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Abstract

Galileo was the first artificial satellite to orbit Jupiteruing its late orbital mis-
sion the spacecraft made two passages through the giaet’plgnssamer ring sys-
tem. The impact-ionization dust detector on board sucualigsécorded dust impacts
during both ring passages and provided the first in-situ oreasents from a dusty
planetary ring. During the first passage — on 5 November 200 vGalileo was
approaching Jupiter - dust measurements were collectddaspacecraft anomaly at
2.33Ry (Jupiter radii) just 16 min after a close flyby of Amalthea fh# spacecraft
into a safing mode. The second ring passage on 21 Septemi@p28dded ring dust
measurements down to aboubR; and the Galileo spacecraft was destroyed shortly
thereafter in a planned impact with Jupiter. In all, a fewutbend dust impacts were
counted with the instrument accumulators during both riagspges, but only a total
of 110 complete data sets of dust impacts were transmittEaitin. Detected particle
sizes range from about 0.2 tqubn, extending the known size distribution by an order
of magnitude towards smaller particles than previouslyvadrfrom optical imaging
(Showalter et al., 2008). The grain size distribution iases towards smaller parti-
cles and shows an excess of these tiny motes in the Amalttssamer ring compared
to the Thebe ring. The size distribution for the Amalthea rierived from our in-
situ measurements for the small grains agrees very well théhone obtained from
images for large grains. Our analysis shows that partiahedributing most to the
optical cross-section are aboytd in radius, in agreement with imaging results. The
measurements indicate a large drop in particle flux immeljidahterior to Thebe’s
orbit and some detected particles seem to be on highlgHdtbits with inclinations
up to 20. Finally, the faint Thebe ring extension was detected ouwdttieast 5,
indicating that grains attain higher eccentricities thagvusly thought. The drop
interior to Thebe, the excess of submicron grains at Amalthad the faint ring ex-
tension indicate that grain dynamics is strongly influeniog@lectromagnetic forces.
These findings can all be explained by a shadow resonancdaleddy Hamilton
and Kruger (2008).
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1 Previous Imaging Results

All four giant planets of our Solar System are surrounded byehtenuous ring systems
which contain mostly micrometer- and submicrometer-sidest particles (Burns et al.,
2001). In these rings, dust densities are so low that partiallisions are negligible, and
grain dynamics is substantially perturbed by non-grawitetl forces. The 'dusty’ rings
are interesting and valuable counterpoints to the colisig dominated opaque and dense
rings of Saturn and Uranus which are populated primarily lagmscopic centimeter- to
meter-sized objects.

Jupiter’s ring system was investigated with remote imadrog the Earth and from the
\Voyager, Galileo and Cassini spacecratft, revealing sigamti structure in the ring: at least
four components have been identified (Ockert-Bell et aB91 Burns et al., 1999; de Pater
et al., 1999): the main ring, interior halo and two gossanmgs. The small moons Metis,
Adrastea, Amalthea and Thebe are embedded in the ring systdnact as sources of
ring dust via meteoroid impact erosion of their surfacesr(Blet al., 1999). The faint
gossamer rings appear to extend primarily inward from thuét of Amalthea and Thebe
(Figures 1 and 2). In addition, the vertical limits of eachanis slightly inclined orbit very
closely match the vertical extensions of these two ringkétieBell et al., 1999). These
observations imply a close relationship between the ringseabedded moonlets. Outside
the orbit of Thebe, a swath of faint material is seen out taual3&’5R; (Jupiter radius,
Rj; = 71,492 km) distance from the planet. Beyond this distance, itigsrfade slowly
into the background. Normal optical depths are about®1f@r the main ring and halo,
and about 100 — 1000 times less for the Amalthea ring and Thegs. Analysis of the
few gossamer ring images implies particle radii of BOum with additional contributions
from larger material (Showalter et al., 2008). In this paper show that smaller grains are

also present in large numbers. Figs. 1 and 2

The simplest picture of particle dynamics in the ring imgplibat dust grains ejected from
the surfaces of each moon would rapidly disperse in longitadd nodal angles while
maintaining their initial inclinations (Burns et al., 199%s such material evolves inward
under Poynting-Robertson drag, it would naturally prodinestwo overlapping rings with
rectangular profiles. Support for this interpretation cerfiem the fact that both gossamer
rings show concentrations at the vertical extremes, whartgcpes on inclined orbits spend
most of their time. The extension of Thebe’s gossamer ringihe Thebe’s orbit, how-
ever, violates this simple and elegant picture and has bé#iouéed to an electromagnetic
process involving Jupiter’s intense magnetic field by Heoniland Kruger (2008).

2 Galileo In-Situ Dust Measurements

The Galileo spacecraft was the first artificial satellite @pifer, circling the giant planet
between 1996 and 2003. Near the end of the mission, the spéqessed directly through
the rings twice, on 5 November 2002 and 21 September 20@8jmmdfa unique opportunity



for in-situ studies of planetary rings. The in-situ dustei¢dr on board (Griin et al., 1992)
counted several thousand dust impacts during both ringagass and the full data sets,
consisting of impact direction, charge amplitudes, risees, etc., for 110 separate impacts
were transmitted to Earth. The first ring passage includddsedlyby at Amalthea with

a closest approach distance of 244 km, just outside the phiée of this jovian moon.
The flyby provided an improved mass estimate for the saeWith an implied density of
~ 0.8g cnT 3 (Anderson et al., 2005).

Galileo’s traversal of Jupiter's gossamer rings providael first in-situ measurements of
a dusty planetary ring. In-situ dust measurements nicetyptement imaging, providing
important additional information about the physical pndigs of the dust environment.
In particular, in-situ measurements constrain dust spdéasities along the spacecraft
trajectory as well as grain masses, size distributionsachgpeeds and grain dynamics.

In this paper we present and analyse the complete in-situnoleesurements obtained dur-
ing both Galileo gossamer ring passages. We analyse graacingdirections and impact

rates and derive dust number densities and grain sizeldistns from the measurements.
We interpret results in terms of the gossamer rings’ strecamd the dynamics of charged
ring particles.

2.1 Dust Detection Geometry

Galileo was a dual spinning spacecraft with an antenna tbisttgd antiparallel to the
positive spin axis. The antenna usually pointed towardshEarhe Dust Detector Sys-
tem (DDS) was mounted on the spinning section of Galileo urelgh the magnetometer
boom (Kivelson et al., 1992), with the sensor axis offset By 8om the positive spin
axis. Figure 3 shows a schematic view of the Galileo spaftemnd the geometry of dust

detection.

The rotation angle®, measured the viewing direction of the dust sensor at the tfra
dust impact. During one spin revolution of the spacecffscanned through a complete
circle of 360. At © ~ 90° and~ 270 the sensor axis lay nearly in the ecliptic plane, and
at @ it was close to the ecliptic north direction. Rotation asghee taken positive around
the negative spin axis of the spacecraft which points tosv&atth. This is done to easily
compare Galileo spin angle data with those taken by Ulysgkgh, unlike Galileo, has
its positive spin axis pointed towards Earth (Grin et &99).

The field-of-view (FOV) of the dust sensor target was 14@ue to the offset of 60
between the sensor axis and the spacecraft spin axis, ogepatecraft spin revolution,
the sensor axis scanned the surface of a cone with @@éning angle centered on the
anti-Earth direction. Dust particles that arrived fromhint 10° of the positive spin axis
(anti-Earth direction) could be detected at all rotatioglas®, whereas those that arrived
with angles between T@nd 130 from the positive spin axis could be detected over only a
limited range of rotation angles. In the frame fixed to thecegaaft, we define thisnpact
angle between the impact velocity and the sensor axigaand the angle between the
impact velocity and the spacecraft’'s anti-Earth spin agig¢a
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Figure 3 shows that the magnetometer boom (MAG; Kivelsoth £1892) was in the field

of view of the dust sensor. The Energetic Particles Detd&BD; Williams et al., 1992)

and the Plasma Instrument (PLS; Frank et al., 1992) parbakcured the FOV of the dust
sensor as well (Figure 4). In other words, at certain spafie@tation angle®, particles
approaching at angles with respect to the spacecraft sjmn/ax 90° hit the boom and

these Galileo instruments instead of the sensor target.effeet of this obscuration was

first recognized in measurements of the jovian dust streaticies (Kriiger et al., 1999b).

2.2 Dust Impact and Noise Identification

Dust grains hitting the sensor target generated a plasnua @b evaporating grain and
target material. For each impact, three independent measunts of the resulting plasma
cloud were used to derive the impact speexhd the masm of the particle: the electron
signal, an ion signal, and a channeltron signal (Griin el8B2). The charg® released
upon impact onto the target is roughly described by theicglgGoller and Griin, 1989)

Qacm-v3>. (1)

The dust instrument was empirically calibrated in the speede 2 to 70kmst. Further-
more, the coincidence times of the three charge signalghtegith the charges them-
selves are used to sort each impact into one of four classkass G impacts have three
charge signals, two are required for class 2 and class 1svamd only one for class 0
(Baguhl, 1993; Grun et al., 1995; Kriuger et al., 1999a)addition to the four classes, the
dust data were categorised into six amplitude ranges ofntipact-generated ion charge,
each range covering one order of magnitude in charge (hemelkby AR1 to AR6; Griin
et al., 1995). Hence, taking the classes and amplitude saogether, the dust data were
grouped into 4x 6 = 24 categories.

Class 3 signals, our highest quality, are real dust impabikewlass 0 events are mostly
noise. Class 1 and class 2 events were true dust impactsnplsmetary space (Baguhl
et al., 1993; Kruger et al., 1999a). However, during Galdesntire Jupiter mission from
1996 to 2002 — while the spacecraft was in the inner jovianmatgsphere — energetic
particles from the jovian plasma environment caused erdeanagise rates in class 2 and the
lower quality classes. By analysing the properties of thetleam particles and comparing
them with the noise events, the noise could be eliminatea fitee class 2 data (Kruger
et al., 1999b, 2005). In particular, most class 0 and clasghte detected in the jovian
environment are probably noise.

Before the two ring flybys that are the subject of this papeaijl€ had only once been
within 6 R; of the planet, on approach in December 1995. Due to uncegrtabout the
effects of Jupiter’s harsh radiation environment, the dugtument was switched to a less
sensitive mode to protect it (Grun et al., 1996). Accortling very low noise rate was
measured. The instrument’s sensitivity was later increaaad for the duration of the
mission, it recorded an increasing noise level with dedngedistance to the planet.



We have tested the applicability of the noise identificasoheme, described in detail by
Kruger et al. (1999b, 2005), to the near-Jupiter regioniaratoved upon it. A modified
noise identification scheme was derived for the gossamgdarta (Moissl, 2005), showing
that class 1 also contains likely candidates for real dugicts. For class 2, AR1 only
the target-ion grid coincidence was used as a criterion dasenevents (EIC =0) while
for the higher amplitude ranges (AR2-6) the scheme of Kriggal. (2005) was applied
unchanged (i.e. [EAIA <1 or EA—IA > 7] and CA< 2; EA, IA and CA are the
digital values of the charge amplitudes measured on thetta@n grid and channeltron,
respectively — see Grun et al. (1995) for a description e$¢hparameters). For class 1 the
following criterion for noise events was used independérihe amplitude range of the
event: [EA—IA <2 or EA—IA > 9] and CA< 2. More details of the noise identification
in the gossamer ring data are described by Kriiger et al8)200

We use this scheme throughout this paper to separate n@sesdvom true dust impacts.
Note that this noise removal technique uses statisticalnaegts and is applicable to large
data sets only; individual dust impacts may be erroneouslysdied as noise and vice
versa.

2.3 Instrument Operation and Data Transmission

Galileo had a very low data transmission capability becadisiee failure of its high-gain
antenna to open completely. For the dust measurements gastrnthat the full set of
parameters measured during a dust particle impact or npilse sould only be transmitted
to Earth for a limited number of events. The data sets of akoevents (whether noise or
true impacts) were lost. All events (duemtd noise), however, were always counted with
one of the 24 accumulators (Griin et al., 1995) as describ&ection 2.2. This allows us
to correct the dust measurements for incomplete data tiasgm and to derive reliable
eventrates. In particular, no indications for unrecogthi@ecumulator overflows were seen
in the data from both gossamer ring passages as has beeematial for some other stages
of the mission.

Galileo dust data could be read out from the instrument mgmith different rates (see
Kriiger et al., 2001, for a description). In order to maxienise data transmitted from the
two gossamer ring passages, the read-out cycle was set tastiest useful mode during
the respective passage. For the ring passage on 5 Novemb2rtld8 meant that dust
data were read-out from the instrument memory and writtéheéd>alileo tape recorder in
so-called record mode which started at 02:44 UTC, i.e. 18bafore Galileo crossed lo’s
orbit during approach to Jupiter. The latest data set medsareach amplitude range was
read-out at approximately one-minute intervals and writtethe onboard tape recorder
for later transmission to Earth. Hence, for impact ratesoup L min~t in each amplitude
range, all data sets could be transmitted to Earth. For higites, a fraction of these data
sets were lost. This mode gave the highest time resolutitimeadust measurements at any
time during the mission; about 1 minute. The completeneshetransmitted data sets
varied between 100 % in the highest amplitude ranges (AR&-#he faint ring extension



beyond Thebe’s orbit down to only 4 % for the lowest amplituaigge (AR1) in the more
populated Amalthea ring.

Dust data were obtained in record mode during Galileo’s @gogr to Jupiter until a space-
craft anomaly (safing) on 5 November 2002 at 06:35 UTC prektite collection of fur-
ther data. This anomaly occurred at a distance 88 R; from Jupiter, 16 min after closest
approach to Amalthea (at®4 R;) and limited the total period of dust measurements ob-
tained from the gossamer rings to about 100 min. Althoughrisument continued to
measure dust impacts after the spacecraft anomaly, thengs&anot written to the tape
and, hence, most of them were lost. Only the data sets of anfig@&dt events which oc-
curred in the ring region traversed by Galileo after the speaft anomaly were obtained
from a full memory readout on 18 November 2002. These dataeher, have only a low
time resolution of about 4.3 hours which is on the order ofdhimtion of the entire gos-
samer ring passage. Only the total number of events (dustraise) in each amplitude
range can be derived from the accumulators for the ring refgaversed after the spacecraft
anomaly.

During Galileo’s second gossamer ring passage on 21 Septe26b3, the dust data had
to be transmitted to Earth immediately because the spdtastmack Jupiter and was de-
stroyed less than an hour later. Therefore, the dust inginimemory was read-out in the
fastest mode that allowed data to be transmitted in real (re@dtime science mode; see
Kruger et al., 2001). Unfortunately, time resolution imstmode was only 7 minutes. The
completeness of the transmitted data was about 10% in thieTfaebe ring extension and
about 5% in the Thebe ring. The last data set from the Galilest chstrument received
on Earth was read out from the dust instrument memory at 17189when the spacecraft
was at a jovicentric distance of aboubR;. Thus, data from this ring passage provided
in-situ dust measurements from the gossamer rings for bgetend of about 60 min with
no measurements coming from within Amalthea’s orbit.

The motion of Galileo through the gossamer rings togethdhn e readout frequency

of the dust instrument memory defined the maximum spatialuésn achievable with

the ring measurements. During the first ring passage, withrnlreadout frequency in
record mode, Galileo moved 1,800 km through the ring along its trajectory between two
adjacent instrument readouts. This corresponds to a matioadial distance of about

1,100 km (or 0015Ry). For the second ring passage the spatial resolution wgsatwolut

14,000 km or ® Ry (radial). The ring and the Galileo trajectory are sketcheBigures 1

and 2 and the characteristics of both ring passages are sigethin Table 1.

During the entire first ring passage a total of several thodislst impacts were counted.
Approximately 330 of these happened before the space@afufigsat 233 R; inbound to
Jupiter. With the optimised noise identification schemedbed in Section 2.2 complete
data sets of 90 true dust impacts were identified in the Gatdeorded data from the re-
gion between ¥5R;and 233 R;. During the second ring passage approximately 260 dust
impacts were counted down toSR; inbound to Jupiter. At this distance dust data trans-
mission ceased before Galileo hit Jupiter. 20 data sets stfichpacts detected between
3.75Rjand 25 R were transmitted to Earth.
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2.4 Mass and Speed Calibration

Grain impact speeds and masses were usually derived fromtigqul and an empirical
calibration obtained in the laboratory (Griun et al., 1998ipalysis of the dust data mea-
sured during Galileo’s entire Jupiter mission, howevereaded strong degradation of the
instrument electronics which affected the speed and méibsataon. The degradation was
most likely caused by the harsh radiation environment inrther jovian magnetosphere,
and a detailed analysis was published by Kruiger et al. (R09&re we recall only the most
significant results which are relevant for the gossamermegsurements: i) the sensitivity
of the instrument for dust impacts and noise dropped witle tiih the amplification of the
charge amplifiers degraded, leading to reduced measuretttroiparge values, iii) drifts in
the charge rise times measured at the target and the iorctoollead to prolonged rise time
measurements, iv) degradation of the channeltron reqfiedhcreases of the channeltron
high voltage during the Galileo Jupiter mission, v) no intpaanoise event was registered
in the highest ion charge amplitude ranges AR5 and ARG afilgriP99. In particular, ii)
and iii) affect the mass and speed calibration of the dustineent. For dust measurements
taken after the year 2000, masses and speeds derived fransthement calibration must
be taken with caution because the electronics degradatsrsevere. Only in cases where
impact speeds are known from other arguments, such as exesirhthe gossamer rings,
can reliable particle masses be derived. This will be dseds more detail in Section 3.3.

3 Results

3.1 Dust Impact Rates

In Figure 5 we show examples of the impact rates measuredglaiiher gossamer ring
passage of Galileo as derived from the accumulators of teeidstrument. We show the
rates for the classes and amplitude ranges for which a suftlgilarge number of events
were counted so that meaningful rate curves could be derived

The rates measured in all categories (i.e. classes and iplitade ranges) increased dur-
ing approach to Jupiter. From the outer edge of the Thebeexibgnsion until the time
when the dust measurements stopped in the Amalthea ringpdhe spacecraft anomaly,
the increase was about two orders of magnitude in the lowestrels, AR1, whereas it
was only one order of magnitude in the higher channels (ARZFAis indicates a higher
fraction of small particles in the Amalthea ring than in theebe ring and the faint Thebe
ring extension. In all channels, the highest rates occuneide Amalthea’s orbit when
the spacecraft crossed into the more densely populatedtAeaating. No impacts were
measured in the largest categories AR5 and AR6 during batkagoer ring passages.

The instrument accumulators do not contain any informatfomhether the counted events
were due to noise or real dust impacts. Since several of steument channels were
sensitive to noisecf. Section 2.2) an empirical noise correction factor had togy#ied.



This factor can only be derived from the data sets transdhwiiéh their full information
and it is taken as the ratio between the number of noise eamatshe total number of
events transmitted within a given time interval (dust plasse; see also Kruger et al.,
2001, 2008). Here, the noise rate was calculated as thegavevar a 1 hour interval. The
criteria for the identification of individual noise eventsthe gossamer ring data are given
in Section 2.2.

The rate data from the first ring passage show a dip betwedmeend Amalthea’s orbits.
It is most obvious in the lowest amplitude range AR1 where @axeltthe highest number
of counted events. The event rate dropped by about a factarodto five at this location,
and the measurements obtained for other particle sizeswamydhe second ring passage
are consistent with the existence of this dip. It should bedohowever, that the noise
rate in classes 1 and 2 exceeded 80% during some periods ohth@assage so that
the noise removal lead to large uncertainties in the impaet rOnly class 3, our highest
guality class, was noise-free but unfortunately the evatet detected in this category was
normally too low to construct a useful impact rate profileeata in the lowest amplitude
range alone are not convincing, however, the higher chanwéich are mostly noise-free,
show a similar drop inside Thebe’s orbit. This is evidentlmss 2, AR4 from the first
passage (top right panel in Figure 5). During the secondpassage, a sufficiently large
number of class 3, AR4 events were transmitted so that andmpte profile from this
noise-free channel could be constructed (bottom right lpan€éigure 5). This data also
indicates a dip inside Thebe’s orbit. Additional supporttfus interpretation comes from
increased energetic particle fluxes measured in the dipmegith the EPD instrument
onboard Galileo (Norbert Krupp, priv. comm.). We therefoomclude that the dip in the
impact rate is real, implying a true drop in the dust numbesdg in the Thebe ring. The
consequences for grain dynamics and the ring structurdwitliscussed in Section 4.4.

An additional feature is the extension of the outer gossamgifar beyond its previously
known outer edge at 35R;. Interestingly, the impact rate profile for the smallestiges

is relatively flat beyond J5R; whereas inside this distance it increases towards Jupiter.
These small submicron particles do not scatter light wedl sm cannot be seen in optical
images; they may be in the process of escaping the gossamgsas predicted by Hamilton
and Burns (1993).

During its first ring passage on 5 November 2002 Galileo hatbsecflyby of 100-km
Amalthea at a closest approach distance of 244 km from thenimoenter. Because the
Amalthea gossamer ring is believed to be maintained bysiotlal ejecta from Amalthea
itself, an increased dust impact rate is to be expected iltee vicinity of this moon.
Galileo detected ejecta dust clouds within the Hill spherfes| four Galilean moons, but
outside the Hill spheres there was no noticeable enhanddiemer et al., 1999c, 2003).
Taking the recently determined mass of Amalthea (Andersah,e2005), its Hill radius is
ruin = 130km, only slightly larger than the moon itself. Thus a sgikthe dust flux was
not expected, and is not apparent in thd0-second period that Galileo was within 500 km
of Amalthea. Determining the role of Amalthea as both a ssard sink for gossamer ring
dust grains requires detailed physical models of i) therphémetary impactor population
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and ii) ring particle dynamics. This primarily theoreti¢akk is beyond the scope of the
current paper.

3.2 Grain Impact Direction

Images of the gossamer rings taken with Galileo and Earsedtelescopes imply that the
orbits of the ring particles have very low inclinations wiésspect to Jupiter’s equatorial
plane below 15°, and that the majority of the grains move on low-eccentrievan circular
orbits (de Pater et al., 1999; Ockert-Bell et al., 1999; Buet al., 1999). In order to
calculate the impact direction of the measured ring p&sionto the sensor target and the
corresponding effective sensor area for these grains, waad that the particles orbit
Jupiter on circular prograde trajectories with effectyvegro inclination

The only additional parameters necessary are the spaceejattory (state vectors) and
spacecraft orientation. The spacecraft trajectory is showFigures 1 and 2, and the
spacecraft orientation is constrained by the fact that tiiersa pointed within 3of the
Earth direction during both passages of Galileo througlgtiesamer rings.

With these assumptions, for particles assumed to be ongmtegrircular orbits, we cal-
culated the dust impact direction and the correspondingasearea. During the first ring
passage, the angle with respect to the spin gpasried by only 4 in the time interval of
interest here when we obtained high-rate recorded datatfreming region. In this interval

the target area, averaged over one spacecraft spin remlwas 50- 55cn?. During the
second ring passagevaried by about 10and the sensor target area changed between 200
and 230crA. For both passages the expected rotation angle for partickéting Jupiter on
prograde circular trajectories wé&s~ 90°, and that for retrograde trajectori@s= 270.

The range of the rotation angle distributid® is determined by the sensor FOV which is
nominally 140. A smaller FOV was found for a subset of the ten-nanomeisesjovian
dust stream particle impacts (Kruger et al., 1999b); wéebelthat this reduction is due
to the small sizes and rapid speeds of stream particleselgdhsamer rings, by contrast,
we expect a larger than nominal effective FOV; recent amabyfsGalileo and Ulysses dust
data showed that the sensor FOV for particles much larger the jovian dust streams
population is almost 180because the inner sensor side wall showed a sensitivityufsir d
impacts comparable to that of the target itself (Altobellag, 2004; Willis et al., 2004,
2005). We therefore consider an extended FOV for the arsabfgijossamer ring particles.

The rotation angle® of the dust impacts measured during both ring passages anash
in Figure 6 and histograms showing the number of impactsqiation angle bin are given
in Figure 7. The rotation angle distribution measured dythme first ring passage (A34
on 5 November 2002) shows a broad ga@®at 90° having a widthA® ~ +20°. This is
due to shadowing by the magnetometer boom (see Fig. 4). Nogagin the distribution
occurred during the J35 encounter (Fig. 6), consistent thighgeometry of that final ring

passage (Fig. 4).

As can be seen in Figure 6, the distribution of the rotatiagilesimeasured during the first
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gossamer ring passage is much wider than expected for argarget with 140 FOV. The
expected width of the rotation angle distribution for pads on prograde circular orbits
wasAO® ~ 100° (cf. Figure 4; an analysis di© vs. ¢ — the angle between the impact
direction and the spacecraft spin axis — is given by Kriged3, his Figure 2.7b). Hence,
the distribution of measured rotation angl@sshould cover the range 45 © < 140.
About half of the impacts, however, were detected with rotaaingles® > 140° or © <
40°. If we include the sensor side wall, the expected range veideA® ~ 160° but is
still smaller than the measured range. A similarly exterdisttibution was also measured
during the second ring passage on 21 September 2003.

The rotation angle distribution shows even more structoaa just the gap @ ~ 90+
20°: Figure 7 reveals an asymmetry in the sense that the disttbwith rotation angles
© > 90 is broader and shallower than the one wh< 90°. Moissl (2005) modelled
the shadowing of the dust sensor FOV by the magnetometer btt@PLS and EPD
instruments. The modelled curve for particles on circutatigentric orbits with up to
2(° inclinations (grey solid line in Figure 7, taking a senstiarea of target plus side
wall) gives an overall good agreement with the measuredilgision. One has to keep
in mind that the spacecraft structures shading the dusbsams described by relatively
simple approximations and that the statistics of detectadhg is rather low. Deviations
occur at® ~ 60+ 10° and at®=170 where the model underestimates the true number
of detections. Also, the modelled curve underestimatesrtieewidthA® of the rotation
angle distribution. It indicates that a fraction of the détel grains may have had orbits
with even larger inclinations up to about°3@nd eccentricities up to 0.2 (Moissl, 2005).
In all, the particle orbits significantly differ from the cular uninclined case implied by
the ring images.

One additional potential reason for the extended rotatnyheadistribution may be impacts
onto the spacecraft structure close to the dust sensor.cispeeferentially onto the mag-
netometer boom may have generated impact plasma and seggnaia fragments which
may have hit the dust sensor, resembling true impacts dtaotangles where direct im-
pacts of ring particles onto the target are impossible. Sawemts should have revealed
their presence by peculiar impact parameters (charge ade$, rise times, coincidences
etc.). An analysis of the data from both ring passages, hexveNd not show evidence
for such peculiarities for the majority of grains, makingstexplanation unlikely (Moissl,
2005). The extended distribution appears, therefore, ttuleeto the actual distribution of
dust and implies large inclinations for many dust particleslinations of this magnitude
are expected from the model of Hamilton and Kruger (2008).

3.3 Grain Masses

About 90% of the dust impacts measured during both gossamgmpassages showed
abnormally long rise times of the impact charge signal cdumsedegradation of the in-
strument electronics (Section 2.4). Application of thetrnmsent calibration derived in
the laboratory before launch would lead to unrealistickdly impact speeds and, conse-
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guently, erroneously large grain masses. Thus, the risem@asurement cannot be used

for calculating grain impact speeds. In the gossamer ringgct speeds are dominated by

the spacecraft’s speed and, assuming that the particles aromearly uninclined circular
orbits, the impact speed onto the detector target on 5 Noge&0D2 was about 18kms.

We use this fact as the basis for a procedure to obtain partielss and number density
distributions. An overview of the individual processingss in given in Figure 8.

We begin by taking 18 knTs instead of the speed derived from the rise time measurement
and calculate the particle mass with Equation 1, i.e. empipyhe linear dependence
between particle mags and impact charg€. Similar mass calibration methods were
successfully applied to earlier measurements of intéastdlst grains (Landgraf et al.,
2000) and to dust impacts measured in the vicinity of thel&ali moons (Kruger et al.,
2000, 2003).

An extra complication here is the amplifier degradation énase from the accumulated ra-
diation damage to the dust instrument. The damage causesetmired charge amplitude

Qto be too low by a time-dependent factor that has been caéclby Kriiger et al. (2005).

For the time period of interest, we estimate the additioadiation damage received by the
spacecraft and determine a correction factor of 5 for the@lector channel and a factor

of 2 for the electron channel, respectively. This meansrttedsured charges for gossamer

ring particles need to be increased by a factor of 5 and 2eotisely, to determine the true
impact charges for these channels. Due to the linear depead®tween impact charge

and grain mass (Equation 1) this leads to an average shifain ghass by a factor of 3.5.

In Figure 9 we show the mass distributions derived for fodfiedent regions of the gos-
samer rings. We include measurements from: i) the regiomnd®st |0’s orbit and the outer
edge of the Thebe Extension (6 t&/8R;y), ii) the Thebe Extension (betweern/3 Ry and
Thebe’s orbit), iii) the Thebe ring (between Thebe’s and Ah&a’s orbit), and iv) the
Amalthea ring (inside Amalthea’s orbit). Dust in the outesthof these regions is poorly
sampled by the spacecraft and invisible from the groundteBstatistics exist for dust
amongst the Galilean satellites (Griin et al., 1998; Tleiglsgsen et al., 2000; Krivov et al.,
2002a,b; Zeehandelaar and Hamilton, 2007).

To illustrate the significance of the corrections for inatent aging and for incomplete data
transmission, we show both uncorrected and correctedgnatits. The aging correction
shifts the entire distribution by a factor of 3.5 to higherss@s. Coincidently, this corre-
sponds to the width of half an amplitude range interval ongatithmic scale so that the
aging correction shifts the mass distribution by one histogbin. Furthermore, to correct
for incomplete transmission, we calculated a correcti@tofafrom the ratio between the
number of counted impacts and the number of data sets trdadnm a given time interval.
We took into account that the leftmost two bins correspondRd, the next two bins to
AR2 and so on. Note that the transmission correction is mgsifeeant in the leftmost
two bins (AR1) and nearly negligible in the other bins.

According to Figure 9 the largest detected particles havesesn ~ 5 x 10~ 13kg. As-
suming spherical particles with densjly= 1000kg nm3 (representative of water ice), the
corresponding grain radius g~ 5um. For grain densities of 500 and 2000 kg#rthe
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grain radius is 6 andgm, respectively. Similarly, the smallest mass just exaggthie de-
tection thresholdn ~ 5 x 10~17kg, corresponds te~ 0.2um. Thus, 2um < s<5um

is a plausible size range from the calibration of the impéetrges after correction for
electronics aging. This shows that the size distributicie®ats to particles one order of
magnitude smaller than derived from ring images. On therdtlaed, the largest sizes
agree rather well with particle sizes deduced from imagintp® gossamer ring (Showal-
ter et al., 1985, 2008) and Jupiter's main ring (Throop et2)04; Brooks et al., 2004).
The only other information on ring particle sizes comes fthnee impacts detected at ring
plane crossing by the Pioneer 10 and Pioneer 11 spacecnaftés] 1976). The Pioneer
10 detector was sensitive to particles larger than abpum 6vhile the Pioneer 11 detector
was sensitive to particles roughly twice as large; thesky eaeasurements first showed
that there was 10 micron dust in Jupiter’s equatorial plane.

Only 20 data sets of impact events were transmitted from ¢ksergl ring passage (J35)
and this low number does not allow us to derive statistiqaaningful mass distributions
for the individual ring regions. In addition, the mass cadion of these data is even
more uncertain because of the rapid degradation of the dsistiment electronics due to
accelerated radiation damage very close to Jupiter (Kréigal., 2005, their Fig. 2).

It is evident that the mass distribution is very similar ie faint Thebe ring extension and
in the Thebe ring, while it is much steeper in the Amaltheg.ri@ne has to keep in mind,
however, that this steeper slope is dominated by the lettmasbins of the distribution for
masses % 10716 — 5x 10~17kg which required the largest corrections for noise removal
and incomplete transmission. Although these bins requiredargest corrections we are
convinced that the strong excess in small grains is real.

The slopes of the differential mass distributions given bggd(m)/dlogm oc mY (with
N(m) being the number of particles per logarithmic mass int@realthe individual ring
regions are listed in Table 2. While the slopes of the Thehg and Thebe extension are
well reproduced by power laws the slope for the Amalthea isngpt very well described

by a power law.

Note that in all histograms the leftmost bin is lower than tiegt one at higher masses.
This is a well known effect (Kriuger et al., 2006, their Fig.ahd is most likely due to the
fact that the sensitivity threshold of the dust instrumeaymot be sharp. We therefore did
not include the leftmost bin in the fitting of power law sloggeshe mass distributions.

Interestingly, the slopes tend to steepen significantlynvpeing from the outer to the

inner ring regions. This is due to the weakening of electrgmesic forces in the vicinity of
synchronous orbit (25 R;) - small particles that are expelled from the Thebe ring cabe

ejected from the Amalthea ring (Hamilton and Burns, 1993nit@n and Kruger, 2008).

The cumulative mass distributions for the individual riegions are shown in Figure 10.
Again, the distribution for the Amalthea ring is the sted¢peEhe resulting power law
slopes obtained from linear fits to the data are approximéetween—0.3 and—0.8 and
are tabulated in Table 2. These slopes agree very well wélskbpes measured in-situ
in impact-generated dust clouds at the Galilean moonsggrit al., 2003), while they
are much flatter than slopes derived for Saturn’s E ring (Snpfe priv. comm.). This
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indicates that the majority of the detected grains aresiolial ejecta from hypervelocity
impacts onto the surfaces of the moons embedded in the gessaigs (mostly Amalthea
and Thebe).

3.4 Dust Number Density

Each of the impact charge amplitude ranges of the dust mstnticorresponds to a factor
of 10 in impact charge and, hence, a factor of 10 in mass (fastemt impact speed;
cf. Equation 1). Therefore, a number density distributionwstifrom the accumulators
directly reflects the grain mass distribution. We use thigregch to construct grain size
distributions in the individual gossamer ring regions wiih using the dust instrument
calibration from the laboratory. The individual data presiag steps are again summarised
in Figure 8.

The dust number densityis proportional to the impact rateNdfdt recorded by the dust
instrument, and the relation between both quantities isrgby:

dN 1

" d VA @

As(Y) is the sensor area as a function of the anjgigith respect to the spacecraft spin axis,
andv is the grain impact speed. To obtain impact rates, we segghdifferent ring regions
into distance bins and divided the number of particldscdunted in a given distance bin

by the time d Galileo spent in this bin. Fig. 11

In Figure 11 we show the number densities derived from tharaatators of the four am-
plitude ranges for the individual gossamer ring regionsmidar densities measured during
both gossamer ring passages agree to within about 50 %,tardep region between lo’s
orbit and the outer ring edge. Here the measurements deshygra factor of 3 (Figure 11).
Despite the low number of dust detections in this ring regind the uncertainty due to the
noise removal, we believe that this difference in the nundeasity is likely real, pointing
to azimuthal variations in the ring dust density itself.

Hamilton and Kruiger (2008) have proposed that a shadowess® governs the behavior
of the gossamer rings and their Figure 3 shows that the @itbuser Thebe ring should be
asymmetric and offset away from the Sun. Such a structurddmoeld a larger impact
flux to a spacecraft approaching from the anti-Sun hemigp{#84, the first passage) than
from the sunward hemisphere (J35, the second passage)igsee E This is in qualitative
agreement with the difference in the outermost ring regalyserved here. Moreover, the
Hamilton and Kriger model also predicts that larger pksichould not spread very far
outward from their Thebe and Amalthea sources in agreemigmtive lack of AR4 grains
in Figure 11 beyond the outer visible edge of the Thebe ring.”

Total number densities obtained by adding the values fdr Betogram bin in each panel
are given in Table 3. These values take into account the sérget only. If we assume
that the sensitivity of the side wall is the same as that oftéinget, the number densities
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derived from the first ring passage are lower by about 50 %enthibse for the second

passage are reduced by only about 10 %. This leads to someettetagreement between
the two passages. For the mass densities given in Table 3wgeakaumed spherical grains
with density 1000kgm3.

In Table 3 we also give number densities for dust populataetected by Galileo be-
yond the orbit of lo. Number densities derived for the vasiomg regions smoothly drop
with increasing jovicentric distance, showing that Jufst&int ring system fills the entire
space from the gossamer rings close to Jupiter out to thenegithe Galilean moons and
beyond.

4 Discussion

4.1 Comparison of In-Situ Data and Remote Imaging

From optical imaging, ring particle size distributions danestimated by making assump-
tions about grain optical properties including the real andginary components of the
index of refraction and roughness parameters. Similadyivihg size distributions from
the Galileo dust impact data requires assumptions abomtiment aging and impact ve-
locities. When both optical and in-situ data are availableew method for determining
sizes is possible.

The new method has the advantage of depending only on welsuned quantities: the
ring normal optical deptht, the ring’s vertical extensior, both derived from imaging,
and the number densitg, measured in-situ. In particular, this calculation is ipeledent

of the mass calibration of the dust instrument. Relevagtpioperties are given in Table 4.
The optical depth has the biggest error bar whereas thesnregtical extension is rather
well known. Furthermore, imaging shows that the rings arstrbenuous near Jupiter’'s
equatorial plane and densest near their vertical limitkétieBell et al., 1999; de Pater

etal., 1999).

The typical ring particle radius can be expressed as

T
2711" nopt.

S=

3)

Here, nopt is the number density measured in-situ of grains dominatiegoptical cross-
section. But what should we use fog,? Summing over all amplitude ranges yields the
number densities given in Table 3 and an effective grainussshz 2um. In this simple
analysis all measured particle sizes contribute to thealtross-section.

For a more realistic calculation we have to take into accthattimaging is most sensitive
to those particles which have the largest cross-sectiomefitecting light. Taking into
account that amplitude ranges AR1-4 correspond to a faétt®@0 in mass (100 in area),
Figure 12 shows the relative contribution of the four anydlé ranges to the optical cross
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section. In all ring regions the biggest contribution to tpical depth comes from the
biggest grains (AR4), even though the smallest ones (ARMjiiate the number density.

Thus, a better choice is to use AR4 only. Fig. 12

Now taking the number densities from Figure 11 for AR4 onhg grain radii ares ~
5um for the Thebe ring anek 10um for the Amalthea ring, respectively. Given that the
uncertainty in the optical depth is about a factor of 5 and tiahe number density is
a factor of 2, we think that the grain radii are uncertain byeast a factor of 3. These
sizes are consistent with the optical measurements (Stevedlal., 2008), and they agree
within about a factor of 2 with the biggest sizes obtainednfitbie calibrated in-situ data.
Given the overall uncertainties of the dust instrumentxation and the calculation of the
optical depths, the agreement between the two methodstes sptisfactory.

4.2 Grain Size Distributions

In Sections 3.3 and 3.4 we determined the grain mass digotisuin two different ways.
Both analyses produced the steepest distributions in thalthea ring while further away
from Jupiter the distributions are much flatter. Howeveg, sfopes derived from the num-
ber density distributions (Section 3.4) are somewhat fldktan those obtained from the
mass distributions (Section 3.3, see also Table 2). TheferflHopes are probably due
to an unsharp detection threshold of the dust instrumenidéir et al., 2006), leading to
an unrealistically depleted leftmost mass bin for the sesalbarticles (Figure 9). In order
to get an estimate of the influence of this effect on the slased from the number
densities, we recalculated the mass distributions by dwstyall bins in the fit: the mass
distributions became flatter, except for the Amalthea regg(elow), and they agreed very
well with the slopes derived from the number densities. Bhigports our contention that
the leftmost mass bin is incomplete and should be ignoredeadonin our derivation of
column 2 of Table 2. We therefore conclude that the slopebefrtass distributions ob-
tained from the instrument calibration are a better measttiee true distributions in the
ring than those derived from the number densities.

In the Amalthea ring the fit with all bins gives a slope-68.63+ 0.43 for all bins which
is somewhat steeper than the slope obtained from the nureheitd (—-0.42+0.39). This
also indicates that the correction for incomplete transiarsfor the Amalthea ring (which
mostly affects the two left-most bins in the mass distriifimay be too strong.

Showalter et al. (2008) derived a size distribution for threadthea ring which is brightest
in the imaging. They get a power law slope-e? to —2.5 in the size range 4 30um.
Therefore, the in-situ measurements and the imaging sesaihpliment each other with
only little overlap in the sensitive size range. Furthereyar size distribution for the main
jovian ring was recently determined from Galileo obsensadi by Brooks et al. (2004).
They find a power law slope 6f2.0+ 0.3 for particles below~ 15um and a transition to
a power law with slope-5.0+ 1.5 at larger sizes.

In Figure 13 we compare these distributions with our in-siteasurements. Note that
the size distribution for the Amalthea ring derived from owsitu measurements for the
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small grains agrees very well with the one obtained from iesdgr large grains. Beyond
Amalthea’s orbit the size distribution for submicron gsalecomes flatter while little is
known about the abundance of grains bigger tham5n these regions.

Figure 13 is the most complete compilation of the grain sig&itutions in the jovian ring

system presently available. It is obvious that even thobglsiall submicron particles are

the most abundant in the rings (top panel), the largest iboiton to the total ring mass

comes from the bigger grains aboverird (bottom panel; see also Section 4.3).

4.3 Total Ring Mass

From the number density measured in-situ in the rings (idLir) and the known ring
volume, we calculate the entire ring dust mass containdteismall particles (@ — 5um).
Taking the dimensions of the Amalthea and Thebe rings ginerable 4 and noting that
the average density near the midplane is half that of théceg¢extremes, the total mass in
each of these two gossamer ring components is about ktb®kg. For the Thebe ring
extension we find a similar value of about®k@ of dust, assuming that this ring has the
same vertical extension as the Thebe ring itself. The ringsesfor the Thebe ring and
Thebe ring extension derived from Galileo’s two indeperndiag passages agree to within
15%. For the ring region between the outer edge of the Thalgeestension and 10’s orbit
we assumed the same vertical extension as for the Thebexiegseoon. Note, however,
that there is no optical data available for this region andagyical simulations show that
the ring is likely further extended. Therefore, the derivedy mass of~ 5 x 10*kg is

a lower limit. Furthermore, the two ring passages give teghiat differ by a factor of
three as discussed in Section 3.4. This is probably due teetlyeasymmetric shape of the
outermost ring (Hamilton and Kriiger, 2008). We collecstnaumbers in Table 3.

Figure 13 (bottom panel) shows that the small grains medsnssitu represent only a mi-
nor fraction of the total ring mass contained in the dust.uigsg that the size distribution
for grains 4 to 3um measured by Showalter et al. (2008) is valid for all gossaings,

the total ring mass is increased by a factora80 over the values we list in Table 3. Sim-
ilarly, if we take the bimodal size distribution derived fie main jovian ring by Brooks

et al. (2004) in the size range 0.1 to 1@, the gossamer ring mass increases by a factor
of ~ 25.

4.4 Grain Dynamics

The interesting properties of the gossamer rings can be eassly explained with the
shadow resonance model of Hamilton and Kruger (2008). Hael®v resonance is an
electromagnetic effect that occurs when a dust grain edtgiser’'s shadow, photoelectric
charging by solar radiation switches off, and the grainectlc potential decreases. This
leads to an oscillating particle charge due to the switchnmhaodf of photoelectric charging
on the day and night side of the planet (shadow resonanagjaiiges the electromagnetic
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force acting on the particle and results in coupled osaliest of the orbital eccentricity
and semimajor axis. The oscillations cause the rings tanexsegnificantly outward, but
only slightly inward, of their source moons while presegyitneir vertical thicknesses.
This is exactly what is observed for the Thebe ring extensiearthermore, it leads to
longitudinally asymmetric gossamer rings, offset from e for positive grain charges
and, in the absence of a dissipative drag force, to an abs#nuaterial inside a certain
distance from Jupiter. If most ring material is reabsorbgdhe satellites before drag
forces can draw it inward, this would create the gap intendFhebe that is visible in the
rate plots in Figure 5. Showalter et al. (2008) also see eaeldor a dropoff of number
density interior to Thebe’s orbit.

The existence of an at least 15000 km wide gap in Jupiter'sajosr ring between Thebe
and Amalthea has to be explained by the dust particle dyrsantdynamical modelling
by Hamilton and Kriiger (2008) shows that the shadow resamafirst investigated by
Horanyi and Burns (1991), can cause gaps of material ortéoi Thebe’s orbit, lead to
inclinations up to 20for some grains, raise the fraction of small particles initimer ring
region, and can also explain the outward extension of thg byond the orbit of that
satellite. It implies that electromagnetic effects hagmgicant influence on the dynamics
of submicron- and micron-sized dust in a planetary magpéers.

An additional feature of the Galileo gossamer ring dataéslitkely detection of particles
on high inclination orbits. The possibility that spuriougests, such as impacts into the
detector wall or the magnetometer boom, are masqueradipgrasles with high inclina-
tions can be most likely ruled out. Searching for a physigalanation, the findings are
consistent with grains being driven to large inclinatiogsie shadow resonance as well
(Hamilton and Kriiger, 2008). The grains would form a haloradterial faint enough to
be invisible to imaging, but populated enough to be detebtedirect impacts onto the
Galileo sensor. Showalter et al. (2008) also see indicafimna broadening of the inclina-
tions in the Thebe ring, although only to a few degrees abouédalow the ring plane. Our
size distribution extends to an order of magnitude smalleing than the smallest grains
detected by the images and, thus, the expectation thatesrgediins should be more sensi-
tive to the shadow resonance and thus on higher inclinatioitsavould be consistent with
our Galileo in-situ data. One would expect, however, thatdimaller grains show a wider
distribution in rotation angles than the bigger ones whgmifact visible in the in-situ
data: The impacts measured in AR4 during the A34 passage asiiyrbe explained with
uninclined circular orbits while AR1 and AR3 need orbit ineitions up to 20. This is not
confirmed by the J35 data which may be due to the low numbertettiens.

The shadow resonance turned out to be crucial for the stei@nd dust transport in
Jupiter’s tenuous dusty ring. Because dust from a singleceatan be dispersed widely
both inside and outside the source, the same mechanism magansible for the wide
outward extension of Saturn’s E ring recently detected whth Cassini dust instrument
out to at least 18 R(R. Srama, priv. comm.; Saturn radiug R 60,280km) or its unex-

pectedly large vertical extension recently seen on Cassages (Ingersoll et al., 2007).
In that ring Saturn’s moon Enceladus turned out to be the msaarce of ring material
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(Spahn et al., 2006b,a).

5 Conclusions

The Galileo in-situ dust detector made the first successkAdsurements of submicron
and micron-sized dust impacts in Jupiter's gossamer ringag two ring passages of the
spacecraft in 2002 and 2003. Dust impacts were measuretthred regions of the gos-
samer rings which had been previously identified on opticalges. The region between
lo’s orbit and the outer limit of the faint Thebe extensiorhase the ring is invisible to
imaging, was also explored. The data from the two ring passagjow for the first ac-
tual comparison of in-situ dust measurements with the ptgseinferred from inverting
optical images.

The measured impact rate profile shows a drop immediatedyiantto Thebe’s orbit and
the grain impact directions extend over a significantly widege than expected for grains
moving about Jupiter on uninclined circular orbits. In faotlinations up to 20 nicely
explain the measured impact directions for most grains. h\Vestigated the idea that
spurious events, such as impacts onto the magnetometer, boasquerading as particles
with high inclinations, and strongly believe that such exgitions can be ruled out.

The wide range in impact directions can be explained by ashadsonance caused by
varying particle charge on the day and night side of Jupdgving particles onto high
inclination orbits. They form a halo of material faint enbutp be invisible to imaging,
but populated enough to be detectable with the Galileo sefdte faint gossamer ring
extension previously imaged to abou?3R; was detected out to at least 5 dicating
that ejecta from Thebe spread much further and particlésoget higher eccentricities than
previously known. Both the gap in the ring and the faint riz¢easion indicate that the
grain dynamics is strongly influenced by electromagneticds.

The measured grain sizes range from about 0.2ptmbincreasing towards smaller par-
ticles. Our measurements extend the known size distribdto the gossamer rings by
a factor of ten towards smaller particles than previousigved from imaging. Within
the measurement uncertainties, particles contributingtnoothe optical cross-section are
about um in radius, in agreement with imaging results. The graie sistribution is
consistent with the majority of grains being generated byenyelocity impacts onto the
surfaces of the moons orbiting Jupiter in the gossamer sggn. While the small parti-
cles detected in-situ are the most abundant by number,sdtdaabrder of magnitude more
mass is contained in particles larger thaumd which — because of their large surface areas
— also dominate. The size distributions of grains measurdu gossamer rings gradually
flatten with increasing distance from Jupiter due to the nediteient electromagnetically-
induced escape of more distant grains.

The Galileo in-situ measurements obtained throughoutiian magnetosphere show that
the dust densities in Jupiter’s faint ring system more os @mntinuously drop from the
region of the gossamer rings close to Jupiter out to the €ézadimoons and beyond. While
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the inner ring regions (& 3.5R;j) can be clearly seen with imaging techniques, only in-situ
spacecraft can presently detect the much fainter dust ératgates near jovian space.
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Table 1. Characteristics of Galileo gossamer ring dust oreasents.

Date (Galileo orbit number) 5 Nov. 2002 (A34) 21 Sept. 20B5)J
Distance range measured > 2.33R; 22.5R;
Measurement time within.35R; 100 min 60 min

Time resolution 1 min 7 min
Spatial resolution (radial) .015Ry 0.2R;
Number of dust impacts counted ~ 330 ~ 260
Number of data sets transmitted 90 20

Dust impact spe€d 18— 20kms? 26—30kms?
Dust detection threshold ~0.2um ~0.2um

T: Dust particles were assumed to orbit Jupiter on circulaggde uninclined orbits.
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Table 2: Slopey of the mass distributions derived in this work for the diéfet ring regions (1). The Galileo orbits from which
these data are derived are indicated. (2) lists the slogeedfifferential mass distribution as derived from the stent calibration
(Fig. 9), and (3) and (4) the ones obtained from the measurethar densities (Fig. 11), respectively. (5) lists the clative mass
distributions obtained from the instrument calibratioig(FL0). In column 4 the slope for the region between the otey limit
and lo’s orbit is put in parentheses because it is derivad fiorery low number of detections.

Population Differential mass distribution Cumulative mdsstribution
from from from
calibration number density calibration
A34 A34 J35 A34
(1) (2) (3) (4) (5)
Amalthea ring —0.76+0.51 -0.42+0.39 — —0.76+0.31
Thebe ring —-0.24+0.13 -0.17+0.18 -0.23+0.42 —0.38+0.11
Thebe ring extension —0.31+0.16 —0.224+0.22 —0.20+0.28 —0.51+0.15
lo to ring limit —0.09+0.18 -0.01+0.09 (—0.30+0.00) —0.29+0.06




8¢

Table 3: Physical parameters of dust populations (1) dedentsitu at Jupiter. (2) lists the radial distance rangentthe particles
were detected, (3) gives typical particle radii assumingesigal particles, (4) and (5) give the derived particle bemdensities
and mass densities in space, respectively, (6) lists thentlass contained in small particles (0.2 torh), and (7) gives references.

Population Jovicentric Particle  Number Mass Dust mass inferi@ace
distance radii density density small grains
(Ry) (um)  (km™d) (kgm~3) (kg)
(1) (2) 3) (4) (5) (6) (7)

Amalthea ring 233-254 02-5~2x100 ~4x10718 ~10° This work

Thebe ring 254-31 02-5~3x10° ~1018 ~2x10°  This work

Thebe ring extension 3.1-3.75 0.2-5 ~10° ~4x1071° ~10° This work

lo to ring limit 375-6 0.2-2 ~5x10° ~5x1021 ~5x10* Thiswork

Galilean ring 10-30 0.6-3 #%0-10° 1021-102%0 Krivov et al. (2002a)
Captured particles 10-20 B-15 ~1¢? ~1021 Thiessenhusen et al. (2000)

Distant ring > 50 1-2 ~ 10t ~ 1022 Krivov et al. (2002b)




Table 4: Properties of the gossamer rings as obtained fraagimg observations (Showal-
ter et al., 1985; Ockert-Bell et al., 1999; de Pater et aR9)9

Amalthea Ring Thebe Ring Uncertainty

Normal Optical Deptit 107 3x10®  Factor of 5
Ring Half-Thicknes#d 1300 km 4400 km +100 km
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Figure 1: Projection of Galileo’s trajectory through thesgamer ring region on 5 Novem-
ber 2002 (Galileo orbit A34) and 21 September 2003 (orbi) #8%0 Jupiter’'s equatorial
plane. The orbits of the small moons Thebe, Amalthea, Adeeahd Metis are indicated by
dashed lines. Crosses indicate 1-hour time intervals. Tifereht gossamer ring regions
are highlighted. Galileo’s closest approach to Amaltheeauoed on 5 November 2002
at 06:19 UTC (indicated by a filled circle). Thick solid sects of Galileo’s trajectory
indicate time periods when dust data were obtained.
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Figure 2:Top: Mosaic of Galileo images of Jupiter's gossamer rings takkenthe space-
craft was very nearly in the ring plane (from Burns et al., 299 he halo and main ring are
overexposed (solid white) at the left hand side of the imdgehe right are the Amalthea
ring (shown in light grey) and the Thebe ring is (shown in @agrey). Crosses mark the
four extremes of the radial and vertical motions of Amalthad Thebe as caused by their
eccentric and inclined orbits. A very faint extension rezlout beyond Thebe’s orbit.
Bottom: Galileo’s trajectories during the ring passages on 5 Nowiab02 (solid line)
and 21 September 2003 (dashed line). The sections wherdatasivere collected during
both passages are highlighted as thick lines. The appraeiloeations of the moons’ or-
bits are indicated by vertical dashed lines and Amaltheasstipn during closest approach
on 5 November 2002 is marked by a filled circle. [WE NEED PERSIGN FROM NA-
TURE]
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To Earth

DDS

140° FOV
\ _ 7 \\ |
T 80° |
A/ g > ~ - ‘\\ :
Sensor axis Rl |
Spin axis
. EPD DDS
140°FOV/
|
/l
Magnetometer boom

Y pLs

Figure 3: Galileo spacecraft configuration (schematitdp: Side view; Bottom: Top
view. The dust detector (DDS) is mounted directly underiméia¢ magnetometer (MAG)
boom (Kivelson et al., 1992). The sensor field-of-view (FGQ&¥hown by dashed lines.
The locations of the Plasma Instrument (PLS) (PLS; Frank £1292) and the Energetic
Particles Detector (EPD) (EPD; Williams et al., 1992), whgartially obscure the DDS
FOV, are also indicated.
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A34 D<4.0 Rj/i=0°/e=0 J35 D<4.0 Rj/i=0°/e=0
- T PLS TMAG EPDT T ‘ ‘

" T TPLS 'MAG EPD

Figure 4: Dust instrument FOV and obscuration by the magneter boom, the PLS and
the EPD instruments for an imaginary observer looking outweom the center of the
sensor targetLeft: first ring passage on 5 November 200@ht: second passage on 21
September 2003. Concentric circles denote the angulaandistp from the sensor axis

in 10° steps. The spacecraft spin axis isgat= 60° towards the bottom (marked by an
asterisk). The shaded areas show the modelled range sdaynied particles on circular
prograde orbits during each ring passage (Moissl, 2005.Willth of the shaded areas is
due to the variation of the angle between the impact velocity and the anti-Earth spin-axis
during the motion of Galileo through the ring.
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Figure 5: Dust impact rates measured during both ring passag derived from the dust
instrument accumulators. The ring passage, class andtadgliange are given for each
panel. For the first ring passage (A34) data were smoothddanlioxcar average over 3
data points while no smoothing was applied to data from thers#passage (J35). Vertical
dotted lines indicate the orbits of Amalthea (Am’), ThebB() and the edge of the faint
ring extension as seen on images ('Ring Edge’). Error bgyeesent the/n statistical
fluctuation of the dust impacts detected within a 10 to 20 t@nime interval.
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Figure 6: Rotation angle® of dust impacts measured during both gossamer ring passages
Top panel:First ring passage on 5 November 20@bttom panel:Second ring passage

on 21 September 2003. Only impacts are shown for which theptsimset of measured
impact parameters was transmitted to Earth. Solid nearfizdwatal lines indicate the
expected width of the rotation angle distributid® for a sensor target 140QV, while
dashed lines show the same for target plus sensor side v EOV). Vertical dotted
lines indicate the orbits of lo ('lo”), Thebe ('Th’) and Antaka (Am’) and the edge of

the faint ring extension as seen on images ('Ring Edge’). ¢erie the 13° inclination of
Jupiter’s orbital plane w.r.t. the ecliptic plane and Jepst obliquity of about 3 and take

the planet’s equatorial plane to be coplanar with the aclane for simplicity.
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Figure 7: Distribution of rotation anglé8 measured during both gossamer ring passages
A34 (top) and J35 (bottom). For A34 the thin solid line showmsadelled distribution
taking into account shading by the magnetometer boom anéltBeand EPD instruments
and inclinations of the particle orbits up to2@rom Moissl, 2005). For J35 the vertical
lines indicate the expected width from the FOV for the taayet the side wall.
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Raw Data

-

Noise identification Total number of Number of counted events
transmitted data sets in ~ (dust + noise) in each class
/ \ each class and AR: Nt and AR from counters: N unted
Dust impacts with Noise events with \ /
complete data sets: n___ complete data sets: n, ., .
* Fraction of data sets
(dust + noise)

Noise fraction from transmitted to Earth in

complete data sets each class and AR:

for each class and AR: vanemit! Moounted

fnoise = nnoise/ (ndust t nnowse)

Number of dust impacts
per class and AR: n(1- f

noise)

Correction of IA, EA for
instrument degradation ¢

v

Add all n(1-f ) for

Calibration of grain Calibration of grain oise
masses from |A, EA masses from corrected IA, each AR
assuming 18 km/s EA, assuming ¢
impact speed 18 km/s impact speed
¢ ¢ Effective sensor area,
impact speed
Mass distribution N(m) Mass distribution N | (m)
not corrected for instrument  corrected for instrument
degradation and incomplete  degradation and incomplete Number density distribution
transmission (dotted transmission (solid histo- (Fig. 11)
histogram, Fig. 9) gram, Fig. 9)

Figure 8: Flow chart illustrating the individual procesgisteps required to derive mass
and number density distributions for the gossamer rings.
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Figure 9: Mass distributions for different regions of thesgamer rings obtained from the
first ring passage on 5 November 2002 (A34; 87 particles walbaity error factor VEF
< 6 (Griin et al., 1995). An impact speed of 18km svas assumed to calculate grain
masses from the measured charge amplitudes (Equationédyéfaction threshold for the
assumed impact speed is indicated by vertical dotted liwgbdut instrument aging). and
by vertical dashed lines (with aging correction), Dottestdgrams show the distribution
with neither corrections for instrument aging nor incont@léata transmission. The solid
histograms show the distribution corrected for both inclatgpdata transmission and in-
strument aging and thick solid lines are linear fits to thesescted histograms. The slopes
for the mass distributions are given in Table 2.
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Figure 10: Cumulative mass distributions from Figure 9 fa individual regions of the
gossamer rings. Straight lines are linear fits to the data.sldpes for the cumulative mass

distributions are given in Table 2.
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Figure 11: Dust number densities deduced from the accuoralétlasses 1 to 3 taken
together after noise removal). Total number densitiesldfiatogram bins added in each
panel as well as grain radii calculated with Equation 3 frbwese total number densities
are given in Table 3. Solid lines show the data for the firssgo®er ring passage (A34),
dotted lines show those for the second passage on 21 Sept2@ti3(J35). The assumed
grain impact speeds are 1&0kms ! and 26— 30kms1, respectively. The slopes for
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the number density distributions are given in Table 2.
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Figure 12: Relative cross-section of dust particles dedifimam the accumulators (class 1
to 3 taken together).
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Figure 13: Grain size distributions per logarithmic sizéeimal for the gossamer rings
derived in this work (solid lines) compared with the ones lod®alter et al. (2008, dashed
lines) and Brooks et al. (2004, dotted lines). The verticad & in arbitrary units and the
curves are shifted so that they all fit together an3 In each panel, the solid lines refer
to — from top to bottom — the Amalthea ring, the Thebe ring, Thebe extension and
the region between the outer ring edge and lo’s orbit, rés@dg. Top panel: number of
particles in the ring; Middle panel: cross-sectional aré&he ring; Bottom panel: ring
mass. Note that the data of Brooks et al. (2004) are from the jo@an ring.



