indicates that they have significantly larg-
er gyroradii resulting from lower ionization
states.
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Plasma Observations at lo with the
Galileo Spacecraft

L. A. Frank,* W. R. Paterson, K. L. Ackerson, V. M. Vasyliunas,
F. V. Coroniti, S. J. Bolton

Plasma measurements made during the flyby of lo on 7 December 1995 with the Galileo
spacecraft plasma analyzers reveal that the spacecraft unexpectedly passed directly
through the ionosphere of lo. The ionosphere is identified by a dense plasma that is at
rest with respect tQ lo. This plasma is cool relative to those encountered outside the
ionosphere. The composition of the ionospheric plasmas includes O**, O* and S**,
S*, and SO, ™ ions. The plasma conditions at lo appear to account for the decrease in
the magnetic field, without the need to assume that lo has a magnetized interior.

Theoretical models of the interactions of
Jupiter’s moon, lo, with the co-rotating
magnetic field and plasma of Jupiter’s
magnetosphere (1) tried to explain mag-
netically field-aligned currents as resulting
from a conducting lo interior and possibly
from an extended ionosphere of lo and the
closure of these currents in the jovian
ionosphere. Earth-based observations of
lo-controlled radio emissions (2) and the

detection of a neutral Na cloud (3) and a

torus of ionized S (4) provided impetus for
the theoretical studies. Further consider-
ations of the interaction of lo with Jupi-
ter’s magnetosphere found that the cur-
rents should not propagate parallel to the
jovian magnetic field in the o rest frame
but at an angle determined by the local
Alfvén speed (5). This geometry is com-
monly referred to as “Alfvén wings.” Di-
rect measurements of the perturbations of
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the jovian magnetic field in the vicinity of
lo (6) were made by the Voyager 1 space-
craft at about 11 Io radii (R;,) below lo.
The magnetic perturbations were inter-
preted in terms of field-aligned currents in
excess of 10® A. The discovery of active
volcanic plumes (7) provided direct evi-
dence that the gas and ion environment
near the surface of lo is dynamic. The
Galileo spacecraft has now provided addi-
tional in situ observations at lo, at a clos-
est approach altitude of about 0.5 R, (900
km).

The Galileo Plasma Analyzer (PLS)
was designed to determine the plasma den-
sities, ion composition, and flow velocities
of the jovian plasmas (8) as the Galileo
spacecraft flew past lo. The plasma is flow-
ing in the co-rotational direction with a
speed of about 45 km s™! beyond 4 R,
which is slower than the 57 km s™! speed
expected for rigid co-rotational motion of
the jovian plasma. The largest uncertain-
ties in this initial evaluation of flow speed,
—5 to +15 km s7!, are due to the uncer-
tainties associated with the determination
of ion composition. Further analysis will
be required to determine whether the
slower observed speed is due to mass load-
ing or to inaccuracies in the initial assess-
ment of the ion composition. At altitudes
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of about 1 Ry, the flow velocities (Fig. 1)
exhibit the signature of a classical wake for
which the plasma is flowing into a void.
The increased speed is due to the interac-
tion of the jovian plasma with the neutral
particles of lo’s atmosphere—that is, the
exchange of charges between the plasma
ions and the neutrals and the acceleration
of these newly born ions by the convec-
tion electric fields.

The detection of a plasma at rest rela-
tive to lo during closest approach at
17:45:46 UT was not expected. The upper
limit for the flows at this time (Fig. 1) is
<1 km s7'. At closest approach, the ion
densities increase to 18,000 (=4000) cm™
and the ion temperatures decrease to
about 1.3 X 10° K. For comparison, the
densities and temperatures of the undis-
turbed torus flows at 17:35 UT are 3600
(£400) cm™ and 1.2 X 10° K, respective-
ly. The ion temperatures adjacent to the
ionospheric encounter are higher than
those of the torus, about 3 X 10° to 5 X
10° K, due to the charge-exchange mech-
anism. During the periods 17:42 to 17:44
UT and 17:48 to 17:50 UT, the spacecraft
is located in the dayside and nightside
wakes, respectively. The ion temperatures
and energy densities are lower in the
nightside wake, but they indicate that
there is not a large local-time dependence
for the neutral atmosphere densities as a
function of altitude.

The PLS was programmed to determine
the composition of plasma that was flow-
ing in the direction of a classical wake (8).
In the cool ionospheric plasma, at rest
with respect to lo, the spacecraft ram
speed was high enough to give the ions a
different direction of arrival at the PLS.
Nevertheless, we were able to determine
the composition of the heavier ions (Ta-
ble 1). Some mechanism must be respon-
sible for the containment of the ions in
the ionosphere. Otherwise the convection
electric fields can be expected to sweep
these ions downstream. Indeed, the ther-
mal velocities of the cool ions are still
sufficiently high, about 10 km s~! relative
to their escape speed from the surface of lo

Table 1. Estimates of plasma composition near
closest approach to lo at 17:46 UT on 7 Decem-
ber 1995. The E/Q is 40 to 66 volts, and the
percentage is given for the number densities.
Mass is given in atomic mass units.

M;f:: ggit lons Percent
8- o++ 15 (%5)

16 O+, S*+* 50 (x10)
32 S+ 30 (£5)
64 SO,* 5(x2)
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of 2.6 km s7!, that the ionosphere is not
gravitationally bound. The bulk flows
closing on the wake axis (Fig. 1) may
provide some inertial forces for containing

the ionosphere but are unlikely to force

the ions to remain at rest relative to lo.
The primary candidate for containment is
the neutral atmosphere of lo. The ions will
be contained if they experience at least
one collision with a neutral atom or mol-
ecule during a gyroperiod in the local mag-
netic field. The corresponding minimum
neutral densities are about 10° cm™ (9).
This density is higher than the upper lim-
its derived. from remote observations of
about 107 cm™ (10). However, the present
in situ measurements indicate greater vol-
canic activity for lo, on the basis of sig-
nificantly larger torus densities relative to
those seen during the Voyager flyby of
Jupiter. The Galileo spacecraft may have
fortuitously detected a transiently thick-
ened lo atmosphere.

The perturbations of the jovian magnet-
ic fields in the vicinity of lo, as observed by
Galileo, have been interpreted, in the ab-
sence of the present plasma data, as evi-
dence that Io ha$ a magnetized interior
(I1). Voyager plasma measurements and
the assumption that lo has a thin iono-
sphere were used for the plasma conditions.

y (lo radii)
-4 0 4
I e
i Jupiter
L _—>
£ 0+ 17:35:31
o
o 17:45:46
= 17:55:44 UT
3l ]
l Co-rotation 44 km/s
3l T Perpendicular

to lo orbit

Z (lo radii)
=)
T

.
n

y (lo radii)

Fig. 1. Plasma flow velocities projected onto the
designated two planes as observed along the Gali-
leo spacecraft trajectory in the vicinity of lo. A sim-
ple Cartesian coordinate system is chosen for
these first results, with y toward Jupiter; z perpen-
dicular to lo’s orbit; and x nearly, but not exactly, in
the direction of the co-rotational flow of Jupiter's
plasmas. The lo radius is 1815 km. The plasma
velocity is computed for an average E/Q of 16
atomic mass units. The plasma flow velocities are
shown with about 1-min time resolution. The plas-
ma flows are given in the rest frame of lo.

Neubauer (5) has derived a relation be-
tween the maximum current flowing
through lo and an ionosphere, if any, for
zero internal resistance for this unipolar
generator. This current is proportional to
VB, R';, p,"* for small Alfvén Mach num-
bers, where V_ is the plasma bulk speed ~57
km s, R’ is the radius of the lo system
(solid body and ionosphere), B, is the un-
perturbed jovian magnetic field, and p, is
the unperturbed lo torus mass density. The
relevant Alfvén Mach number M is given
by V /V, = 0.4, where the Alfvén speed
V. =B, [(1, p,)"? =~ 140 km s~ !, where p.,
is the vacuum permeability = 47 X 1077
Ns?C2. At closest approach, the magne-
tometer recorded a decrease of about 500
nT relative to the unperturbed jovian field.
The perturbation is primarily in the +z
direction (Fig. 1), indicating a current flow-
ing from the Jupiter-facing side of lo to the
side facing away from Jupiter. With the
plasma parameters taken from the Voyager
spacecraft and the assumption of a thin
ionosphere, only about 250 nT of the per-
turbation could be accounted for by the
plasma interaction (11). Hence, it was con-
cluded that lo may have internal magne-
tism. However, our measurements of the
torus mass densities are about two times
greater. In addition, a thick ionosphere is
present. So the magnetic perturbation due
to the plasma interaction is ~500 nT and is
equal to the value measured by the magne-
tometer. The magnetometer records larger
decreases, 600 to 700 nT (11), in the re-
gions of high plasma pressures adjacent to
closest approach (Fig. 2). However, the gra-
dients in the plasma pressure in these re-
gions give rise to currents that augment
those associated with direct interaction.
Our estimates of these currents give current
densities of ~3 X 1078 to ~5 X 10°% A/m?,
total currents in the range of 10 A, and
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Fig. 2. From top to bottom are shown the plasma
number densities, ion temperatures, and plasma
pressures in the vicinity of lo.
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magnetic perturbations between 100 to 200
nT, depending on the spatial geometry of
the energy densities. Thus, there is no con-
vincing evidence that lo is endowed with a
magnetic moment.
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