of 16 as S
than 0%, In addition, a dashed arrow locates where the 16 peak would have
to occur if the species with mass to charge 16 were rigidly corotating with
the planet. Even with no clearly resolved peaks, rigid corotation
obviously does not occur in this example (cf. III.B.2). For comparison, we
show in Figure 32 the L-mode spectrum taken some 35 seconds earlier. Fits
to this spectrum under several assumptions are summarized in Table VI. It
should be noted that the L-mode fit to H, S3+, and $2* is an example of a

fit which has both a negative density and a subsonic fit to the proton

peak. This is an example of the inherent ambiguity in much of the L-mode
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data as discussed in the Appendix (sA.4). The other two L-mode fits are
consistent with the model M-mode fit parameters as well as with the
electron charge density (Scudder et al., 1981). In Table VII we show the
formal fractional errors to the common velocity component, the density, and
the thermmal speed in the fit to the L-mode proton peak (sA.2). All formal
errors in the parameters are less than 20% in the fit using S3+ and 07 as
the heavy ion species. Note that the formal velocity error is much higher
for the bad fit although the formal density error is quite small. We have

3+, and 07 in our set of analyzed data

included the L-mode fit using H+, S
discussed below while the unresolved M-mode of Figure 35 has not been
included.

On the basis of a general survey of the data we conc1uded that the
jonic species H, 02+, S3+, and 0F (52+) are routinely present in the data.
Noise tends to obscure the proton signal in the M-mode spectra, so we only
fit the three heavy species to those M-mode spectra selected for analysis.
On the basis of various fits to the L-mode data we have fit H', S3+, and 0F
to the L-mode spectra selected for analysis, with S3+ and 0" constrained to
have the same temperature. As we have detailed above, other schemes are

possible but this selection seems to give the most consistent and error

free results in a global sense (see sIII.E. and sA.5).
E. GLOBAL PARAMETER VALUES

The great variability of the data with respect to temperature,
composition, and signal-to-noise ratio precludes fitting all dayside middle

magnetosphere data with the same level of confidence in the fit parameter
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values. The greatest information context is in the resolved M-mode
spectra, which give the most reliable estimates of the plasma pardneters.
In order to obtain the best velocity component values we have included in
our global study only those M-mode spectra with at least two clearly
resolved peaks. We searched through both the Voyager 1 and Voyager 2
M-mode data sets and found 62 such spectra from the former (including those
of Figures 6 and 16) and only 2 from the latter (shown in Figures 18 and
22). |

To extend our high confidence level data base, we searched through the
L-mode data éets as well. From the Voyager 1 encounters we selected 573
L-mode spectra for analysis. This represents about 30% of the data taken
between the last inbound magnetopause crossing at 62-0235 (Bridge et al.
1979a) and the time at which the proton signal dropped below our energy per
charge scan range at ~64-0430 as the relative plasma/spacecraft speed
decreased near closest approach. In some of the plasma sheet crossings,
L-mode spectra saturated in one or more channels. This occured for 52 of
the 573 spectra. In these cases, the currents in channels 8 to 16 of the
L-mode spectra were computed from the corresponding currents in the most
recent M-mode spectra in time sequence. Although this does increase the
problem of time aliasing, it allows a first order analysis to be carried
out. In each case the saturation occurs in channels containing the heavy
jons. Without filling in these saturated channels, a good estimate of
certain parameters, e.g., the total mass density, could not be given.

Using the same criteria as for the Voyager 1 L-mode data, we selected
161 Voyager 2 L-mode spectra for analysis. The smaller number of spectra

as compared to the number selected from the Voyager 1 data set reflects the
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fact that during the Voyager 2 encounter the effective Mach numbers of the
various plasma constituents were lower. As a result, fewer spectra are
resolved, e.g., sanetimes only a proton peak is clearly defined and
sometimes only a heavy ion peak. In either case, fits can still be
obtained but the uncertainties in the resultant parameters are large enough
that we have only included spectra with two peaks in the analysis in this
thesis..

We have applied our non-linear least squares fit analysis to these
selected Voyager 1 and Voyager 2 spectra (for details see sA.5), to obtain
values of the mass density, bulk velocity component into the side sensor,
and temperature of the plasma in the dayside middle magnetosphere. The
mass dehsity so derived, normalized to the proton mass (i.e., essentially
in amu cm'3), from both the L and M modes is shown by the crosses in Figure
4 for Voyager 1 and Figure 5 for Voyager 2. In addition, for completeness,
the Voyager 1 plot contains mass density determinations inside of 10 RJ
from Bagenal and Sullivan (1981). Comparison with the charge denisty curve
on the Voyager 1 figure shows that the spectra excluded from the analysis
tend to 1ie away from crossings of the plasma sheet. This is consistent
with plasma in the sheet being more dense and cooler (see below) and
resulting in spectra with less noise and better species resolution. The
situation is less clear on the Voyager 2 pass where the plasma sheet
crossings are less well defined.

The velocity components as determined from the Voyager 1 M-mode and
L-mode analyses are shown in Figure 36. We give the components obtained

from the L-mode and M-mode analysis separately because the M-mode

determinations are more accurate. These data are shown for the same time
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period as used in the denisty plot (Figure 4). Radial distance from
Jupiter is shown at the top. We have also plotted the velocity component
which would be measured in the side sensor if the plasma were rigidly
corotating with the planet. In general, the velocity component lags the
corotation value, with the 1ag increasing with increasing radial distance.
Where the results of both the L-mode and M-mode analyses are available, it
can be seen that these are in in good agreement and show the trend to
constant velocity components cutside of ~20 RJ. This is the basis for our
velbcity model used in computing the charge denéity curves of Figures 4 and
5.

The deviation from rigid corotation, as deduced from the Voyager 1
M-mode data, is displayed in a different format in Figure 37 . We have
taken the difference between the velocity component expected for rigid
corotation and the measured component and divided by the thermal speed of
the component of the plasma with the mass to charge ratio of 16. This
quantity is shown by the triangles in the graph. Note that the difference
between the expected component and the measured component is always at
least one thermal width, except around 63-1930, which is during a plasma
sheet crossing. The deviation tends to be less in these crossings but,
even here, is still significant (see also §III.G). To estimate the
possible error in the velocity component determination as a result of
spacecraft charging, we have estimated that error when subsequent analyses
of L-mode and M-mode spectra were available. In essence, this repeats the
calculation we discussed above for the spectra around 63-1537 shown in
Figures 6 and 12 (cf. egn. III.1 and eqn. III.2). The possible error is

computed using a fit to the L-mode proton peak alone and the M-mode
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velocity determination (determined by the energy per charge at the heavy
jon peaks). We divide this estimated velocity error by the thermal speed
of the component with mass to charge ratio 16. The upper 1imit on the
velocity éomponent error due to charging never exceeds 0.2 thermal widths
and is usUally Tower.

The velocity component results for Voyager 2 are shown in Figure 30.
The time period covered is the same as that in the Voyager 2 density plot
(Figure 5). The discontinuties in the rigid corotation line result from
roll maneuvers of the spacecraft which change the spacecraft attitude.
Again, the determinations are always lower than those predicted for rigid
corotation of the plasma with Jupiter. In both the Voyager 1 and Voyager 2
graphs, the rigid corotation line has been cut off when the response of the
D-cup to a corotating cold beam is exceeded by the cold beam response one
of the other cups (B or C) (cf. Figufes 2b and 3b). Corotation is assumed
for the response calculation so as to i;clude aberration from the
spacecraft velocity.

The results conclusively show that the lack of corotation is a global
effect, not associated with any type of filamentary plasma structure, in
agreement with the results in McNutt et al. (1979). In addition, the
coverage from both Voyager spacecrafts indicates that lack of rigid
corotation, is, qualitatively, a permanent characteristic of the middie
Jovian magnetosphere on the dayside.

The temperatures found from the protons during the Voyager flybys are
shown in Figures 39 and 40. Figure 39 also contains the ot temperature
determinations from the M-mode spectra. (Recall that the M-mode 0"

temperatures and L-mode proton temperatures are typically close when inter-
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comparison is possible §III.C.5.) The time periods are, again, the same as
those used in the density and velocity component graphs. For reference, we
have used arrows to indicate the locations of the crossings of the magnetic
dipole equatorial plane. These are also given in the density curves
(Figures 4 and 5). During both encounters, the temperature of the resolved
proton component is usually about 100 eV. The Voyager 1 curve shows large
local variations, with the temperature decreasing in the plasma sheet
crossings. This variation is not so apparent in the Voyager 2 data. Also,
the temperature tends to increase slightly with 1néreasing radial distance.
On both the Voyager 1 and 2 passes, the electron temperatures (Scudder et
al., 1981) are comparable.

We find that for the Voyager 1 encounter, the resolved M-mode spectra
generally occur in the regions where the proton temperature, as found from
the L-mode spectra, shows decreases (i.e. in the plasma sheet). This is
consistent with the fact that the individual signatures of heavy ions are
only resolved at large sonic Mach numbers. Assuming the peak at mass to
charge 16 is 0+, the temperature of this ion in these M-mode spectra ranges
from 8 eV to ~100 eV. The absence of decreases in the Voyager 2 proton
temperature profile is, therefore, consistent with the general absence of
resolved:M-mode spectra in the Voyager 2 data set. Comparing the density
profile %n F%gure 4 and the temperature profile in Figure 39, it appears
that during the inbound pass of Voyager 1 large thermal gradients existed
across the plasma sheet with the low energy plasma being cooler inside the
sheet than outside. The lack of a signature of regular and well defined
crossings of the plasma sheet in the Voyager 2 density curves (Figure 5),

combined with the relatively featureless temperature curve (Figure 40)
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seems consistent in light of the temperature and density corrélation in the
Voyager 1 data. The two plasma sheet crossings seen in the Voyager 2 data
at .190-2100 and .191-0930 exhibit relatively cold spectra (Figures 45 and
46) similar to the Voyager 1 crossings of the plasma sheet (cf. Figure 44).

Gaps in the two temperature profiles (Figures 39 and 40) result from a
selection effect based on the temperature (via the effective Mach numbers).
A proton distribution with a sonic Mach number of unity and a bulk speed of
200 km/sec has a temperature of about 200 eV and will not be resolved from
the heavy ion signature in the L-mode (eqn. II1.13., sII.B). Yet we have
selected L-méde spectra for analysis on the basis of their having a
resolved proton peak; hence, spectra exhibiting higher temperatures than
~100 eV have effectively been el iminated from the data set. In the gap
regions, fits to the unresolved spectra indicate proton temperature of
several hundred electron volts but never as high as 1 keV. A higher, but
firmer, upper 1imit on the plasma temperature can be set by considering the
signature of the heavy ions in the L-mode spectra. As noted above, the
heavy ijon peak in the L-mode spectra is assumed to be due to S3+ and 0%.
Furthermore, these are assumed to have the same temperature so as to 1imit
the number of fit parameters (§A.5). This temperature is always an upper
1imit since the fit parameters compensate for species known to be in the
plasma but not included in the analysis of the L-mode spectra (e.g. 02+).
Comparing the temperature of the heavy ions so derived with that of the
peak at a mass to charge ratio of 16 in the M-mode spectra, we find that
the former is typically larger by a factor of 3 to 10 where comparisons are
possible. Fits to the unresolved spectra give values of this "temperature"

which are usually below 3 keV and always below 10 keV. This is consistent
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with the fact that in almost all cases, the distribution function of the
measured spectra peaks below 6 keV (the top of our energy per charge scan).
In those isolated cases where this is not the case, the distribution
function shape indicates that this is the result of a locally high velocity
component into the D-cup and not a result of heating. For example, a
Maxwellian distribution of singly ionized oxygen moving into the D-cup at
300 km/sec would peak at ~7500 volts. There is evidence from resolved
protons at ~30 Ry on Voyager 1 that such velocities may occur (though they
are still less than those expected for rigid corotation). In any case, all
of -our- data-indicates that within 40 RJ of Jupiter the femperature of the
magnetosphereic plasma never exceeds 10 keV on the dayside and is typically

~1 keV or less.

F. GLOBAL FLOW INFORMATION FROM MAIN SENSOR DATA

In addition to the fit parameters, we also have available informatjon
about the flow direction which is of a more qualitative nature and 1is based
on data from the main sensor Faraday cups. Since the B and C cups are
oriented almost symmetrically about the Jovian equatorial plane (spacecfaft
attitude referenced to Canopus) (sectioﬁ 11.0), the relative fluxes and:
spectral shapes give information about flow perpendicular to that p1anel
During both encounters, the main component of plasma flow was oblique to
both of these cups except for a brief period near closest approach. Hence,
the response function of the instrument is convoled with the plasma
distribution function in a non-trivial way in the measured currents. The

near symetric arrangement of the B and C cups with respect to the flow



84
ensures that the convolution is about the same for the currents measured in
each of these cups. It is this fact which makes possible a qualitative
analysis based on the relative fluxes and relative spectral shapes.

We compute a north/south flux anistropy by taking the difference of
the flux density of positive ions into the B-cup and the flux denisty of
positive ions into the C-cup and then dividing by the sum of the two flux
densities. Since the B-cup opens southward and the C-cup opens northward
the anistropy will be positive if there is flow to. the north and negative
if there is flow to the south. When the spacecraft attitude is referenced
to Arcturus, the calculation can still be performed but with the A-cup and
B-cup rather than with the B-cup and C-cup. In Figure 41, we plot this
“anistropy for Voyager 1. The plot is linear against spacecraft event time.
We indicate radial distance from the planet at the top and Tocal time at
the bottom. (12 noon implies the spacecraft 1ies in the plane containing
the Jupiter-sun 1ine which is perpendicular to Jupiter's orbital plane.)
The anistropy scale is on the left. On the plot we have superimposed a
graph of the spacecraft position perpendicular to the magnetic equatorial
plane (cf. Figure 4). The scale is shown on the right. Recall that
passing through this plane essentially marks crossings of the Jovian
current sheet, especially within 20 Ry of the planet.

The correlation of anistropy and spacecraft position is pronounced.
On the dayside (before 1800 local time) there is a marked tendency for flow
to be northward when the spacecraft is north of the current sheet and
southward when the spacecraft is to the south, i.e., there is plasma flow
away from the current sheet. This pattern was observed by Pioneer iﬁ

anistropy measurements of MeV protons in the dayside magnetosphere (§l.E.3;
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McDonald et al., 1979; Northrup et al., 1979). The anistropy amplitude
decreases with radial distance and local time along the spacecraft
trajectory. On thebnightside (after 1800 local time), the spacecraft
location and anisotropy are anticorrelated, i.e., there is plasma flow
toward the current sheet.

At a more detailed level two additional characteristics of the data
should be noted. First there is an almost discontinuous displacement of
the anistropy curve from .63-1500 to .63-1830. This .feature may be
associated with a global expansion of the magnetosphere and will be
discussed elsewhere (sIV.C.). A more subtle point concerns the true
location of zero anistropy on the graph. The B-cup and C-cup normals are
oriented such that there is slightly more azimuthal flow entering the C-cup
on most of the inbound trajectory than there is entering the B-cup. Hence,
no north/south flow would still leave a small negative anistropy in the
graph. As the spacecraft nears Jupiter, the azimuthal compbnents of the
cup normals decrease such that this effect vanishes near closest approach
(~64-1204). As a result, the zero line should have a small positive slope
and pass through 0.0 at ~64-1200. After ~65-0300, the spacecraft attitude
is referenced to Arcturus and the anisotropy is computed from the A-cup and
B-cup data. In this case, the correction to the zero Tine turns out the be
much smaller.

Using the same format as above, we show the B-cup/C-cup anistropy
curve for Voyager 2 in Figure 42. On the dayside, we again observe flow
away from the current sheet and, on the nightside, flow toward the current
sheet. The trajectory of Voyager 2 takes the spacecraft to the nightside

of the planet before the change in spacecraft attitude from Canopus to
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Arcturus reference. Again the magnitude of the anistropy increases with
increasing radial distance from the planet. The effect beconeé even
clearer if we note that, as on Voyager 1, the azimuthal components of the B
and C cups change as the spacecraft travels around the planet. As a
result, no anistropy would appear at a negative value on the left side of
the graph and at a positive value on the right side of the graph. A
depression in the anistropy curve at ~191-0500 may be related to a global
contraction of the hagnetosphere.

The effect has been qualitatively investigated using a computer simu-
lation co&e which includes the full response function for each of the cups
(cf. Belcher et al., 1981). This analysis of selected spectra has shown
that the data are consistent with bulk plasma flow and cannot be explained
by an anistropic plasma distribution convolved with the instrument
response. In addition, the simulation results show that flow from the
sheet is accompanied by radially inward flow and flow toward the sheet by
outward flow. This is consistent with the north/south anistropy reflecting
flow along magnetic field Tines. Specifically, McNutt and Belcher (1981)
found that on Voyager 2 at 189-2010 the azimuthal velocity of the plasma
was 264 km/sec, the radial Ve]ocity was 167 km/sec inward and the vertical
camponent 95 km/sec southward. At the time the spacecraft was 3.3 R; below
the magnetic equatorial plane, 21.5 R from Jupiter, and near local noon.

There is one direct measurement of plasma flow into the main sensor in
the middle magnetosphere. This occurred on the inbound leg of the Voyager
1 trajectory during the spacecraft maneuver sequence named PLOMAN 2 (see
§II.D). We obtained one L-mode spectrum in all three cups of the main

sensor which was suitable for analysis which has been detailed elsewhere
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(Sullivan et al., i979). At this time, plasma f]ow was primarily in the
azimuthal direction with a component of 212 km/s as compared to 443 km/s
which would be expected on the basis of corotation. THe other flow
components were 23 km/s outward and 49 km/s northward. At this time the
spacecraft was 35.3 RJ from the planet, 2.3 RJ below the magnetic
equatorial plane and 3.2 RJ above the centrifugal equatorial plane. The
components of the magnetic field indicate the spacecraft was slightly south
of the true magnetic equator at the time (Ness, private communication,
1980) so the plasma flow is back toward the current sheet and inconsistent

with the global picture at smaller radial distances.
G. DETAILED PLASMA SHEET OBSERVATIONS

The plasma sheet is apparently a permanent feature of the Jovian
magnetosphere. The fact that it undergoes temporal variations is evidenced
by the less regular structure displayed by it during the Voyager 2
encounter as compared with that found during the Voyager 1 encounter (cf.
Figures 4 and 5). In addition, the sheet itself exhibits a great deal of
fine scale structure in the characteristics of the plasma (cf. the spectral
plot covering the Voyager 1 crossing at -63-1400 shown in Figure 10).

The most regular variation in the plasma sheet was seen by Voyager 1
in the crossing at 63-1900. Although the cooling effect is not as
pronounced as during other crossings such as the ones around 63-1400, the
spectra through the crossings show enough resolution in the L-mode and
M-mode that we can analyze this particular crossing in some detail. In

Figure 43, we show the M-mode spectra from 63-1700 to 63-2115 as measured
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in the Voyager 1 side sensor. The format is the same as for Figures 10 and
24. The heavy ionic species occupy the energy per charge scan from ~600
volts to ~4000 volts. The increase in density and decrese in temperature
(resolution into multiple peaks) which defines the sheet crossing are
readily apparent. The proton signal is lost in the noise in the M-mode
spectra but not in the L-mode spectra. In Figure 44, we plot a
representation of the L-mode distribution function for the same time
period. The presentation is the same as that used in Figure 11, and shows
a well defined proton signature for most of the time period concerned. The
heavy ion peak signal is saturated in the L-mode during most of the
crossing and does not reflect the M-mode variation (Figure 43). In order
to analyze this crossing we fit the L-mode spectra, using the M-mode data
to fill in the saturated channels (sIII.E.). The parameters from the
analysis are shown in Figure 45. In this crossing, the centrifugal and
magnetic equators coincide with each other and with the crossing. The
System III longitude at the crossing of the magnetic equatorial plane is
112° so that the spacecraft is over the inactive hemisphere (Vasyliunas,
1975). In the plots, crosses indicate parameters from the electron
spectral analysis (Scudder et al., 1981), and triangles those from the
positive ion analysis. The second panel from the bottom of Figure 45 shows
the mass density normalized to the proton mass. The density enhancement
which delineates the sheet crossing shows that the plasma sheet is centered
on the current sheet crossing (Ness et al. 1979b) at ~63-1900 as well as on
the magnetic equatorial plane. The plasma sheet is about 2 RJ thick and
shows three smaller density enhancements, the largest being at the center

and clearly discernable in Figure 45. The third panel shows the ratio of
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the total mass density to that of the protons. From this plot, it can be
seen that the first two internal density increases result from large
enhancements in the heavy ions relative to the protons. It should also be
noted ﬁhat these places are precisely where the velocity component most
near1y>approache$ the rigid corotation value. The results are
characteristic of the other plasma sheet crossings made by Voyager 1. The
temperature of thé protons from the L-mode spectral analysis and of the
(presumed) 0" from the M-mode analysis are shown in the top panel of Figure
45 é]ong with the core electron temperatures (Scudder et al., 1981). Local
cooling occurs at the largest mass density enhancements although not to the
same extent as in sane of the other Voyager 1 crossings. To obtain an idea
of the full plasma f]ow pattern during this crossing, we can employ
measurements of plasma anistropy as outlined in the previous section
(§III.F.). In the bottom panel of Fjgure 45, we show the ratio of ghe
difference of the flux densities measured in the B-cup and C-cup to their
sum. The maximum flux anistropy coincides with the maximum density and
indicates that most of the plasma sheet is moving southward although a
large shear in the flow is present. In fact, the first density ehancement
at ~1820 may be moving northward. The idea of bulk motion is borne out by
consideration of the B-cup and C-cup spectra. At the maximum anistropy,
not only does the B-cup flux exceed that in the C-cup for the crossing but
also the B-cup spectra peak at higher energy per charge values than do the
spectra measured in the C-cup. Analysis of selected spectra has indicated
that the spectra cannot be duplicated by a gyrotopic, but anistropic,
distribution function (sIII.F); hence, the positions of the spectral peaks

strongly imply that the flux anistropy is a real bulk motion effect. In
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general, outside of the plasma sheet, plasma is moving away from the
magnetic equatorial plane at a significant fraction of the local azimuthal
velocity.

Flow of the plasma sheet relative to the current sheet is most
prominently exhibited in the Voyager 1 data around the beginning of day 64.
The M-mode spectra from 63-2200 to 64-0215 are shown in Figure 46. Only
one current sheet crossing occurs during the time shown and that at about
64-0000 between the two plasma sheet crossings (Ness et al., 1979a). By
itself, each plasma sheet signature is fairly typica1 and marked by
increased density and decreased temperature. Relative differences include
resolved peaks at mass to charge 32 (~2000 volts) in the first crossing and
resolved protons in the second (~50 volts at the center of the proton
signature). The bifurcation of the sheet is made comprehensible by
examination of the measured B cup/C cup anistropy and the corresponding
spectra. Again, flow out of the current sheet is indicated; the plasma in
the first density enhancement (.63-2315) lies north of the sheet and is
moving northward while that in the second enhancement (.64-0130) Ties to
the south and 1is traveling southward. Hence, plasma in the "plasma sheet"”
is in a dynamic state of motion relative to the current sheet and the
concept of a static plasma/magnetic field "magnetodisc" 1is not strictly
corre&t. :We discuss this point in more detail in the next chapter. It
should be noted that the bifurcation of the sheet at this crossing is not
confined only to low energies. The "double crossing" is also clearly
visible in the 22.5 MeV proton data from the Cosmic Ray experiment (Vogt et
al., 1979a).

As we have remarked, the crossings of the plasma sheet by Voyager 2

were, in general, less regular than the crossings by Voyager 1 detailed
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above. The only two well-defined crossings occurred c]ose?to perijove. We
show the M-mode spectra which includes the inbound crossing in Figure 47
and those including the outbound crossing in Figure 48. The crossings,
which occurred at ~190-2200 (Figure 47) and ~191-0930 (Figure 48), are
readily identified in the density profile (Figure 5). Although, the
denisty enhancements are sharp, the spectral peaks do not show the clear
structure typical of the Voyager 1 data (cf. Figure 43). The B-cup/C-cup
anistropy for the crossing at 191-0930 is consistent with the global
observation of flow toward the current sheet on the nightside (Belcher and
McNutt, 1980). The crossing at 190-2200 requires more detailed study. It
occurs in the dusk meridian when plasma flow is into the main sensor and it
exhibits enough structure in the spectra that a good vector velocity
determination should be possible. However, close examination of the
individual spectra show clear evidence of time aliasing and non-Maxwellian
characteristics so that the analysis is somewhat complicated. A study of
all of the details of this plasma sheet crossing is beyond the scope of

this thesis.
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CHAPTER IV.
DISCUSSION OF RESULTS
A. GLOBAL VARIATIONS OF MACROSCOPIC PLASMA PARAMETERS

1. AZIMUTHAL VELOCITY COMPONENT

A basic result of this thesis is the observation that the plasma in
the middle magnetosphere on the dayside of Jupiter is not locked into rigid
corotation with the planet. All previous theoretical treatments had
.assumed either rigid corotation throughout the magnetosphere or a sudden
change to a radially outflowing planetary wind at some distance from the
planet. Kennel and Coroniti (1975) did question whether corotation could
be enforced, but discussed the issue in a somewhat different context.

Their principal thrust was deciding whether the torque transmitted upward
through Jupiter's neutral atmosphere would suffice to drive a radial plasma
outflow or lead to the formation of a plasmapause ( §I.F.2).

Simul taneous to the finding that the plasma is not rigidly corotating
with the planet (McNutt et al., 1979), Hill (1979) hypothesized that such a
situation might hold. His reasoning was that if the injection of p]ésma
into the magnetosphere occurs rapidly enough, and if the ionospheric;
(Pederson) conductivity is low enough, a torque sufficient to enforce
corotation cannot be transferred to the plasma as it moves outward. Hill
derived the angular speed of the plasma as a function of cylindrical
distance from Jupiter assuming cross field transport in a dipolar magnetic
field. He did not address the question of the transport mechanism. -

The Hill model 1is characterized by one parameter Lo, which is the

scale length for deviation from rigid corotation expressed in units of RJ,
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the radius of Jupiter. If B0 is the surface equatorial magnetic field,

then in c.g.s. units

z
LA J 2 Iv.1
M

where M is the mass loading rate at the Io torus, I, is the ionospheric

P
height integrated Pederson conductivity, and ¢ is the speed of 1ight.
Hence, knowledge of two of the three quantities'LO, M, zp allows the third
56 be calculated.

To first order the bulk plasma motion for Voyager 1 is azimuthal on
the dayside (sIII.E. and Krimigis et al., 1979a). The case is not as clear
for Voyager 2 as for Voyager 1, but again, to Towest order, the plasma flow
is azimuthal (Krimigis et al., 1979b) on the dayside, the local angular
velocity of the plasma being smaller than that of the planet. In Figure
49, we plot the ratio of the observed velocity component into the side
sensor to that which would be measured as a result of rigid corotation.
Assuning that all of the bulk notion of the plasma is azimuthal, this gives
the ratio of the local plasma angular speed to the planetary angular speed,
which can be compared to the ratio as predicted by Hill's theory.

The plots of normalized plasma angular velocity show three main
features. First, at a given radial distance, the magnetospheric plasma was
rotating more slowly though the dayside during the Voyager 2 passage than
during the Voyager 1 passage. Second, there are indications of local
max ima at the plasma sheet crossings. This may be a consequence of
Ferraro's isorotation law (§I.C.1). If inertial loading is the cause of

lTack of corotation, then by Ferraro's theorem the plasma angular velocity

should still be a constant along any given field 1ine in the magnetosphere.
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As we have discussed above (sII.D), the spacecraft moves through the
current sheet and plasma sheet as a result of the tilt between the magnetic
and rotational axes of Jupiter. In the distorted field geometry near the
current sheet the spacecraft will also move through various magnetic
L-shells. The shell with (locally) the smallest L-parameter will be that
encountered at the true magnetic equator (i.e. the center of the current
sheet). The larger the L-parameter the more torque required for corotation
and, hence, the less the angular velocity. The largest local angular
velocity should, therefore, be that seen during the current sheet crossing.
However, Figure 49 shows increases at the plasma sheet crossings which, as
we have noted, do not necessarily coincide with the crossings of the center
of the current sheet. The increase is most apparent in the Voyager 1 data
in the combined crossings of both sheets at ~17 RJ. In the other crossings
there is more scatter in the data and the effect is not as discernable.
There is an indication that a local azimuthal velocity increase may be
occuring in each of the two plasma sheet crossings measured by Voyager 1 at
~10.5 Ry and ~12.0 RJ (cf. Figure 46) although this is difficult to
reconcile with any reasonable magnetic field geometry. Consideration of
individual spectra and the fits show that the increase in fit velocity
(found in the L-mode spectra) may be influenced by the large enhancement of
ions with mass to charge ratios of 16 seen in the crossing. Not all of the
increase may be real and a more detailed study of all of the spectra in
this region is indicated. We emphasize that the fit velocity components in
this region are, at worst, upper 1imits; the plasma outside of 11 éd was
not corotating with the planet. Finally, the fractional angular velocity
Lo

falls off roughly as r = (i.e. the azimuthal velocity component asymptoti-

cally goes to a constant) outside of .17 RJ in the Voyager 1 data. The
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case is less clear in the Voyager 2 data although there is again some
indication of a decrease with radial distance from Jupiter;

Hill predicts an =2

decrease in angular velocity at asympotically
large distances since the field can no Tonger accelerate the plasma there
and the plasma conserves angular momentum as it moves outward. The
difference between theory and observation can, in large part, be ascribed
to Hills' use of‘a dipole field in his model; at large distances, the
actual p]anetary field is quite non-dipolar. At some radial distance in
the equatorial plane, the field Tines map back to the ionosphere at lower
]atituﬁes than would be true in a dipole field. If 8 is the surface
colatitude of a field 1ine, then it can be shown that the available torque
goes as cos 6 sinzeS - es2 for 8 small. The distortion of the field
implies the field can transfer torque more efficiently to large distances
than it could in a dipole configuration. Hence, a decrease with distance
of the angular speed, such as is observed, is a plausible outcome of the
theory.

As we noted above, the inertial loading theory connects the iono-
spheric conductance and the mass loading rate to the decrease of angular
speed with distance from the rotation axis of the planet. Departure from
rigid corotation occurred inside the middle magnetosphere at .7 RJ during
the Voyager 1 encounter (Bagenal and Sullivan, 1981; Kaiser and Desch,
1980). The scale length for departure L0 is 17 RJ if we average over
variations in the curve, essentially the conclusion reached by Hill on the
basis of our perliminary analysis of the data (Hill1, 1980). However, at 17
Ry the field is appreciably distorted by the current sheet (Ness et al.,

1979a) and for purposes of calculation the value of L, used in egn. IV.1

should be .12 R, (cf. Connerney et al. 1981). Cheng (1980) has suggested
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that during thé Voyager 1 encounter Io was injeéting 108g/sec of SO2 into
the magnetosphere. This yields M=6 x 1031 amu/sec. Using Lo = 12, this
gives zp = .75 mho, a value in line with Hi1l's estimate that 0.1 mho is a
good lower 1imit of the conductance of the Jovian ionosphere.

The Voyager 2 data, while sketchy, does indicate that the angular
speed of the plasma at a given radial distance was somewhat less during
that encounter than during the Voyager 1 encounter. In the context of the
inertial loading model this implies a smaller height-integrated ionospheric
conductivity Zp, a larger mass injection rate M, and/or a less distended
magnetic field 1ine configuration on the dayside. A preliminary analysis
of one high-Mach number spectrum taken in the Voyager 2 plasma sheet
érossing at ~190-2100 (10.2 RJ; cf. Figure 47) indicates that the plasma
azimuthal velocity is only a few per cent below the corotation value. This

would imply a larger z., smaller M, or both. In addition, it is not clear

p’
whether this difference in the Voyager 2 data between 10 RJ and ~16 Rj
reflects a spatial or temporal change in the magnetosphere. Further
detailed study of the data, beyond the scope of this analysis, is clearly

needed.
2. FIELD ALIGNED VELOCITY COMPONENT

The spectra collected with the D-cup in the dayside magnetosphere
allow the direct determination of only one component of velocity ( SIII.E).
However, as we have remarked above (SIII.F), the flux levels in the cups of
the main sensor do contain information about the other components. In
particular, we have shown (sIII.F and Belcher and McNutt, 1980) that in the

dayside, plasma also tends to flow away from the current sheet. Available
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evidence from the fits to the main sensor data from the Voyager 2 encounter
indicates that this flow is roughly along the magnetic field 1ines so that
it is also back toward the planet. The flow is observed to reverse in the
nightside magnetosphere so as to be from the planet and toward the current
sheet. During the Voyager 2 encounter, the high Mach number spectrum in
the plasma sheet at .190-2100 (referred to above) occurs near perjove when
the plasma flow is into the main sensor (sII.D). A preliminary analysis
indicates the plasma is almost up to the corotation speed and has only an
azimuthal velocity component. However, perjove occurs very near local dusk
so that this measurement is not inconsistent with a streaming of plasma
synchronized to the local time. This 1o§a1 time asymmetry suggests an MHD
punping mechanistm such as that proposed for higher energy particles by
Goertz (1978). One interpretation (Belcher and McNutt, 1980) is based on
the dayside/nightside asymmetry which results from the dayside magneto-
sphere being compressed towards the planet by the solar wind. Without such
a compression, the low energy plasma would tend to be distributed along
field 1ines such that the pressure gradient is balanced by the component of
centrifugal force along the field 1ine in a steady state. The scale height

for such a distribution is:

H = (2/3)%c /0 IV.?2

where Cq is the sound speed and @ is the local angular speed (Hill and

Michel, 1976). A typical scale length for the resolved M-mode spectra is
-1 RJ. Disturbances will propagate at the sound speed, so the time scale
for readjustment is ~H/cs = (2/3)1/2 oL, Hence, the dynamic time scale is

~13% of the rotation period. However, the plasma along a given field line
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is disturbed on this time scale as it rotates into the compressed dayside
magnetosphere. As a result, the magnetospheric plasma can never adjust to
the local time perturbation and must be in a constant state of motion. In
pariicular, in the noon meridian where the magnetosphere is compressed the
most by the solar wind, the scale length of the magnetic field along a
given field line will exceed the instantaneous plasma scale height so that
the plasma will tend to stream along the field Tines at a speed “Cs' In
addition, at smaller cylindrical distances to the planet, a tube of
constant magnetic flux has a smaller cross section area. Hence, the
"squeezing" of a flux tube by the solar wind will also tend to accelerate
plasma away from the symmetry surface (the current sheet) and along the
field lines toward the planet. As the flux tube moves toward the dusk
meridian, it will expand and decrease in scale length which will tend to
decelerate the plasma f]ow; in the dusk meridain as the flux tube
continues to expand, the plasma &111 then begin to flow back toward the
current sheet. As the flux tube leaves midnight and approaches dawn, it
begins to be compressed such that, presumably, at the dawn meridian the
plasma inflow changes to outflow and the cycle begins anew. Since
perturbation of the magnetosphere by the solar wind decreases with
decreasing distance to the planet, so will the flow along the field lines,
although the data suggest the effect is appreciable as close as ~15 RJ to
Jupiter.

The dynamical state of the magnetospheric plasma has several important
consequences which we will discuss in the context of the physics of the
plasma sheet (see below §IV.C). A general result is the plasma motion

along the curved magnetic field 1ines can appreciably add to the

centrifugal force already exerted by the plasma on the field as a result of
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the planetary rotation. In addition, this force is always directed
perpendicular to the field and so can add inertial forces on the field
perpendicular to the current sheet (see also §IV.C.). If our inter-
pretation of the data is incorrect and we are observing an anisotropic
distribution rather than bulk streaming, there are still major dynamical
effects. In particular, the parallel pressure would have to be much larger
than the perpendicular pressure and the implicit assumption of isotropic

pressure in previous theoretical treatments could no longer be invoked.

3. PLASMA TRANSPORT: ABSENCE OF A "WIND"

So far we have discussed flow along the magnetic field and
perpendicular to the field in the azimuthal direction. The third possible
component of the flow involves transport outward from the magnetic symmetry
axis. If the decrease of angular speed with distance from Jupiter is an
jnertial loading effect as we have suggested (sIV.A.1l; Hill, 1979; Hill,
1980) then plasma and angular momentum must be continually transported out
of the Jovian magnetosphere and deposited into the solar wind.
Conceiveably, the transport could be convective, e.g. as a continuous
cehtri?uga]ly driven wind (s I.F.2. and Kennel and Coroniti, 1977) or as an
apériodic instability (sl.C.3 and Hasegawa, 1980), or the transport could
be diffusive, e.g. by flux tube interchange (sI.C.2. and references
therein). As we shall show, flux tube interchange diffusion is the most
probable mechanism, at least in the region of the magnetosphere which we

are considering.
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With respect to a centrifugally driven plasma win&, evidence from the
Plasma Science experiment indicates that there is none either on the
dayside or within ~15 RJ of the planet on the nightside. We have already
remarked (sIV.A.1) that the principal component of plasma flow in the
dayside magnetosphere is azimuthal. Preliminary analysis of Voyager 1 and
Voyager 2 data taken during spacecraft maneuvers on the nightside indicate
that this is also true within .15 RJ of the planet on the nightside as well
(Sullivan, private communication, 1980). 1In addition, Pioneer and Voyager
magnetic field measurements in the middle magnetosphere (Smith et al.,
1974; Smith et al. 1975; Ness et al. 1979a; Ness et al. 1979b) have always
shown a closed magnetic topology across the current sheet. This precludes
an MHD Weber-Davis type of convective outflow such as Kennel and Coroniti
(1975) had suggested for Jupiter. On the basis of these considerations, we
feel that a centrifugally driven wind in Jupiter's middle magentosphere can
be ruled out as a transport mechanism.

In consideration of the balloon-mode instability aperiodic transport,
it has been remarked throughout the literature that the order of magnitude
criterion for marginal stability is given by equating the kinetic energy
density of the plasma to the local magnetic field energy density (cf.
Hasegawa, 1980, eq. 27). This is equivalent to there being a surface of
marginal stability for which the Alfvénic Mach number is unity. It has
been implied by some (e.g. Kennel and Coronti, 1975; Hill and Dessler,
1976a; Hill and Dessler, 1976b) that attaining such marginal stability will
lead to an opening of the field 1ine topology, although others (e.g.
Goertz, 1976a) have insisted that this concept has been taken too 1iterally
(See also §I.A.3). In those cases during the Voyager 1 encounter in which

the plasma sheet and current sheet crossings closely coincide, the Alfvénic
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Mach number does exceed unity without any noticeable change in flow
direction. Away from the sheets, the magnetic field dominates the total
energy density. The principal reason for this behavior in the crossings is
the reduction of the Alfvén speed which is facilitated by both the
increased mass density in the plasma sheet and decreased magnetic field in
the current sheet. At the least, this correlation of crossings and equal
field and plasma energy densities implies that the low energy plasma
component is the dominant cause of the field distortion into a current
sheet configuration on the dayside (sI.A.3).

In the Voyager 2 data, decreases of the Al fvén speed are not as
pronounced and the observed Alfvénic Mach number never exceeds unity. This
difference from the Voyager 1 results is produced by the low azimuthal
velocities and lack of large mass density enhancements in the plasma sheet
in the middle magnetosphere during the Voyager 2 encounter. As a result,
radial pressure gradients could be more important in the magnetosphere
during the Voyager 2 encounter during that of Voyager 1, a]though‘a
detailed consideration is beyond the scope of this thesis. To summarize,
available evidence indicates that the balloon-mode instability is not
operative in the middle magnetosphere and there is no aperiodic cbnvective

plasma transport.
4. PLASMA TRANSPORT: DIFFUSION

The presence in the magnetosphere of elements associated with Io, the
configuration of the magnetic field, and the enhanced heavy ion to proton
ratio in the plasma sheets strongly suggests that Io is the source of

almost all of the magnetospheric inertia (sI.F.4). As a result of venting
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from Io this material is continuously injected into and must be
continuously transported out from the system. This is corroborated by the
observation of heavy ions moving away from Jupiter in the nearby inter-
planetary medium (Krimigis et al., 1979a; Zwickl et al., 1980). In
addition, we have argued that lack of corotation in the dayside
magentosphere is a result of outward plasma transport there (sIV.A.1). As
transport is apparently not a result of either a steady or aperijodic "wind"
(sIV.A.3), it must be diffusive (Siscoe, 1977; Goertz, 1979).

We can estimate an effective diffusion "velocity" from the continuity
equation and the assumption of azimuthal symmetry. Using Hill's best
estimate of the injection rate (Hill, 1980) we can estimate the transport
in the plasma sheet at, for example, the crossing at ~63-1900 for Voyager
1. Let the plasma sheet thickness be denoted by t, the L-shell parameter
by L, and the mass density by s. Then from continuity, the outward
transport velocity Vt is given by

M=21rRJLt o Vi

3 1

Using values of t = 2 RJ, L =17, p =70 amu cm™~ and M = 1030 amu sec” " we

obtain Vt = 13 km/sec. This is the right order of magnitude for keeping
the plasma flow primarily into the D-cup as observed. Cheng's (1980) mass
loading rate gives an outward transport velocity higher by a factor of 60,
the value being 780 km/sec. This would imply a "wind" such as has been
precluded by the observations (sIV.A.3). Although our estimate of flow is
based on only a rough set of numbers, a factor of 50 is difficult to
account for. Cheng's estimate could simply be high. On the ofher hand,

the assumption of azimuthal symmetry in the loss process may be incorrect.

As the magnetic field Tines stretch out into a magnetotail configuration on
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the nightside (Ness et al., 1980), some of the plasma flow toward the
current sheet on the nightside (SIII.F., IV.A.2., IV.B.) could be reaching
into the tail region and escaping the system as a "wind" blowing down the
tail (cf. Hil1l et al., 1974a; Krimigis et al., 1979b). Even in this case,
some mechanism must transport the plasma outward to the tail region (~30 Ry
from the planet on the nightside) and the transport must involve the
dayside magnetosphere as well or else the plasma would be spun up to rigid

corotation with the planet.
5. PLASMA DENSITY AND MARGINAL STABILITY FOR INTERCHANGE

We expect the radial profile of the mass density in the dayside
magnetosphere to reflect the transport mechanism responsible for moving
plasna from the Io plasma torus outward. The most likely mechanism for
transport is flux tube interchange diffusion driven by the centrifugal
force on the azimuthally moving plasma.

Ioannidis and Brice (1971) argued that corotation could perhaps be
enforced even if interchange motions did occur (see also §I.C.2).
Conversely, the observation of the lack of corotation argues that inter-
change motions will occur, if energetically favored, inasmuch as the same

_ionospheric conductance which topologically allows breakdown of corotation
will also permit interchange motions. Such motions will drive the radial
density gradient to a value consistent with marginal stability against the
motion. Furthermore, once they are topologically allowed, interchange
motions should 1imit the density well before the centrifugal (balloon-mcde)
instability becomes operable (loannidis and Brice, 1971; Mendis and Axford,
1974). This should be true éven in the presence of the current sheet

(Piddington and Drake, 1968).
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It can be shown that a full flux tube near the planet, surrounded by
vacuum and initially corotating with the planet, will move outward by
interchange with empty ones, and in doing so, exbibit an angular speed
about the planet in accordance with Hill's result (sIV.A.1). However, at
same distance ~Lj R; the outward velocity would equal the azimuthal
velocity and the former exceed the latter at even greater distances. As we
have noted (s§I.C.2) full flux tubes never interchange with total empty ones
so this type 6f reasoning gives an upper limit to the outward transport
velocity (the same type of calculation, but under the assumption of rigid
corbtation, was performed by Mendis and Axford (1974)). On the scale of
the magnetosphere, the process must be diffusive, (via convection cells on
a small enough scale (Siscoe and Summers, 1981), resulting in a marginal
stability value of the plasma density at any given location.

Marginal stability criteria for centrifugally driven interchange
motions have been introduced by Melrose (1967) and Hill (1976). Assuming a
collisionless plasma counterstreaming along field 1ines from an ionospheric
source Hill finds that marginal stability in the equatorial plane is given

by n ~ p-9/2

in a dipole field (5I.C.2) where the number density n, and
distance r are all referred to their equatorial values. A similar result
with slightly different behavior of n holds if the pressure gradient in the
plasma drives the instability (Gold, 1959).

For comparison with these theoretical results, in Figure 50 we have
again plotted the mass density from the Voyager 1 data but on a scale which
is logarithmic with distance from Jupiter. In the approximation that all
of the local increases are due to heavy ions concentrated in the plasma

sheet, the slope from those sections of the curve off the sheet indicates

the distribution of proton mass density. The profile is closely
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approximated by an p=3/2

fall off outside of the torus region (28 RJ).

This is at least suggestive that centrifugally driven flux tube interchange
determines the density distribution outside of the plasma sheet. It whould
be noted that although Hill derived his result assuming an ionospheric
source of plasma, the result should be applicable as long as there is a
field aligned streaming velocity which increases linearly with distance
from the planet. Such field aligned streaming does occur (SIV.A.1) but the
flow velocity dependence is not currently known.

These results are suggestive, but not conclusive. Perhaps most
importantly, the marginal stability criterion needs to be rederived taking
into account the field distrotions which result from a current sheet. 1In
addition, we do know that heavy ions as well as protons stream along the
field on the basis of same of the example spectra which have been studied
(see the example quoted in Belcher and McNutt, 1980). On the other hand,
prel iminary analysis indicates that the plasma sheet enhancements are due
almost entirely to the heavy jons, enhancements of protons in the sheets
seems to be minimal; hence, this result may indirectly be indicative of an
ionospheric suorce for most of the protons versus an Io torus source for
the heavy ions. Clearly more detailed study of the magnetosphere source
problem is required.

With respect to the profile in the plasma sheet (i.e., at the local
maxima in the graph), the slower fall off with distance of mass density
(~r'3) must be more intimately related to the dynamics of the system and
the rate of outward transport of material. For example, if the sheet
thickness and mass injection rate are both roughly constant, continuity
impl ies that the effective transport velocity must increase with radial

distance.
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In Figure 51 we have plotted the Voyager 2 data on the same scale.
The same r-9/2 line is included for comparison of the data sets. The
results are again suggestive of interchange diffusion, though they are not

nearly so convincing as are the results from the Voyager 1 data set.
6. PLASMA TEMPERATURE

To complete the comparisoh between the Voyager 1 and Voyager 2 data
sets, we show the positive jon temperature plotted on a logarithmic
distance scale in Figures 52 and 53. This includes the proton temperatures
from the L-mode fits, the (presuned) 07 temperatures from the M-mode fits,
and, in the case of Voyager 1, the fit temperature from and inside of the
Io plasma torus (Bagenal and Sullivan, 1980).

There is apparently a positive radial gradient in the Voyager 1
temperature data. There are less resolved spectra between plasma sheet
crossings at larger radial distances. This is consistent with higher
temperatures, since resolution is a function of the effective sonic Mach
nunber and the measured velocity component is approximately constant
outside of 17 RJ (sIV.A.1). However, the spacecraft makes larger
excursions from the magnetic equatorial plane at larger distances (cf.
Figure 4) so that the apparent heating with distance may actually be due to
the thermal gradient across the plasma sheet (s§III.E). To reiterate our
previous observations, even where the spectra have not been included in
this analysis, the evidence indicates the temperature is never greatly in
excess of 1 keV throughout the dayside magnetospheres inside of the last

inbound magnetosphere crossing at 46.7 R, (Bridge, et al., 1979a).
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The cooling effect in the plasma sheet is very pronounced in the
Voyager 1 data as marked by the temperature decreases to ~10 eV outside of
10 Ry. The temperature decrease is present but relatively small in the
érdssing at ~63-1930 (16.7 Ry - Figures 43, 44, and 45) as compared to
thqse at ~64-0200 (11.4 Rj), ~63-2315 (13.6 Ry - Figure 46), ~63-1545 (19.7
Ry - Figure 10), and -63-0600 (27.2 RJ). A 1ine though the lowest
temperatures measured in the Tast three of these crossings gives a plasma

sheet temperature which varies at r-1/2

. A cooling trend with radial
distance in the sheet is definitely indicated although the sheet séays
hotter than would be expected from conservation of the first adiabatic
invariant.

The Voyager‘2 data (Figure 53) covers so little radial range that no
global variations can be ascertained. The one noticeable temperature
decrease is associated W1th-the resolved M-mode spectrum at 190-0454
(Figures 22-28) discussed aboJe (sIII.D). It is worth noting that the
resolved L-mode spectra from the Voyager 2 encounter exhibit temperatures
of the same order as their counterparts from the Voyager 1 encounter.
Available evidence suggests that the plasma temperature in the dayside
magnetosphere was not significantly different during the two encounters
(excluding the plasma sheet cooling effect). This suggests that the lack

of resolution in the Voyager 2 data set (a result of small effective Mach

nunbers) is an azimuthal velocity effect rather than a temperature effect.
B. PHYSICS OF THE PLASMA SHEET

The Jovian plasma sheet, 1ike the current sheet, is, on the basis of

the Voyager 1 and Voyager 2 encounters, a permmanent feature of the Jovian
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magnetosphere. However, as we have continually noted in comparing the two
Voyager data sets, the sheet does apparently undergo large temporal
variaions. The sheet is characterized by enhanced plasma density overall
and a relative enhancement of heavy ions with respect to protons (sIII.G).
In addition, the sheet (at least on the dayside) is relatively cool, i.e.,
the enhancement of heavy ions relative to the protons is associated with a
cooling of all species. This is true of crossings of the sheet by both
Voyager 1 and Voyager 2 and can be qualitatively verified from considertion
of individual spectra even when quantitatfve analysis is not available
across a sheet crossing (e.g. the crossing centered on 189-1200 in the
Voyager 2 data - Figure 5). Comparing crossings of the sheet, there is
also a tendency for the more abrupt ones to exhibit lower temperatures.
For example, in the Voyager 1 data, the crossing at 63-1930 shows a density
increase more extended spatially than do the other crossings, but with a
temperature profile which never decreases as much as in the other
crossings. In the Voyager 2 data, the crossings at ~190-2200 (Figure 47)
and ~191-0930 (Figure 48) exhibit very contained structure and very cold
spectra.

Contrary to previous spectulation (see §I.F.1), we have found that the
- plasma sheet is not a simple disc of plasma aligned with the current sheet.
| Ouﬁ current interpretation of our data has led us to conclude (SIII.F) that
the magnetospheric plasma is in a constant state of dynamic agitation, with
motion along the magnetic field lines as well as across them azimuthally
(E x B drift) and radially (outward flux-tube interchange diffusion). It
is conceivable that instead a very large pressure anistropy with P” >> RL
could account for the observations; however, we consider this unlikely for

physical reasons and also because our analysis to date indicates that true
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bulk motion is indicated. Our subsequent discussioﬁ is, therefore, based
upon isotropic plasma distributions with a field aligned component of flow.
Based upon this interpretation, if we follow a flux tube as it drifts
around the planet and diffuses outward, we will observe plasma flowing
along the field lines from the magnetic equator toward the planet on the
dayside and fraom the planet toward the magnetic equator on the nightside
(sITI.F). If @ is the angular speed of the flux tube.and T is the radial

diffusion time, then the field aligned flow varies on a time scale 9'1

<K
T and to first order the outward diffusion can be neglected in the motion
of fhe flux tube.

If we consider the Voyager 1 density profile (Figure 4) and flow
anistropy profile (Figure 41) we find that although the crossings of the
plasma sheet occur near the magnetic equator (as do the field aligned flow
reversals), they are not centered precisely on those locations. We noted
above that in the bifurcated plasma sheet crossing centered on -64-0000
(Figure 46) plasma in the earlier crossing is moving northward and in the
later crossing is moving southward, i.e., the plasma sheet itself is bi-
furcated at this Tocal time (.local noon) and the sheet itself is in
motion. To first order the plasma sheet is composed of local concentrations
of plasma in contiguous flux tubes with the concentrations moving as a unit
along the flux tube. So, for example, when we see a plasma sheet signature
removed from a current sheet crossing, such as at ~63-1545 on Voyager 1
(Figure 10), we do so because the motion of the sheet has displaced it
vertically with respect to its equilibrium position near the magnetic
equator.

Although the plasma in each flux tube is in continuous motion, the

flow is such that the plasma sheet itself can exhibit a time-stationary
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structure. To see this we must follow a flux tube as it moves around the
planet. As we have suggested before (§III.F) suppose the flux tubes tend
to be compressed by the solar wind as they move into the dayside
magnetosphere. If there are time concentrations of plasma in the tube as
it moves to the dayside, one above and one below their equilibrium point,
compression of the tube will tend to move the concentrations farther from
the equilibriun point along the magnetic field 1ines. The field constrains
the plasma motion in the perpendicular direction and the compression will
be less, farther from the equilibrium position, hence, the plasma will
accelerate along the field in much the same way as toothpaste rushes out of
a squeezed tube. For a given flux tube the rate of compression will
decrease to zero as the tube moves from local dawn to local noon, so the
acceleration of the plasma in the flux tube should as well. At local noon,
the flux tube will begin to expand and so decelerate the flow which will
have achieved its maximun speed along the tube. At local dusk, the still
expanding flux tube will have slowed the density concentratioqs to zero
velocity at their greatest separation from each other. As the flux tube
moves past local dusk toward the midnight meridian plane, the
concentrations will begin to fall back toward each other and fhe magentic
equator. The largest infall speed will occur at local midnight where the
flux tube, at its greatest expansion begins to contract againf At Tocal
dawn the concentrations will tend to run into each other but at zero
relative closing speed as the contracting flux tube reverses the plasma
infall to outflow once again. Equilibrium is never achieved and the plasma
motion mimics a forced oscillator rather than occuring in a quasi-static

fashion.
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The scenario which we have described is illustrated in Figure 54 which
shows the plasma sheet configuration. In our description we have followed
a simple flux tube around the planet noting the positions of maximum
acceleration, velocity, and separation of the plasma concentrations in the
tube. A tube at a larger radial distance should exhibit greater maximum
values for these quantities as the day-night field asymmetry should be
larger. Hence, plasma concentrations in a set of flux tubes in a given
meridional plane will exhibit a deviation from the magnetic equatorial
plane which will increase with distance from the planet. In our
idealization, the plasma location and field aligned velocity is a function
of local time only for a given flux tube. Thus, if we take a contiguous set
of flux tubes, each of which moves to the position of the next as they
drift about Jupiter; the plasma concentrations in each will trace out two
Toci about the planet. One will be south of the magnetic equatorial plane
and the other to the north with the greatest separation between the two in
the dusk meridian and with no separation in the dawn meridian. The set of
all such loci formed by all contiguous sets of flux tubes in all meridional
planes is the plasma sheet. The set splits into a northern part and a
southern part with the bifurcation increasing with radial distance and
toward local dusk. This pattern results soley from the fact that the solar
wind tends to perturb a given flux tube at the same period as it takes the
plasna to come to static equilibrium.

The dynamical aspects of this plasma sheet configuration are even more
important than the configurational ones. Since the flow is field aligned
and the field lines are appreciably curved in the vicinity bf the magnetic
equator (Connerney et al., 1981), there exists along the sheet an inertial

force perpendicular to the magnetic field in a meridional plane. In
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general, this results in a component of centrifugal force perpendicular to
the magnetic equatorial plane and acting on the field 1ines so as to
distend them away from that plane and increase the thickness of the current
sheet. Hence, magnetic tension perpendicular to the magnetic equator is
balanced by an inertial force as well as by a pressure gradient force. A
description of the sheet based on pressure balance alone, is, therefore,
insufficient and will result in an overestimate of the sheet temperature,
potentially by orders of magnitude. (Even if there is instead an
anisotropy with P“ > ?L’ a simple pressure balance analysis of the plasma
sheet is still incorrect.)

With respect to temperature in the dynamical plasma sheet, the
component of the momentum equation along a field 1ine yields the Bernoulli

constant along a field line (see e.g., Heinemann and Olbert, 1978):

1
2

1

L2 _ 1.2
p 2 s 2 ¢

where vp is the poloidal bulk speed, Vo the toroidal bulk speed, and Cg the
sound speed. As we have shown, outside of ~17 RJ, Ve is approximately
constant with radial distance (SIII.E. and IV.A.3). Hence, in the
adiabatic 1imit, plasma with the Targest field aligned streaning velocity
should also be coldest. In our idealized model the temperature should
décréase toward the noon-midnight plane and should also decrease with
increasing distance from the planet, at constant displacement from the
magnetic equatorial plane. More generally, the faster the plasma moves
along the field 1ines the colder it should be.

In reality, the plasma sheet exhibits a distribution in density,

streaming velocity, and temperature. Dispersion in the poloidal velocity
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and irreversible processes such as internal shocks and effective
viscosities (Belcher and McNutt, 1980) will tend to spread out the plasma
concentrations, increasing the temperature and scale height of the sheet.

Also, the daytime compression of the magnetosphere by the solar wind,
which drives the sheet dynamics, is a time dependent effect. As corotating
interaction regions in the solar wind move past Jupiter compression of the
magnetosphere to half its nominal extent (~100 RJ) can occur on a time
scale of ﬁours (Goodrich et al., 1980). During both the Voyager 1 and
Voyager 2 encounters with Jupiter there were large global changes in the
Amagnetosphere by the spacecraft (Bridge et al., 1979a; Bridge, et al.,
1979b) as evidenced by the multiple crossings of the bowshock and
magnetopause. As a result, we expect the day/night asymmetry in the plasma
sheet configuration and dynamics also to change on such a timescale. The
more compressed state of the dayside magnetosphere during the Voyager 1
encounter as compared with its state during the Voyager 2 encounter is, no
doubt, responsible for the more regular nature of the plasma sheet during
the former. The exact causal relationship is, however, not clear at this
time. The slower rotation of the plasma sheet during the Voyager 2
encounter and the concomitant reduction of centrifugal force is consistent
with the reduced current carried in the current sheet during the Voyager 2
encounter (Connerney et al., 1981).

In summary, it is clear that the plasma sheet cannot be treated simply
as a spinning annulus of hot plasma as some investigators have suggested
(e.g., Walker et al., 1978; Krimigis et al., 1979b). Of itself, the plasma

sheet is relatively cold (10 eV ET. S] keV), or at least contains a

ion
cold component (see Belcher et al., 1980). It diffuses angular momentum

outward rapidly enough that the magnetic field 1ines threading it slip with
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respect to Jupiter at the ionosphere of the planet. The inertia of the
sheet apparently suffices to produce the annular current sheet which
circles Jupiter. The case is more clear cut for the Voyager 1 encounter
during which the Alfvénic Mach number in the plasma sheet on the dayside
exceeded unity (8IV.A.1). In addition, there is evidence that the symmetry
axis of the dayside current sheet was inclined to the rotational equatorial
plane at less of an angle than is the magnetic equatorial plane (Connerney
et al., 1981) during the Voyager 1 encounter. Both of these effects
highl ight the probable daninance of the plasma sheet in detemmining overall
magnetospheric dynamics. Finally, we again emphasize that the field
aligned component of velocity of the sheet plasma will contribute
everywhere an outward stress on the field lines. In particular, the Plasma
Science data indicates that the observed plasma has a very low g (~0.01)
and can in no way account for static pressure balance across the current
sheet (but see sIV.C). However, field aligned streaming results in the
coupl ing of directed kinetic energy into momentum balance across the sheet.
This can be a potentially significant contribution depending upon the Tocal

field 1ine curvature and field aligned plasma speed. An accurate assesment

of manentum balance is needed but is beyond the scope of this thesis.
C. CORRELATION WITH OTHER VOYAGER RESULTS

The results from the Plasma Science experiment on Voyager have, in
general, been confirmed and amplified by the other Voyager experiments.
Proper identification of the various ionic species in the Jovian
magnetosphere has resulted from a cross correlation of results from the

Plasma Science (Bridge et al., 1979a; 1979b), Ultraviolet Spectroscopy
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(Broadfoot et al., 1979; Sandel et al., 1979), Cosmic Ray (Vogt et al.,
1979a; 1979b) and Low Energy Charged Particle (Krimigis et al., 1979a;
1979b) investigations. The confinement of the heavy ions to a plasma sheet
and their characteristic low temperature (EIOO eV) were indicative of a
Galilean satellite source and the observations of the Io torus (Bagenal and
Sullivan, 1981 and sIIF.4) identified the source as being Io. Although a
problem of continuing investigation, the basic mechanism of the source was
found via the discovery of venting of material from Io (Morabito et al.,
1979) and the near simultaneous sudgestion that tidal heating of lo by
Jupiter could result in vulcanism on that moon (Peale et al., 1979).

The basic structure of the middle magnetosphere as being disk shaped
and consisting of a current sheet and plasma sheet has been verified by the
Magnetameter (Ness et al., 1979a; 1979b), Plasma Science (Bridge et al.
1979a; 1979b, this thesis), Cosmic Ray (Vogt et al. 1979a; 1979b), Plasma
Wave (Scarf et al., 1979; Gurnett et al. 1979) and Low Energy Charges
Particle (Krimingis et al. 1979a; 1979b) experiments. These investigations
have confirmed that the "magnetodisc" is a basic feature of the Jovian
magnetosphere which does show definite temporal variations, and that it is
roughly aligned with the Jovian magnetic equatorial plane.

There have been some basic disagreements about the nature of the
plasma contained in this structure and the resultant dynamics. In
particular, Krimigis et al. (1979a; 1979b) analyzed their data for
anistropies (cf. sI.E.3) at energies of about 100 keV. From their
anistropy measurements they deduced that the magnetodisc plasma rigidly
corotates with Jupiter out to the magnetopause. On the basis of such
velocity component measurements they also fit their data to isotropic

convected Maxwellian distribution functions, and they found that the
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measured plasma could be characterized by a temperature 30 keV to ~40 keV
in the magnetospshere.

These conclusions are in basic disagreement with the results of the
Plasma Science instrument in those regions in which the data sets can be
'directiy compared. The results of the latter, detailed above, show a
plasma consisting of multiple ionic species with a characteristic
temperaﬁure of ~100 eV. Furthermore, the plasma is not locked in rigid
corotation with the planet (McNutt et al., 1979; this thesis), as Krimigis
et al. have asserted. Belcher et al. (1980) have suggested that there may
indeed be both cold and hot components of the magnetospheric plasma,
produced by different acceleration and heating mechanisms. This could |
explain the difference in reported temperatures. There has also been basic
disagreement about the number density of fons in the magnetosphere. Again,
when comparision of the‘Plasma Science and Low Energy Charéed Particle data
sets have been possible, i£ has been found that the mass density of <6 keV
jons dominates the mass density of 230 keV ions. The question of the
energy range in which most of the thermal energy density resides is still
open. As a determination of the total electron density (and, hence,
positive ion charge density) is possible from interpretation of the Plasma
Wave experiment data (Scarf and Gurnett, 1977), comparison of the data from
the three experiments in question should yield definitive results as to the
distribution of charge density at greater than 6 keV energies. As the time
of this writing, such comparisons have yet to definitely resolve the
density controversy.

The reports of rigid corotaion of the plasma versus the lack thereof
are more difficult to reconcile. Goertz (1980) has emphasized that large

pressure gradients could result in measured particle anisotropies at 100
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keV energies in the same sense as those produced by bulk plasma motion.
These are made explicit in the calculations of Birmingham and Northrup
(1979) and of Northrup and Thomsen (1980).

Field aligned streaming, reported by Pioneer investigators, (McDonald
et al., 1979; Northrup et al., 1979; §[.E.3), similar to that found by the
Voyager Plasma Science investigations (Belcher and McNutt, 1980; and this
thesis) also contributes to particle anistropies and add to the difficulty
in properly interpreting 2 100 keV particle anistropy data. The Plasma
Science experiment, with its proven cépabi]ity of establishing both
direction and magnitude of bulk plasma flow via direct measurement of the
distribution function (the measured data are negligibly affected by
pressure gradients), remains the only instrument on the Voyager spacecraft
capable of unambiguously establishing the plasma bulk flow pattern.
Unfortunately, such determinations are 1imited to the middle and inner
magnetosphere when measured fluxes are appreciable and even at these times
are, along much of the spacecraft trajectory, (e.g. on the nightside)

difficult to make as a result of the sensor geometry ( §II1.D)
D. COMPARISON WITH PIONEER 10 MEASUREMENTS OF THE MAGNETOSPHERIC PLASMA

In Tight of the results of the analysis of Plasma Science data in the
Jovian magentosphere (this thesis and Bagenal and Sullivan, 1981), it is
appropriate to reconsider.the results of the similar investigation based on
Pioneer 10 data (Frank et al. 1976; sI.E.4). In the Pioneer 10 data the
flux density versus energy per charge spectra show peaks well above the
corotation energy for protons. Assuming that the magnetospheric plasma was

entirely composed of protons, Frank et al. deduced that the plasma must be
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subsonic and fit their data accordingly to isotrépic Maxwellian
distribuitons. The Voyager Plasma Science results suggest that instead the
Pioneer 10 instrumentation detected supersonic sulfur and oxygen ijons with
magnetospheric protons negligibly contributing to the measured singal.
That Frank et al., actually detected heavy ions has been postulated
previously by Hill and Michel (1976), Neugebauer and Eviatar (1976), and
Goertz and Thomson (1979b). In Figures 5 though 9 of their paper, Frank et
al. (1976) show measured spectra and their fit parameters, which we can
reinterpret assuming their thermal energy really reflects the bulk flow
#energy of heavy ions. At 3.33 Rys Frank et al. find a characteristic
plasma energy per charge of 95 eV as compared to a corotational energy of
9.2 eV for protons. Assuming the plasma is cold and corotating at this
distance (cf. Bagenal and Sullivan, 1981), we find that the measurements
can be explained by corotating ions with an average mass to charge ratio of
10.3. At 2.85 RJ, Frank et al. find a characteristic energy per charge of
105 eV as compared to a corotational energy of 6.5 eV for protons. This
implies corotating ions with an average mass to charge ratio of 16.1.
These values can easily be explained in terms of a corotating cold plasma
primarily consisting of some combination of 0+, 02+, 52+, and/or S3+. We
consider this to be likely in view of the Voyager 1 Plasma Science
observations inside of the orbit of Io. The densities quoted by Frank et
al. (60 en™3 at 3.33 R and 85 e at 2.85 R, from their fits) are from a
region within the large negative radial gradient in density found b