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Abstract. Measurements of dust coupled to the
obtained with the dust detector on board the
dafn hfmnp(‘] d_ rino‘ the first f ur orbits abou

4). The most promlnent features observed are highly time varlable dust streams
recorded throughout the Jovian system. The impact rate varied by up to 2 orders
of magnitude with a 5 and 10 hour periodicity, which shows a correlation with
Galileo’s position relative to the Jovian magnetic field. Around 20 Ry (Jupiter
radius, Ry = 71,492 km) in bound a dip in the impact rate has been found
consistently. At the same times, reversals by 180° in impact direction occurred.
This behavior can be qualitatively explained by strong coupling of nanometer-sized
dust to the Jovian magnetic field. At times of satellite flybys, enhanced rates of
dust impacts have been observed, which suggests that all Galilean satellites are
sources of ejecta particles. Inside about 20 R; impacts of micrometer-sized particles
have been recorded that could be particles on bound orbits about Jupiter.

1. Introduction

In 1973 when the Pioneer 10 spacecraft flew by Ju-
piter, micron-sized dust particles were detected within
the Jovian system for the first time [Humes et al., 1974].
Almost 20 years later the Jovian system was recognized
as a source of intermittent streams of submicron-sized
dust particles when the Ulysses spacecraft flew by the
planet [Grin et al., 1993]. Similar streams were later
detected within 2 AU from Jupiter during Galileo’s ap-
proach to the planet [Grin et al., 1996a].
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It was immediately recognized that the magneto-
sphere of Jupiter would eject submicron-sized dust par-
ticles if they existed in the magnetosphere [Horany: et
al., 1993a,b; Hamilton and Burns, 1993]. At two places,
dust in abundance had been discovered by Voyager’s
cameras before (1) the Jovian ring at 1.8 Ry (Jupiter
radius, Ry = 71,492 km) and its weak extension out
to 3 Ry [Showalter et al., 1995], and (2) Io’s volcanic
plumes, which reach heights of about 300 km above
Io’s surface [Collins, 1981]. Both phenomena have been
suggested as the source of the dust streams.

Electromagnetic interaction of the particles making
up the dust streams was evident both in the Ulysses
and Galileo data when both spacecraft were outside
the Jovian magnetosphere: the arrival directiorrshowed
significant correlations with the ambient interplanetary
magnetic field [Grin et al., 1993, 1996a]. Zook et al.,
[1996] demonstrated convincingly that only particles in
the 10 nm size range would couple strongly enough to
the interplanetary magnetic field to show the effects ob-
served by Ulysses. Similar analysis of the Galileo data
comes to the same result (J.C. Liou, private communi-
cation, 1997). The corresponding impact speeds were
deduced to be in excess of 200 km/s.

During Galileo’s initial approach to Jupiter and Io,
dust continuously impacted the dust detector system
(DDS), but after Io closest approach, impacts of small
particles ceased [Grin et al., 1996b]. A few larger par-
ticles were recorded within hours of Jupiter closest ap-
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proach. Due to technical constraints, data transmis-
sion was very limited and, additionally, the sensitivity
of DDS was reduced. Both effects resulted in only a
small number of recorded impacts that did not allow
a detailed analysis of dust in the inner Jovian magne-
tosphere. Shortly after Jupiter flyby, DDS was deacti-
vated and was only reactivated half a year later before
the first Ganymede flyby.

Galileo’s first four orbits through the inner Jovian
system are shown in Figure 1. The orbits are named af-
ter the satellites Galileo flew by closest: Ganymede, G1
and G2, Callisto, C3, and Europa, E4. Jupiter and the
orbits of the Galilean satellites are displayed for com-
parison. The positions of Galileo and the four satellites
at the time of closest approach are given by diamonds.
In all four plots the direction to Earth is up.

Galileo is a dual-spinning spacecraft, with an an-
tenna that points antiparallel to the spacecraft posi-
tive spin axis (PSA). During most of the orbital tour
around Jupiter, the antenna points toward Earth. DDS
is mounted on the spinning section of the spacecraft
and the DDS sensor axis is offset by an angle of 55°
from the spin axis (Figure 2). The rotation angle mea-
sures the viewing direction of the dust sensor at the
time of particle impact. During one spin revolution of
the spacecraft, the rotation angle scans through 360°.
DDS rotation angles, however, are reported opposite to
that of the actual spacecraft rotation direction [see also
Grin et al., 1996a]. This is done for the convenience of
easily comparing Galileo DDS results to dust detector
data taken on the Ulysses spacecraft. The spin axis of
Ulysses points toward Earth. Zero degrees of rotation
angle is taken in both cases when the dust sensor points
as close as possible to ecliptic north. The rotation angle
is taken 90° when the dust sensor axis points parallel
to the ecliptic plane in the direction of planetary mo-
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Figure 1. Galileo’s orbit trajectories during the four
satellite flybys projected onto Jupiter’s (J) equatorial
plane (Jupiter radius, Ry = 71,492 km). The orbits
of the Galilean satellites are shown: Io (I), Europa(E),
Ganymede (G), and Callisto (C). Dates are marked by
crosses (numbers give day of year) on Galileo’s paths
through the Jovian system. Earth direction is to the
top. (top left) Ganymede 1 (June 27, 1996). (top right)
Ganymede 2 (September 6, 1996). (bottom left) Cal-
listo 3 (November 4, 1996). (bottom right) Europa 4
(December 19, 1996). All orbits are in counterclock-
wise direction.
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To Earth

Sensor #"
axis

Figure 2. Orientation of Galileo: the antenna (top)
points toward Earth, and the dust detector system
(DDS) largely faces the anti-Earth hemisphere. The
sensor axis has an angle of 55° with respect to the pos-
itive spin axis (i.e., anti-Earth direction). During one
spin rotation of the spacecraft, the sensor axis scans a
cone with 110° opening angle. The dust detector it-
self has 140° field of view. The DDS sensor orientation
shown corresponds to a rotation angle of 270° if viewed
from the north ecliptic pole.

tion. At rotation angles of 90° and 270° (Figure 2) the
sensor axis lies nearly in the ecliptic plane (which cor-
responds roughly to Jupiter’s equatorial plane). DDS
has a 140° wide field of view. Dust particles that arrive
from within 15° of the PSA can be sensed at all rotation
angles, while those that arrive at angles from 15 to 125°
from the PSA can only be sensed over a limited range
of rotation angles.

Now being in a highly elliptical orbit about Jupiter,
Galileo performs dust measurements in the inner Jovian
magnetosphere and during close flybys of the Galilean
satellites. Initial dust measurements have been reported
from flybys at Io and Ganymede [Griin et al., 1996b,
1997]. Within the Jovian system at least three dif-
ferent types of dust particles have been identified: (1)
small submicron-sized dust particles with high and vari-
able impact rates throughout the Jovian system, (2)
a concentration of small dust impacts at the time of
Ganymede closest approach, and (3) big micron-sized
dust particles concentrated in the inner Jovian system.

In this paper we extend the data set from the two
Ganymede flybys already published [Grin et al., 1997]
( hereafter Paper I) and present dust measurements ob-
tained around flybys of Callisto and Europa on Novem-
ber 4 and December 19, 1996. In all time periods con-
sidered here, Galileo was within about 100 R; from
Jupiter. Besides the presentation of new data from the
four orbits, we concentrate on a discussion of the small
dust stream particles.

2. Galileo Dust Detector System

The dust detector on board the Galileo spacecraft
is a multicoincidence impact ionization detector [Griin
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et al., 1992a; 1995] which measures submicrometer-
and micrometer-sized dust particles. DDS is identi-
cal with the dust detector on board Ulysses. For each
dust impact onto the detector, three independent mea-
surements of the impact-created plasma cloud are used
to derive the impact speed and the mass of the parti-
cle. The coincidence times of the three charge signals
are used to classify each impact. Class 3, our highest
class, are real dust impacts, and class 0 are noise events.
Class 1 and class 2 events have been true dust impacts
in interplanetary space [Baguhl et al., 1993; Kriger et
al., Three years of Galileo dust data, II, 1993 to 1995,
submitted to Planetary Space Science, 1998]. Within
about 15 Rj distance from Jupiter, however, energetic
particles cause an enhanced noise rate which affects the
class 2 and class 1 events. At the time of this writing,
the separation of true dust impacts and noise events
in the class 1 and 2 data has not been completed and
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we consider only class 3 dust impacts throughout this
paper.

During most of the time considered here, DDS data
were read out either every 7 or every 21 min, depending
on the spacecraft data transmission rate, and directly
transmitted to Earth (real-time science mode, RTS).
For short periods of about an hour around satellite
closest approaches (CA), DDS data were collected with
a higher rate, recorded on Galileo’s tape recorder and
transmitted to Earth several days later (record mode).
The accuracy with which impact times of individual
dust particles can be determined is limited by the read-
out cycle, i.e., either 7 or 21 min in RTS mode and
about 1 min in record mode.

The memory of DDS can store the complete infor-
mation (counter values, sensor orientation at time of
impact, impact charges, signal risetimes, etc.) of up to
40 events. In RTS and record mode the information of
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Figure 3. Impact rate of small dust particles (impact charge Q; < 107!* C). The satellite closest
approach (dashed line) and perijove passage (dotted line) are indicated. (from top to bottom)
(1) Ganymede 1 flyby (June 27, 1996). Shortly after CA (day 179.5 to 181.0), high noise rate
caused dead-time which significantly reduced the number of recorded impacts. (2) Ganymede 2
flyby (September 6, 1996). Owing to a spacecraft anomaly, no data were obtained between day
237 and 244. Note the 10 hour periodicity in the impact rate, which is best seen in this panel.
(3) Callisto 3 flyby (November 4, 1996). Very few impacts were recorded from day 311 to 313.
(4) Europa 4 flyby (December 19, 1996). On day 350 the highest impact rate during the whole
orbital tour has been recorded. Note that the dead-time problems which occurred shortly after
the Ganymede 1 flyby did not affect the recording of dust impacts during the later satellite flybys

due to an optimized instrument configuration.
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one impact is read out and transmitted to Earth every
readout cycle. Therefore the complete information on
each impact is received on the ground when the impact
rate is below one impact per either 7 or 21 min in RTS
mode or one impact per minute in record mode. When
the impact rate is higher, the detailed information of
some impacts is lost. In addition, DDS counts all par-
ticles with one of 24 accumulators [Griin et al., 1995].
Reliable impact rates could always be calculated from
the accumulators, although during times of the highest
dust impact rates, the detailed information of a large
number of particles could not be transmitted to Earth.

3. Results From the Satellite Tour
3.1. Dust Particle Impact Rates

In Figure 3 we show the impact rate of our smallest
class 3 dust events (ion collector charge Q; < 10713 C,
C = Coulomb) for periods of 20 days around Galileo’s
G1, G2, C3, and E4 flybys. The dates of CAs were June
27, September 6, November 4, and December 19, 1996.
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The G1 and E4 data sets cover 8 days around the CAs
to Ganymede and Europa (days 175 to 183 and 349 to
357). The G2 data set comprises the period from day
235 to 253 except days 237 to 244, when a spacecraft
anomaly (safing) prevented the transmission of data.
The C3 data cover the whole period from day 295 to
day 315. In Paper I we have presented the dust mea-
surements obtained during a period of 10 days around
the first two Ganymede flybys (G1 and G2). Here we
recall only the most significant aspects concerning these
data.

On days 235 and 295, when Galileo was at a distance
of about 100 and 90 R; from Jupiter, respectively, prior
to the G2 and C3 flybys, an impact (imp) rate of about
0.01 imp/min was recorded (Figure 3, but see also Fig-
ure 4). DDS was not read out, and hence no data were
obtained at that distance during the G1 and E4 orbits.
Closer to Jupiter, the impact rate increased by up to
3 orders of magnitude: in all data sets, maxima oc-
curred several days before CA (days 177, 247, 303, and
350). These correspond to distances of 35, 45, 65, and
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Figure 4. Impact rate of small dust particles (impact charge Q; < 10~!2 C) versus radial
distance from Jupiter. Measurements obtained during inbound (left) and outbound portions are
shown separately. The orbits of the Galilean satellites are indicated by dotted lines, and the
satellite closest approaches are shown by dash-dotted lines. (from top to bottom) Ganymede
1 flyby (June 27, 1996), Ganymede 2 flyby (September 6, 1996), Callisto 3 flyby (November 4,

1996), Europa 4 flyby (December 19, 1996).
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38 Ry from Jupiter, respectively. The impact rates at
these maxima were about 10 imp/min in G1, G2, and
C3 and 40 imp/min in E4. This last value (day 350)
corresponds to the highest impact rate recorded during
Galileo’s orbital tour so far.

During all four orbits, very few impacts were detected
when Galileo was about 20 R from Jupiter (days 175.5,
250, 310, and 353). After these local minima, the im-
pact rate increased again for a period of about 1 day
(days 179, 251, 310, and 353, where only one spike is
seen) when Galileo was about 15 Ry away from Jupiter.
Later, close to perijove passage, the detection of small
dust impacts nearly ceased (days 180, 251, 311 when
very few impacts were still detected, and day 354). In
G1 this cessation is partially caused by high noise rates
close to perijove passage. This prevented the record-
ing of dust impacts from day 179.5 to 181.0. From day
181 to 183, when the noise rate was low again, no small
dust impacts were detected. In all later orbits no such
high noise rates occurred in the inner Jovian system be-
cause the instrument configuration was changed. For a
discussion of the sizes of these particles, see Section 4.

C3 is a special case because a sharp peak of 0.5
imp/min was seen on day 314. Here Galileo was on
the outbound part of its orbit at about 33 R; distance
from Jupiter: A few such particles were also detected
in the G2 orbit (cf. Section 3.2). At both instances
the spacecraft was turned by about 90° away from the
nominal Earth pointing direction for a few hours, and
dust particles could be sensed that would otherwise be
undetectable.

In all four data sets the impact rate shows a fluctu-
ation by up to 2 orders of magnitude with a period of
about 10 hours. The 10 hour period most clearly shows
up in the G2 data between days 245 and 250. Dur-
ing the G1 and G2 and E4 CAs, sharp spikes occurred,
which lasted only about 5 min. A slight increase in the
impact rate is also evident at C3 CA.

3.2. Impact Directions

The impact direction of the dust particles as derived
from the sensor orientation at the time of particle im-
pact is shown in Figure 5. The impact direction of a
single particle is only known to lie somewhere within
the 140° wide sensitive solid angle cone of DDS. The
average of all the rotation angle arrival directions of
dust particles belonging to a stream is known to much
higher accuracy than is that angle for a single particle.

The impact direction (rotation angle) of dust par-
ticles measured along Galileo’s trajectory was concen-
trated between 230° and 310° in the outer Jovian sys-
tem (days 235 to 237 and 295 to 299, corresponding
to a radial distance of 85 Ry to 105 R from Jupiter)
and widened to a range between 200° and 340° closer
to Jupiter. This is compatible with particles approach-
ing from close to the edge of the visible region of DDS
far away from Jupiter, whereas closer to Jupiter the
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impacting stream of particles approached from closer
to the center of the DDS field of view when DDS was
pointing toward 270° rotation angle.

At a distance of about 20 Ry from Jupiter (days
178.6, 250.2, 310.2, and 353.1) the impact direction
shifted by 180°, and dust particles approached from
the opposite direction (rotation angles between 20° and
160°). Shortly before the shift, the observed range of ro-
tation angles widened to 360°, and particles seemed to
arrive from all directions. This is best seen on day 352
in the E4 data set. Since one half of the DDS viewing
angle is 70°, and its viewing direction is offset by only
55° from the positive spin axis, particles approaching
from within 15° of the positive spin axis can be de-
tected at all sensor orientations, and hence all rotation

‘angles (cf. Figure 2). On days 254 and 314 (at 33 Ry

from Jupiter), a few particles were detected with rota-
tion angles between 200° and 310°, when the spacecraft
was turned 90° away from the Earth pointing direction.
The particles on day 314 were also seen as a strong peak
in impact rate in Figure 3. Particles detected on days
254, 339, and 347 are not considered for the impact rate
calculation (Figure 3). Their impact time is known with
only 4.2 hour accuracy, which makes the calculation of
the impact rate much more uncertain than for the other
data.

Particles detected at G1, G2, and E4 CAs came from
the direction between 210° and 310°, which is oppo-
site to the approach direction of the stream particles at
that time. The vast majority of the particles detected
during all four flybys were small submicrometer-sized
dust particles that just exceeded the detection thresh-
old (ion collector charge @ ; > 10~1* C). Twenty-nine
bigger ones (10713 C < Q7 < 1071% C) were detected
around and after the satellite CAs. Most of these im-
pacts occurred in the inner Jovian system when Galileo
was within 25 Ry from Jupiter, i.e., at a distance com-
parable to that of the Galilean satellites.

In Figure 6 we show the 2 hour average of the rota-
tion angle of the smallest dust particles (Q; < 10~** C)
from Figure 5. The shift in impact direction from an
average value of 270° to 90° around closest approach is
clearly visible in all data sets. The 10 hour periodicity
first noted in the impact rate (Figure 3) is also evi-
dent. Although the impact rate fluctuated on a 10 hour
timescale and the range in impact direction widened
(Figure 5), the mean impact direction averaged over a
few days did not change over a period of several days.

3.3. Impact Charge Signals

For each dust impact onto the detector, three inde-
pendent measurements of the impact-created plasma
cloud are used to derive the impact speed and the mass
of the particle. The risetimes of the charge signals mea-
sured on the target and on the ion collector grid are
sensitive to the velocity of the impacting particle [Grin
et al., 1995], whereas the amplitudes of the charge sig-
nals themselves are sensitive to both mass and speed.
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Figure 5. Sensor direction at time of dust particle impact (rotation angle) for those impacts for
which complete information was available on the ground. Crosses indicate the smallest particles
(Qr < 10712 C). The size of the solid circles indicates the impact charge of the larger particles
(10712 C < @y < 10719 C). At 0° the sensor points close to the ecliptic north direction; at 90°
and 270° the sensor points close to Jupiter’s equatorial plane. The satellite closest approaches
are indicated by dashed lines, and the perijove passage by dotted lines. (from top to bottom)
Ganymede 1 (June 27, 1996), Ganymede 2 (September 6, 1996), Callisto 3 (November 4, 1996),
Europa 4 (December 19, 1996). No data were obtained on days 237 to 244.

Because of the obvious discrepancy between the masses
and speeds of stream particles derived via calibration
from the measured impact data [Grin et al., 1993] and
those values obtained by theoretical analysis [Zook et
al., 1996], we refrain from presenting masses and speeds
for the observed grains and defer this information to
later work. Here we discuss only the raw impact pa-
rameters.

The average risetimes of small dust impacts (positive
impact charge < 10~!2 C) are shown in Figure 7. Strong
fluctuations can be seen; most prominent is the periodic
variation during G2 when the 10 hour period is clearly
visible. Although it is not so obvious in the G1, C3, and
E4 data sets, the 10 hour period is also evident there.
Because of the 2 hour averaging of the data, shorter
periods (e.g., 5 hours) are depressed. Average ampli-
tudes of the positive impact charge signals (<1073 C)
are shown in Figure 8. Also the amplitudes show the

10 hour periodicity. No longer period is obvious. Again
the G2 data display the clearest periodicity.

4. Discussion

The direction at which a dust impact is sensed de-
pends on the relative speed between Galileo and the
dust particle. Therefore, for an analysis of Jovicentric
dust trajectories, Galileo’s motion has to be taken into
account. This is especially true for dust particles or-
biting Jupiter at speeds comparable to Galileo’s speed
(< 20 km/s). For tiny dust particles that travel much
faster than Galileo, Galileo’s orbit speed displays only
a small deviation of their apparent trajectory. For the
observation of dust stream particles that are believed to
originate in the inner Jovian system, the detection ge-
ometry has important consequences. During approach
to Jupiter, a radial outflow of dust is initially detected
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Figure 6. Two hour averages of the rotation an§le of
the small dust particles (impact charge Q; < 10713 C)
shown in Figure 5. The satellite closest approaches are
indicated by dashed lines, and perijove passage by dot-
ted lines. (from top to bottom) Ganymede 1 (June
27, 1996), Ganymede 2 (September 6, 1996), Callisto
3 (November 4, 1996), Europa 4 (December 19, 1996).

from rotation angles of 270°. When Galileo moves closer
to Jupiter, the impact direction moves closer to the anti-
Earth direction, and dust arrives parallel to Galileo’s
spin axis (if we neglect Galileo’s speed). Shortly there-
after, the impact direction changes to rotation angles
of 90°. Well past Jupiter CA on Galileo’s outbound
trajectory, Jupiter and the dust source are in the same
hemisphere as the Earth is in when viewed from Galileo.
From this direction, dust grains usually cannot enter
the DDS sensor, and dust particles remain mostly un-
detected. This explains why DDS has detected only a
few dust particles on the outbound part of the orbits.
During the spacecraft turns at 33 Ry in G2 and C3,
DDS could detect a few particles there.

Fourier analyses of the observed impact rates have
been performed. Figure 9 shows the Fourier transform
of the impact rate from day 244.0 to 252.0 during the
Ganymede 2 encounter. The most significant peaks in
the frequency spectrum are close to 10 hours (Jupiter’s
spin period) and at about half that period. Because of
the short time interval which was analyzed, no lower
frequencies are evident. All four sets of encounter data
show a similar behavior. The highest peaks are always
at Jupiter’s rotation frequency and twice that value.

To study the phase relation between Jupiter’s mag-
netic field at the position of Galileo and the various im-
pact parameters, we have a closer look at a subset of the
G2 data in Figure 10. The upper panel shows Galileo’s
distance from the magnetic equatorial plane (Z position
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in Jupiter’s magnetic field; a tilted dipole field has been

adopted). The lower panels show 2 hour averages of
the observed impact rate, impact direction, risetime ¢
and amplitude @ of the ion charge signal. The 5 and

10 hour periodicities are evident in all observed impact

data. Maxima in impact rate occur when Galileo is

at its lowest position in the magnetic field, and min-

ima in impact rate are coincident with Galileo’s highest

position in the magnetic field. Thus the maxima and

minima in impact rate occur when Galileo “sees” a van-

ishing velocity component of the magnetic field in the

Z direction. The rotation angle, t; and @ are also cor-

related with the magnetic field position. This indicates

that the impact direction, impact velocity, and sizes

of the impacting dust particles are modulated by the

magnetic field. The maxima in impact rate are coinci-

dent with minima in the rotation angle and vice versa.

Finally, the impact rate is anticorrelated with ¢; and

correlated with Q7.

In order to demonstrate some characteristics of dust
that couples electromagnetically to the magnetosphere
we employ a simple model of dust released in the in-
ner Jovian magnetosphere [cf. Horanyi et al., 1993a, b;
Hamilton and Burns, 1993]. As an example, we use Io
as a point source for nanometer-sized dust. The basic
assumptions of the model are that dust is released from
To with its Jovicentric orbital speed of v = 17.4 km/s.
We assume a dust density of p = 1000 kg/m® and an
instantaneous charging to U, = +3 V surface potential;
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Figure 7. Risetime ¢; of the charge signal measured
on the ion collector grid. The panels show a 2 hour
average of the indvidual risetimes measured. The satel-
lite closest approaches are indicated by dashed lines and
perijove passage by dotted lines. (from top to bottom)
Ganymede 1 (June 27, 1996), Ganymede 2 (September
6, 1996), Callisto 3 (November 4, 1996), Europa 4 (De-
cember 19, 1996).
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Figure 8. Impact-created plasma charge Q) measured
on the ion collector grid. Again, 2 hour averages are
shown and the satellite closest approaches are indicated
by dashed lines and perijove passage by dotted lines.
(from top to bottom) Ganymede 1 (June 27, 1996),
Ganymede 2 (September 6, 1996), Callisto 3 (November
4, 1996), Europa 4 (December 19, 1996).

a more realistic charging scenario is given by Horanyi
et al. [1993b, 1997]. For Jupiter’s magnetic field we
assume a tilted (9.6°) dipole that rotates rigidly with
Jupiter. Beyond a distance of 50 Ry, the magnetic field
deviates strongly from the assumed configuration, but
there the electromagnetic effects are weak and therefore
are neglected. Forces that a particle of mass m feels are
Jupiter’s gravity

GMjym
r; 7 (1)

with GM; = 1.27 x 10'"m®s~2, particle mass m =
(47/3)ps3, and the Lorentz force

q(ﬁx§+E) ©@

Fg =

Fp =

The charge on a dust particle of radius s is given by ¢ =
dmegUys, with permittivity eg = 8.859x 10712 C/(V m).
For example, a s = 9 nm radius particle carries about 20
elementary charges. Electromagnetic forces dominate
the motion of small particles (s <30 nm). For these
particles the parameter

q _ 3€0Ug

E - p 2 (3)
describes their dynamics. The magnetic field magnitude
in the magnetic equatorial plane is

B = By <5i>3 (4)

r
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with (Bp = 4.2x 10~*T). The corotational electric field
E points away from Jupiter, and its magnitude is given

by
5.3 (RJ)ZV/m (5)

r

E =
and can formally be derived from a potential

T

i.e., at Io’s orbit, this potential corresponds to about
+60 MV.

It can easily be shown [Horanyi et al., 1993a, b;
Hamilton and Burns, 1993] that positively charged dust
grains in a certain size range are driven out of the mag-
netosphere by the corotational electric field. Figure 11
shows trajectories of dust particles that are released
from Io into the magnetosphere. At Io’s distance (r =
5.9 Ry), particles from about 9 nm to 180 nm radius
are accelerated outward and leave the Jovian system.
Smaller particles remain tied to the magnetic field lines
and gyrate around them like ions do. Larger particles
move on gravitationally bound orbits that are more or
less affected by the Lorentz force. Escaping particles in
the middle size range have straight trajectories with lo-
cal tangents passing Jupiter close to or even inside the
source distance. The largest and the smallest escaping
particles have more curved trajectories.

The size range of expelled particles narrows down if
the source is located closer to Jupiter, with the upper
size limit staying about constant at 180 nm. At the
outer distance of the gossamer ring (3 Ry) the lower size
limit is already 28 nm [Hamilton and Burns, 1993]. At
the corotational distance (2.2 Ry where the Keplerian
orbit period equals Jupiter’s rotation) the Lorentz force
on ring particles vanishes, and no particles can escape.
Because of the radial variation of the lower size limit of
expelled particles, this size is an indication of the source
distance from Jupiter.

Besides the outward acceleration, there is a signifi-
cant out-of-plane component of the electromagnetically

0.3F T

Power

10 15
Period [hr]

Figure 9. Fourier transforms of G2 impact rate data
from day 244.0 to 252.0. Jupiter’s spin period is 9 hours
55 min 30 s for comparison.
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Figure 10. A subset of the Ganymede 2 data. Phase
relation between Galileo’s position in Jupiter’s mag-
netic field (here Galileo’s distance from the magnetic
equatorial plane is shown) and observed impact rate,
impact direction, ion charge risetime ¢; and ion charge
amplitude Q7. A dipole tilted by 9.6° with respect to
Jupiter’s rotation axis pointing toward A;y; = 202° has
been adopted for the magnetic field. The observed data
are smoothed with a 2 hour average. The closest ap-
proach to Ganymede is indicated by dashed lines, and
perijove passage by dotted lines.

induced force. Depending on the phase of the inclined
magnetic field (with respect to Jupiter’s rotation) at the
position of the particle, its trajectory is deflected out of
Jupiter’s equatorial plane where the particle originated.
For those particles that eventually leave the Jovian
system the main acceleration occurs within a short dis-
tance from the source. In Figure 12 the Jovicentric
speeds of particles of different sizes are displayed as a
function of distance to Jupiter. For positively charged
particles of 120 nm radius that originate at Io’s orbit
the corotational electric field nearly cancels the gravi-
tational field-of Jupiter and keeps the initial kinetic en-
ergy. Larger particles for which the gravitational field
exceeds the corotational field lose kinetic energy and
are decelerated. Particles smaller than about 50 nm ra-
dius are strongly accelerated and reach already about
70% of their terminal speed at a distance of 10 Ry from
Jupiter and move there on roughly straight trajectories.
The escape speed from the Jovian system of the smallest
particles that originate from Io’s distance is about 350
km/s. Because of the dependence of the lower size limit
of escaping particles, the escape speed of the smallest
particles originating from 3 Ry is “only” 120 km/s.
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Dust particles that are continuously released from a
point source escape in a warped sheet of dust, where
particles are separated according to their size (or more
appropriately their ¢/m ratio) and time of generation.
This scenario is depicted in Figure 13 for two differ-
ent phases of the Jovian magnetic field showing two
snapshots of the dust sheet. The ragged outer edge of
the dust sheet is caused by the fact that dust trajec-
tories have been followed only out to 50 R, in steady
state the dust sheet extends to much larger distances.
Following a concept of comet tail physics [Finson and
Probstein, 1968], the solid lines (synchrones) show po-
sitions of particles released at the same time 7 before

_ the observation. Synchrones near the source correspond

to release times close to the time of observation. The
release time difference between adjacent synchrones is
1332 s (the number of time steps is given by bold num-
bers). The oldest synchrone shown corresponds to a
release time 25.9 hours (corresponding to two Jupiter
rotations as seen from Io) prior to observation.
Positions of equal-sized particles or, more appropri-
ately, of particles of the same ¢/m value, are shown by
dashed curves. Positions of 30 different g/m values are
shown (g/m values are given by italic numbers). We
have limited the sizes to s < 100 nm (¢/m > 8 C/kg);
bigger and thus slower particles would still be closer to
the source. The configuration of the dust sheet depends
strongly on the phase of the magnetic field. Only the
7 = 0 position stays at the source, all other (¢/m, 7)
positions move around with Jupiter’s rotation period of
9.92 hous. The vertical excursions, in particular, show
this periodicity. The dust density in the sheet at posi-
tion (g/m, 7) is determined by the source strength of
particles in both the ¢/m interval, [¢/m, ¢/m + Ag/m)],

20

Z (R))
o
T

PR R
-60 ~-40 -20 20 40 60
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Figure 11. Trajectories of dust grains released from
an Jo source shown in the Jovian equatorial plane (z —
y) and a perpendicular plane (z — z). The numbers
give the grain radius in nm. The assumed grain charge
corresponds to a surface potential of +3 V.
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Figure 12. Speeds.of dust grains escaping from Io’s
orbit. The numbers indicate the grain sizes (surface
potential +3 V).

the release time interval [r,7 + A7], and the area of
that part of the dust sheet that is bordered by the cor-
responding synchrones and syndynes. That means the
dust sheet is, in general, not uniformly populated by
dust.

An observer in Jupiter’s equatorial plane would record
dust particles when the warped dust sheet passes over
its position. This occurs about twice per Jupiter rota-
tion, and a periodic flux results with a 5 hour period-
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icity. For a moving observer (e.g., Galileo), this period
is somewhat altered according to the angular motion of
the observer. Since the dust sheet is fixed to the source,
it moves around Jupiter with the source’s orbital period
(e.g., Pro = 42.4 hours). Dust particles of different sizes
(g/m values) would be recorded at different times dur-
ing one orbital period.

The dust impact rate observed by Galileo clearly
shows 5 and 10 hour periodicity but a longer orbital
period, such as Io’s, is not very obvious in the data.
Therefore it is concluded that the source from which
the particles freely escape is rather extended. If the
source is azimuthally extended, like the Io torus or a
ring, the dust flux can be thought of as a superposi-
tion of many dust sheets fixed to different positions of
the source region. In this case an observer at any posi-
tion would see dust particles from dust sheets that pass
over its position at all times. However, the sizes and
corresponding speeds of dust particles would vary with
about 5 and 10 hour periodicity. In this case the fluc-
tuations of the impact rate reflect the size distribution
at the source. Those particles that are generated most
abundantly would show up most prominently in the im-
pact rate. This scenario seems to describe the observed
periodicities most accurately. However, some other fea-
tures of the data, e.g., the more or less flat impact rate
inside 50 Ry during Galileo’s approach to Jupiter or the
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Figure 13. Dust sheet at two different phases of the magnetic field (0° and 120°). The dust sheet .
is defined by synchrones (solid lines, positions of dust particles that were released at the same
time) and syndynes (dashed lines, positions of dust particles that have the same charge-to-mass
ratio, g/m). Adjacent synchrones are 1332 s apart. The number of time steps (synchrones) prior
to observation is given by bold numbers (synchrones 0 to 70). The oldest synchrone is about
2.2 days old (synchrone 70). Syndynes of differently sized particles range from s = 9.0 nm to
s = 100 nm, or, alternatively, at a surface potential of U; = +3 V to different ¢/m values: 984,
979, 962, 935, 898, 853, 801, 744, 682, 619, 555, 492, 432, 374, 320, 271, 227, 188, 154, 125, 100,

79, 62, 48, 36, 27, 21, 15, 11, and 8 C/kg.
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dip in impact rate around 20 R need additional effects
that have been numerically modeled by Horanyi et al.
[1997].

As noted earlier (Paper I), there is a second cate-
gory of particles, which occurred within a few minutes
of the satellite encounters. It has the signature of dust
released from that satellite: the impact rate is strongly
peaked at the time of CA, and the impact direction is
compatible with a satellite source (note that only par-
ticles arriving from about 270° can be explained by a
satellite source, whereas 90° is not compatible with such
a source). The 270° category is noticeable during all
encounters. A preliminary discussion can be found in
Paper I, but a detailed analysis is forthcoming.

Large-particle impacts have been recorded during all
four passages through the inner Jovian system. Note
that during the G1 passage from day 179.5 to 181.0,
no impacts could be recorded due to dead-time prob-
lems. Large-particle impacts behave quite differently
from dust stream particles (cf. Figure 5): their impact
rate peaks near perijove, where the change of rotation
angle occurs. Such a population of particles has also
been observed by previous spacecraft carrying dust de-
tectors through the Jovian system: Pioneers 10 and 11
[Humes, 1980] and Ulysses [Grin et al., 1992b]. Large-
particle impacts prior to perijove with rotation angles
of about 270° are compatible with particles orbiting on
prograde or retrograde orbits, whereas postperijove im-
pacts with rotation angles of 90° can best be explained
by highly inclined or even retrograde orbits. A discus-
sion of a mechanism that provides micron-sized dust in
the inner Jovian magnetosphere on both prograde and
retrograde orbits can be found in a companion paper
[Colwell et al., this issue].

5. Summary and Conclusions

During the first four orbits around Jupiter, the Galileo
dust detector recorded a highly variable impact rate
that had characteristic and repeating signatures. Here
is a summary of the observations and possible explana-
tions. .
1. The main signature of the data, namely the 5 and
10 hour periodicities of impact rate, direction, signal
amplitude and risetime are most naturally explained
by the coupling of charged dust particles to Jupiter’s
magnetic field. However, the source region has to be ex-
tended; a point source would cause a strong additional
periodicity with its longer orbital period. A possible ex-
tended source is the cold Io plasma torus that has the
effect of dispersing negatively charged dust particles all
around the torus [Hamilton, 1996] before their charge
eventually reverses and they are released [Horanyi et
al., 1997).

2. Sporadic strong fluctuations of the impact rate
on timescales of 1 day are most probably explained by
variations in the transport conditions or in the source
strength. However, no correlations with other observa-

20,021

tions, e.g., changes in magnetospheric plasma parame-
ters or plume activity on Io, have yet been found.

3. The more or less flat impact rate inside 50 Ry dur-
ing Galileo’s approach to Jupiter and the dip in impact
rate around 20 Ry have been explained by asymmetries
in the Io torus and the subsequent preferential dust re-
lease from the torus on the duskside of Jupiter [Horanyi
et al., 1997].

4. There were vanishing impact rates shortly before
Jupiter closest approach and on the outbound trajec-
tory, except for short bursts at about 40 Ry distance.
This is a purely geometric effect being caused by the at-
titude of the spacecraft, the aperture of the dust sensor,
and dust trajectory directionality. Dust particles escap-
ing from the inner Jovian system cannot enter the dust
sensor near and after Jupiter closest approach. The
details of this effect depend on how straight or how
strongly curved the trajectories are.

5. The shifts in impact direction by 180° at 20 Ry
inbound and at 40 Ry outbound are also a geometric
effect because they depend on where Galileo is with re-
spect to the source region and the Jupiter-Earth line.
The exact position where the transition from one to the
other impact direction occurs depends on how strongly
the trajectories are bent. The best match with the
data are tiny particles (about 10 nm radius) that have
strongly curved trajectories.

6. Enhanced impact rates within minutes of closest
approach to the satellites indicate a population of ejecta
particles from these satellites.

7. Inside a distance of about 20 Ry from Jupiter,
impacts of large particles have been recorded. Their
impact direction changes by 180° at about the time of
perijove. Some impacts are compatible with particles
on prograde orbits, but there has to be a significant
fraction of particles on retrograde orbits as well.

These data alone do not definitively identify the ulti-
mate source of the dust stream particles, although the
data seem to be compatible with an Io/Io torus source.
The strongest argument so far comes from the anal-
ysis of Zook et al. [1996], who pointed out that the
observed coupling to the interplanetary magnetic field
can only be explained if the particles have sizes of about
10 nm. Such sizes argue rather for an Io source than
for a gossamer ring source. In addition, modeling of an
To source and the complex interaction with the Io torus
succeeded in a satisfactory match to the data. More
data and more modeling are needed in order to finally
answer this question.
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