are skeptical of this result for two reasons.
First, on 6 February and 23 March the
increasing flux (longitude increases with
time) was observed as Io set in the west.
The high brightness was obtained at high
air mass and could be an artifact due to
incorrectly estimating the extinction. Sec-
ond, the initial analysis of the speckle
measurements does not show the signature
of a hot spot as should be the case. One or
more possible minor hot spots on the lead-
ing side may have elevated the overall flux
by 5 to 10% (20 to 40 GW pm™! str™1).
There was no sign of major activity at any
longitude.

These observations provide a detailed
picture of Io’s volcanism before and after
the Ulysses encounter. Volcanic thermal
emission from lo was at the low end of the
normal range at all Io longitudes during this
period. Activity at Loki, normally the dom-
inant hot spot, was at a low level, and no
other major outbursts were seen. This sus-
tained volcanically quiet period should pro-
vide a test of any mechanisms expected to
deliver atoms from volcanic eruptions to
the magnetosphere on time scales of less
than a few months, as particles from such
sources should have been depleted in the
magnetosphere at the time of the Ulysses
encounter. For comparison, Voyager 1 ob-
served a 4.8-pm vertical flux of 93 GW
um~! str=! from Loki (9), a factor of 2.5
greater than the value on 24 January 1992
(Table 2).
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Imaging Observations of Jupiter’s Sodium
Magneto-Nebula During the Ulysses Encounter

Michael Mendillo, Brian Flynn, Jeffrey Baumgardner

Jupiter’s great sodium nebula represents the largest visible structure traversed by the
Ulysses spacecraft during its encounter with the planet in February 1992. Ground-based
imaging conducted on Mount Haleakala, Hawaii, revealed a nebula that extended to at least
+300 Jovian radii (spanning ~50 million kilometers); it was somewhat smaller in scale and
less bright than previously observed. Analysis of observations and results of modeling
studies suggest reduced volcanic activity on the moon lo, higher ion temperatures in the
plasma torus, lower total plasma content in the torus, and fast neutral atomic clouds along
the Ulysses inbound trajectory through the magnetosphere. Far fewer neutrals were
encountered by the spacecraft along its postencounter, out-of-ecliptic trajectory.

T'he detection of a vast cloud of sodium gas
extending from Jupiter into interplanetary
space (1) has prompted a reexamination of
the complex processes that govern atmo-
spheric-magnetospheric interactions in the
Jovian system (2-5). Neutral sodium atoms
are a relatively minor component of Jupi-
ter’s environment, but their strong light-
scattering efficiency makes them an ideal
“tracer” for processes that are otherwise
often difficult to observe. As summarized
recently (6), the sodium chain begins with
volcanic sources on Jupiter’s moon Io that
deposit sodium on its surface and in its
atmosphere. These atoms are subsequently
liberated by sputtering processes driven by
the energetic particles in Jupiter’s strong
magnetosphere. The resultant cloud of gas-
eous sodium orbits Jupiter near lo (7).
Energetic electrons in this region collision-
ally ionize sodium with a characteristic time
(1 to 4 hours) that is far shorter than the
solar extreme ultraviolet (EUV) ionization
time constant (400 hours). Thus, Na* is
added as a trace species to the plasma torus
that surrounds Jupiter (8). These Na* ions
are quickly accelerated by the rapidly rotat-
ing magnetic field to a velocity of 74 km/s.
Collisions with the more abundant torus
population results in a thermalized distribu-
tion of Na* that is characteristic of the
torus as a whole.

The vast sodium nebula that extends to

Boston University, Center for Space Physics, 725
Commonwealth Avenue, Boston, MA 02215.

Table 1. Comparison of observed and derived

*+500 Jovian radii (R)) is composed of
streaming Na atoms that are ejected from
the vicinity of lo at speeds well above escape
speed. The sources of these fast sodium
atoms (Na*) are far from certain. Resonant
charge exchange between corotating Na* in
the torus and orbital Na near Io

Na* + Na— Na* + Na* (1)

was suggested (2) and has been the basis of
modeling studies (4, 5). Recently, the dis-
sociation of a Na—molecular ion source has
been proposed as a mechanism for produc-
ing Na* (3). Because there are no appre-
ciable sources or sinks for Na* throughout
the magnetosphere beyond lo, observations
of the resultant sodium nebula can be used
as a remote sensing diagnostic for the mag-
netospheric plasma processes in the source
region. Hence, the term “magneto-nebula”
is used to describe a structure intimately
tied to magnetospheric physics.

A ground-based imaging campaign was
organized (9) to set the initial context for
the in situ particle 'and field observations
made by the Ulysses instruments. However,
the remote-sensing observations also pre-
dict, constrain, and enhance results from
the spacecraft-based studies. Consequently,
two widely separated sites were selected for
ground-based coordination of magneto-
nebula imaging for several days spanning
the encounter date (8 February 1992). At
the Mount Haleakala Observatory on
Maui, Hawaii, excellent data sets were
obtained from 5 through 11 February 1992.

sodium magneto-nebula parameters.

Na* source

Brightness Flare : Torus
Observation period at 100 R, angle ra%lélerearpoemn;s ion energy

(rayleighs) (deg) per second) (eV)

November to December 1989 75 214 10 85

January 1990 25 21 =3 3 85
Ulysses encounter

February 1992 10 27 5 2 135
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Fig. 1. Images of combined D1 + D2 sodium
emission from Mount Haleakala Observatory
during days preceding Ulysses closest ap-
proach to Jupiter on 8 February 1992. Times
refer to the beginning of an image acquisition
sequence that lasts for ~30 min. The dark
square results from an occulting mask corre-
sponding to +10 R, used to block light from
Jupiter and lo.

At the McDonald Observatory in Fort Da-
vis, Texas, image sets were obtained on 6,
8, and 10 February. In this report we
confine our analysis to the observations
from Haleakala.

The instrumentation developed for imag-
ing studies of extended planetary signatures
consists of a 4-inch refractor with narrow-
band interference filters and an image-
intensified charge-coupled device (CCD)
detector (I, 5). The observational tech-
nique involves the use of on- and off-target
images at sodium and control wavelengths,
with standard image processing and calibra-
tion procedures (I, 5).

As with previous data sets, the sodium
nebula for the Ulysses inbound encounter
period is seen as an elongated structure
spanning the equatorial plane; it extends far
beyond magnetospheric boundaries (100 to
150 R)) (Fig. 1). Intensities during the
Ulysses flyby, however, were the lowest yet

Fig. 2. Particle distributions

6 FEB 1992
13:535:12 UT

7 FEB 1992
09:04:41 UT

8 FEB 1992
11:24:39 UT

East

500

Jovian radii

400 300 200 100 O

observed (Table 1). North-south image
scans at various radial distances show that
the intensity profile is approximately Gauss-
ian, with a half-width at half-maximum
that increases linearly with distance from
the planet, resulting in a flaring of the

Model particle distribution

resﬂting frorg Itr(we) fcharge- A _ B . i . i .
exchange model (5) for com- 13 . :
bined fast- and slow-speed @400 E900 :
sodium atoms adjusted to g 5ol °200

yield the average intensities % : g

and nebula flaring angle in g i

Fig. 1. (A) View from north of T:-.} : _ §

the equatorial plane_. (B) Vigw 2 200} 2 200l

from Earth. The solid line in- € . & I

dicates the Ulysses space- @ 400! ] §400,‘

craft lrajectory through the 400 200 0 200 400 400 200 0 200 400

modeled particle distribution.

Fig. 3. Sodium atom volume densi-
ty versus time along the equivalent

East-west distance (R))

Spacecraft range (R)

502 417 333 248 161 72 34 126 213

Ulysses trajectory through the par-
ticle distributions given in Fig. 2.
The structure along the inbound
trajectory results from spiral arm
structures in the model nebula. Re-
sults from the outbound trajectory
also show some spiral structure,
with a rapid decrease in Na densi-
ties as the spacecraft dips below
the Jovian equatorial plane. The
dashed line profile shows where
solar EUV-produced Na* appears
along the trajectory. The relatively

. © LJCA

high proportions of ions within 50 R, 1
result from photo-ionization of the
slower speed Na components of

21 37 10 20
January

the charge-exchange model (4, 5), which are not given sufficient energy to escape Jupiter when
ejected from lo's orbit. JCA, Jupiter closest approach.
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nebula with respect to the Jovian equatorial
plane (1, 5). During the Ulysses encounter
period, this flaring was noticeably the larg-
est we have observed (Table 1). With the
use of absolute intensity calibration and the
observed flaring angle, one can estimate the
source rate for fast sodium S(Na*) (10). As
suggested by the low intensity levels,
S(Na*) for the Ulysses period was also the
lowest yet observed.

In addition to helping define the source
rate, the flaring angle, can be related direct-
ly to conditions in the plasma torus. Within
the framework of the resonant charge ex-
change model given by Eq. 1, sodium atoms
are ejected with the corotation speed (V_,
= 74 km/s) at Io’s orbital distance. This
velocity is directed parallel to the Jovian
equatorial plane and perpendicular to the
local radius vector. In addition to V__, there
is a randomly oriented component with a
Maxwellian distribution corresponding to
the thermal speed (V) of the corotating
Na* just before charge exchange (1, 11). If
the velocity-space distribution of ions in
the torus is assumed to be spherical about
the corotation speed, the radius of the
sphere is given by

Vih =V, sin 6 2)

For the images shown in Fig. 1, 6 = 27°,
and thus V,;, = 34 km/s. When converted
to kinetic energy, the ion population in the
torus is thus determined to be 135 eV, the
highest ion temperature so inferred to date.
Because the ions are cooled by collisions
with electrons (with energy subsequently
radiated), the derived higher ion energy
could result from reduced cooling. Such a
case would imply that the plasma densities
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were low (that is, fewer Coulomb colli-
sions) in the torus (12, 13). Alternatively,
the spatial relation between the cool and
hot components of the plasma torus and lo’s
sodium cloud might have changed. As a
result, more neutral particles would en-
counter hot ions. Table 1 summarizes the
full set of observational and model-derived
quantities.

The three-dimensional distribution of the
Na* volume density required to match an
image can be modeled within the charge-
exchange framework discussed above (4, 5)
(Fig. 2). The Ulysses trajectory through the
modeled particle distribution can be used to
specify the [Na*] density at the spacecraft’s
location (Fig. 3). For simulation runs with
and without photo-ionization, there is a
slight difference between the [Na*] distri-
butions; these are designated [Na*] in Fig.
3. It should be noted that Na* can appear
by other means (14). Moreover, the Na*
energy should be higher than the 600 eV
associated with corotational escape from
Io’s location because of capture by the
rapidly rotating magnetic field at larger
distances. Nevertheless, the simulations de-
picted in Fig. 3 should give a good predic-
tion for fast neutral clouds (Na* is a tracer
for other gases). In the absence of signifi-
cant radial transport, the simulations also
provide a rough estimate of where ions
produced by solar EUV might appear. Scal-
ing of this latter effect to gases other than
sodium would require the use of their re-
spective solar ionizing time constants in the
simulation.

In summary, ground-based imaging ob-
servations of Jupiter’s great sodium nebula
during the Ulysses encounter period indi-
cated that (i) volcanic activity on Io pre-
ceding the Ulysses encounter must have
been lower than observed in 1989 to 1990;
(ii) plasma torus densities derived from the
neutrals were proportionally lower; and (iii)
the ion thermal structure in the torus was
higher than in previous years.
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Hubble Space Telescope Imaging of the
North Polar Aurora on Jupiter

J. Caldwell, B. Turgeon, X.-M. Hua

The first direct images of the Jovian aurora at ultraviolet wavelengths were obtained by the
Hubble Space Telescope Faint Object Camera near the time of the Ulysses spacecraft
encounter with Jupiter on 8 February 1992. The auroral oval is not uniformly luminous. It
exhibits a brightness minimum in the vicinity of longitude 180°. In the few images available,
the brightest part of the oval occurs in late afternoon Jovian time. The observed oval is not
concentric with calculated ovals in the Og model of Connerney. The size of the oval is
consistent with auroral particles on field lines with magnetic L parameter >8, indicating
significant migration from lo, its torus, or both, if these are their origins.

An aurora is the visible interaction be-
tween a planet’s magnetosphere and its
atmosphere. Auroral observations provide
information on planetary magnetic fields
(and thus, planetary interiors), magneto-
spheric species, and atmospheric composi-
tion and dynamics. Previous ultraviolet
(UV) observations of the Jovian aurora
from spacecraft such as the International
Ultraviolet Explorer (IUE) and the Voyag-
ers were made with spectrographs with large
apertures and permitted only indirect infer-
ences of spatial characteristics. Ground-
based infrared (IR) images have also been
obtained, but they are somewhat degraded
spatially by Earth’s atmosphere. We present
here UV images of the Jovian aurora ob-
tained by the Hubble Space Telescope
(HST) that reveal the auroral oval for the
first time. The images generally confirm
previous auroral observations and models of
the Jovian magnetic field, with some signif-
icant exceptions.

The HST Faint Object Camera (FOC)
obtained six images (Fig. 1) of the Jovian
north polar aurora in the H, Lyman band
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near 160-nm wavelength. The images were
taken in two groups of three (Table 1),
respectively ~13 and 3 hours before the
time of closest approach to Jupiter by the
Ulysses spacecraft (I, 2).

The photometric properties of Jupiter
enhance the observability of its aurora (3).
Increased absorption of UV sunlight at the
poles (Fig. 1) due to high-latitude, high-
altitude aerosols provides a relatively dark
background. If the background at the poles
were as bright as at lower latitudes, auroral
contrast would be greatly reduced.

Images 101, 102, and 201 have similar
central meridian longitudes (CMLs) in Sys-
tem III (4) (~150°) and images 202 and
203 also have similar CMLs (~190°). In
each H, image an auroral oval may be seen,
with those at CML ~190° having more
favorable orientations. For each case, the
astronomically westernmost part of the oval
(local Jovian evening) is the brightest, with
a second brightness maximum at the east-
ernmost position.

Limb brightening, which occurs in an
optically thin emitting region, is not the
primary determinant of the apparent bright-
ness variations along the oval. First, it
could not introduce the observed east-west





