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Abstract

Galileo’s Solid State Imaging experiment (SSI) obtained 36 visible wavelength images of Jupiter’s ring system during the nomina
(Ockert-Bell et al., 1999, Icarus 138, 188–213) and another 21 during the extended mission. The Near Infrared Mapping Spectrome
recorded an observation of Jupiter’s main ring during orbit C3 at wavelengths from 0.7 to 5.2 µm; a second observation was attemp
orbit E4. We analyze the high phase angle NIMS and SSI observations to constrain the size distribution of the main ring’s mic
dust population. This portion of the population is best constrained at highphase angles, as the light scattering behavior of small dust g
dominates at these geometries and contributions from larger ring particles are negligible. High phase angle images of the main rin
by the Voyager spacecraft covered phase angles between 173.8◦ and 176.9◦ (Showalter et al., 1987, Icarus 69, 458–498). Galileo images
extend this range up to 178.6◦. We model the Galileo phase curve and the ring spectra from the C3 NIMS ring observation as the com
of two power law distributions. Our analysis of the main ring phase curve and the NIMS spectra suggests the size distribution of th
ring particles is a power law with an index of 2.0 ± 0.3 below a size of∼ 15 µm that transitions to a power law with an index of 5.0 ± 1.5
at larger sizes. This combined power law distribution, or “broken power law” distribution, yields a better fit to the NIMS data than
power law distributions that have previously been fit to the Voyager imaging data (Showalter et al., 1987, Icarus 69, 458–498). Th
power law distribution reconciles the results of Showalter et al. (1987, Icarus 69, 458–498) and McMuldroch et al. (2000, Icarus 14
who also analyzed the NIMS data, and can be considered as an obvious extension of a simple power law. This more complex size
could indicate that ring particle production rates and/or lifetimes vary with size and may relate to the physical processes that co
evolution. The significant near arm/far arm asymmetry reported elsewhere (see Showalter et al., 1987, Icarus 69, 458–498; Ockert
1999, Icarus 138, 188–213) persists in the data even after the main ring is isolated in the SSI images. However, the sense of the
seen in Galileo images differs from that seen in Voyager images. We interpret this asymmetry as a broad-scale, azimuthal brightnes
No consistent association with the magnetic field of Jupiter has been observed. It is possible that these longitudinal variations may
to the random brightness fluctuations observed in Saturn’s F ring by Voyager (Smith et al., 1982, Science 215, 504–537) and durin
ring plane crossings (Nicholson et al., 1996, Science 272, 509–515; Bosh and Rivkin, 1996, Science 272, 518–521; Poulet et al., 2
144, 135–148). Stochastic events may thus play a significant role in the evolution of the jovian main ring.
 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Among the many successes of the Galileo mission
Jupiter was the acquisition of a high-quality, diverse se
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observations of the rings of Jupiter. Jupiter’s rings are o
cally thin and contain large numbers of dust-sized parti
that are most easily seen when backlit by the Sun. There
fore, they are readily detectable by spacecraft, which
image them from such a geometry. The rings were targ
in 25 observations made by Galileo with its Solid St
Imaging (SSI) experiment during the nominal mission; th
fortuitously appeared in another eleven SSI images(Ockert-
Bell et al., 1999). Another 21 observations of the ring we

http://www.elsevier.com/locate/icarus
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taken during the Galileo Extended Mission. Galileo’s N
Infrared Mapping Spectrometer (NIMS) also successf
imaged the rings during orbit C3. Analysis of these deta
observations of the rings have improved our understan
of this unique ring system.

The first evidence that Jupiter possesses a ring sy
came from the Pioneer 10 and 11 particle flux measuremen
(Fillius et al., 1975; Acuña and Ness, 1976). However, the
existence of a ring system around Jupiter was not proven
til Voyager 1’s Imaging ScienceSubsystem (ISS) returned
smeared, multiply exposed image of the main ring in Ma
1979. The 25 ring images produced by Voyagers 1 an
through its clear, orange, green and violet filters at a
riety of viewing angles, revealed the ring system’s m
characteristics(Showalter et al., 1987). A relatively bright
main ring with a normal optical depth,τ ∼ 10−6, circum-
scribes a vertically-extended halo. Although the halo h
normal optical depth comparable to that of the main ring
vertical extent means that it appears much fainter than
main ring in spacecraft images taken near Jupiter’s equ
ial plane. A faint, broad ring, now known as the “gossam
ring, was discovered with Voyager ISS data(Showalter et al.
1985). Galileo SSI images revealed the gossamer ring to
tually be two distinct rings(Ockert-Bell et al., 1999). Burns
et al. (1999)showed that the gossamer rings are dynamic
linked to Jupiter’s moons Amalthea and Thebe.

The rings have been observed from the ground in
ible and near-infrared wavelengths. Infrared observat
of Amalthea and the main ring between 0.9 and 2.5
were obtained byNeugebauer et al. (1981)with the Infrared
Telescope Facility at Mauna Kea Observatory.Nicholson
and Matthews (1991)reported on 119 images of the ma
ring, Metis and Adrastea taken at 2.2 µm with the Calt
Cassegrain infrared camera and the Hale telescope in 1
From observations taken with the W.M. Keck telescope d
ing the Jupiter ring plane crossing of 14 August 1997de
Pater et al. (1999)identified all three components of th
ring system.Meier et al. (1999)describe near-infrared ob
servations of the ring with the near infrared camera
multi-object spectrometer (NICMOS) on the Hubble Sp
Telescope. Cassini’s Imaging Science Subsystem (ISS)
hundreds of images of the ring as it flew through the j
ian system during December 2000 and January 2001 o
way to Saturn. The Cassini ISS ring images were take
nine different wavelengths, from the ultraviolet to the ne
infrared, and at three polarizations. These observations c
a variety of phase angles from 0.5◦ up to 120◦. The best spa
tial resolution obtained by ISS was∼ 58 km/pixel (Throop
and Porco, 2001; Porco et al., 2002).

Based on their analysis of Voyager imaging data,Showalte
et al. (1987)produced a phase curve for Jupiter’s main ri
Their photometric models of its phase curve suggested
the ring particles’ size distribution follows a power law w
an index of 2.5 ± 0.5. Showalter et al. (1987)also found
that ratios of the main ring’s brightness at orange and vi
wavelengths indicate the power law index to be 2.2 ± 0.2.
-

-

.

r

t

Because NIMS is sensitive to longer wavelengths, ob
vations made with NIMS probe larger particles in the s
distribution (seeSection 4.1). From their analysis of the C
NIMS observation,McMuldroch et al. (2000)argued tha
the size distribution is actually a log-normal distribution c
tered at 4.5 microns superposed on a steep power-law
an index of 3.9± 0.2.

Here we report on our analysis of Galileo visible a
infrared data and place our work in the context of ear
results. Considering both the SSI and NIMS data allow
to take advantage of the range in phase angles of the
observations and the range in wavelengths of the NIMS
servations to constrain the size distribution of the dust-s
particles in the main ring. We reconcile the results of pre
ous analyses of the Voyager ISS data and the Galileo N
data which seem to contradict one another. Furthermore
derived size distribution may yield insight into the dyna
ics and evolution of the particles comprising Jupiter’s m
ring.

2. SSI observations

2.1. SSI images

Galileo’s Solid State Imaging experiment consists o
1500-mm focal length telescope with an 800× 800 pixel
CCD at its focus(Belton et al., 1992). Each pixel subtend
0.01 mrad, giving the SSI a total 8 mrad field of view. T
SSI is also equipped with 8 filters, having effective wa
lengths ranging from 414 nm up to 990 nm(Klaasen et al.
1984, 1997, 1999). However, all targeted observations of t
faint ring system were made through the clear filter to k
exposure times short.

Various components of the ring system were imaged
ing orbits C3, G8, C10, E11, E17, G28, G29, and I32.
have restricted our photometric analysis to eight of the
images obtained during orbit C3. Taken over a span of t
hours on 9 November 1996, while the spacecraft wa
Jupiter’s shadow, these represent the highest signal-to-
images of Jupiter’s main ring. In these images, the ph
angle, the angle subtended by a line from the observe
the object and a line from the object to the illuminati
source (the Sun in this case), varies between 175◦ and 179◦.
Images from the nominal mission (orbits up through E
were taken at phase angles of 83◦ and higher; phase an
gles in extended mission images (orbits after E11) sp
range of 5◦ up to 82◦. While the C3 images were take
Galileo was∼ 0.46◦ above the ring plane and ranged b
tween 2.25× 106 km (31.5RJ) and 2.33× 106 km (32.6RJ)
from Jupiter(Ockert-Bell et al., 1999). The resolutions in
these images are some of the best ever obtained of the
ring. The subset of the ring images we analyzed conta
three with a resolution of 23 km/pixel, two at 24 km/pixel,
and three with 46 km/pixel resolution(Ockert-Bell et al.,
1999). This information is summarized inTable 1.
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Table 1
SSI observation details

Picture ID Exposure
(msec)

Resolution
km/pixel

Range

(106 km)

Emission angle
(degrees)

Phase angle
(degrees)

Observation time

s0368974113 95.8 23 2.25 89.53 178.1–178.6 1996 Nov 09 04:15:12
s0368974126 195.8 23 2.25 89.54 177.8–178.2 1996 Nov 09 04:15:21
s0368974139 195.8 23 2.25 89.55 177.4–177.9 1996 Nov 09 04:15:29
s0368975900 395.8 46 2.27 89.54 175.7–176.2 1996 Nov 09 04:33:16
s0368975922 395.8 46 2.27 89.54 176.1–176.6 1996 Nov 09 04:33:30
s0368975945 262.5 46 2.27 89.54 176.5–177.0 1996 Nov 09 04:33:46
s0368991900 95.8 24 2.33 89.54 176.1–176.6 1996 Nov 09 07:15:02
s0368992339 195.8 24 2.33 89.54 177.1–177.6 1996 Nov 09 07:19:31

See alsoOckert-Bell et al. (1999).
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Fig. 1. Galileo SSI Image s0368974139, centered on the western an
the main ring, reveals fine structure in the main ring of Jupiter, inc
ing the Metis notch and bright patchesnot seen in Voyager images. It ha
been slightly stretched to emphasize the bright patches and the Metis n
Phase angles in this image range from 177.4◦–177.9◦ . Similar features are
visible in image s038991900, an image of the ring’s eastern ansae
Ockert-Bell et al., 1999, Fig. 3).

Image s0368974139, shown inFig. 1, shows some of the
details revealed in SSI images of the main ring. The m
ring possesses a sharp outer boundary and a more d
inner one, consistent with its appearance in Voyager
ages. The Metis notch, discussed inOckert-Bell et al. (1999),
clearly stands out. A similar feature is visible in high-pha
angle Voyager images(Showalter et al., 1987). Its location
relative to Metis suggests a relationship with that satel
although the nature of that relationship is not clear. Bri
patches in the main ring that were not seen in Voyager
also stand out in Galileo images. Their origin is not under
stood. These features are also discussed inOckert-Bell et al.
(1999).

2.2. Image calibration and reduction

The ring images and calibration files were obtained fr
the Planetary Data System. Flat field and dark current fra
were subtracted from the raw data, which were also
rected for known camera blemishes and then radiometricall
converted to normalized reflectance, orI/F , whereI is the
intensity measured by the camera andπF is the solar flux
incident on the rings. The stated uncertainty in the abso
calibration of the camera through the clear filter is 5.2%
the effective wavelength for scenes under solar illumina
is 624.9 nm(Klaasen et al., 1999).

Due to Galileo’s low elevation above the ring plane a
the low optical depths of all the ring system compone
pixels in the main ring in the original images also cont
f

.

e

contributions from the halo and gossamer rings. In orde
accurately measure the brightness of the main ring, it
necessary to remove this signal and that of any scattered
in the images. To accomplish this, we subtracted the bac
ground in a manner similar to that described inMeier et al.
(1999).

Figure 2illustrates this process. Because each colum
pixels in the analyzed images is roughly perpendicula
the ring plane, we were able to estimate the backgroun
masking out the main ring and interpolating through the
maining pixels column by column. To create the mask,
main ring was modeled as a simple cylindrical ring, rect
gular in cross-section, with an inner radius of 122,000
and an outer radius of 129,500km. The thickness of the
for this mask was taken to be 350 km, slightly thicker th
the upper limit determined byShowalter et al. (1987)from
Voyager high-phase angle images. The “mask ring” was cho
sen to be larger than the actual ring to avoid subtracting l
from the main ring in the images, but still be small enough
satisfactorily model the background. In each image sam
any pixel containing a line of sight through this hypothe
cal ring was masked out. Column by column, vertical sc
through the image were taken and pixels not masked
were fit with a sixth-degree polynomial. The interpolatio
through the masked-out pixels were then used to produc
“image” of the background by combining the fits to each v
tical scan. A boxcar average was applied to the backgro
image which was then subtracted from the original image
This process was repeated for each of the SSI images use
in our analysis. The top panel ofFig. 2ais one of the C3
images before any manipulation. The middle panel of this
figure shows an example of our estimated background.
results of this process are shown in the final panel ofFig. 2a.
Residuals in pixels outside our mask region suggest that
process successfully removed signals from the backgro
and the halo. Before the subtractionI/F values outside the
mask region were∼ (5.0± 1.0) × 10−3. Afterwards, resid-
uals beyond the mask region were typically� 1× 10−4.

2.3. Photometry

Having isolated the main ring in this fashion, we to
radial cuts with longitudinal widths of 4◦ through the
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Fig. 2. A profile along the dashed line in the top image of (a) is plotted in (b). The middle panel of (a) is an image showing our model of the halo
background light. The bottom panel shows the result of subtracting the middle panel from the top one. The combined signal from the main ring and ha
plotted in (b). Points outside the mask region used to model the halo are marked with “×” symbols. Our estimate of the background and halo contribu
made by interpolating through these points is marked with a dashed line. (c) Is a plot along the dashed line in the bottom image of (a) after the main rinas
been isolated and is a graphical representation of the results of this process.
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processed images (e.g., the bottom panel ofFig. 2a) to pro-
duce radial profiles of the main ring, as shown inFig. 3.

Interior to a radius of 119,000km, no discernible s
nal from the ring halo remains after the main ring has b
isolated. Even without the background removal process
bright patches visible within the main ring show up as sm
peaks along the ring profile.There is a significant decrea
in the ring’s brightness in the vicinity of Metis’ orbit, whic
is bounded on its outer edge by a bright annulus of ring
terial. This is the Metis notch depicted inFig. 1. It is seen
in all Galileo images of the rings’ ansae. Radial scans of
ring from high-phase angle Voyager images show a sim
feature (seeShowalter et al., 1987, Fig. 3.2), but the dip in
brightness is not as pronounced and the increase in br
ness interior to the main ring is larger, relative to the p
exterior to the Metis notch, than in Galileo images.

To consistently calculate an average normalized
flectance for the ring, we computed the ring’s equiva
width by summing the area under each of these radial
files. This quantity was then divided by the ring’s wid
-

which was taken to be 6500km(Ockert-Bell et al., 1999).
For low optical depths, such thatτ/µ � 1 (whereµ ≡
|cosε| andε, the emission angle, is the angle between
ring plane normal and the direction to the observer), the
flectance is related to�0, the ring particle single-scatterin
albedo andP(θ), the phase function of the ring particle
andτ via

(1)
I

F
= τ�0P(θ)

4µ

(Chandrasekhar, 1960; Cuzzi et al., 1984). The phase func
tion varies with scattering angle,θ , defined as the supple
ment of the phase angle.µ accounts for the oblique viewin
geometry which is slightly different in each image. So lon
as the equivalent width is calculated consistently,Eq. (1)
can be used to relate observations at any emission a
(excepting, of course, the case whereµ = 0). Computed
in this fashion, the normalized reflectance,τ�0P , is thus
ideal for comparing images taken at different viewing
gles.Figure 4shows the ring’s normalized reflectance de
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i

rb
Fig. 3. The normalized reflectance of the main ring as derived from images0368991900 is plotted as a function of distance from Jupiter. The dashed lines the
ring’s profile before scattered light has been removed; the solid line represents the profile after theimage has been processed to removed the scattered light.
In contrast with the sharply defined outer edge, the main ring’s inner boundary is gradual. For reference, the locations of the semimajor axes of the oits of
Metis and Amalthea have been plotted as well. A similar plot appears inOckert-Bell et al. (1999).
SS

has

e
ver-
d
ter
two

ters
be

ffer-
ice
an-

are
with
gle.
l-
ata,
all
ve

nd-
ent.
oy-
angl

her

ger
in-
n
in-

ras.
ata
be-
that
e in
and

pp-
ope
ers
ge,
sec-
on-
rived from Galileo SSI data plotted alongside Voyager I
data(Showalter et al., 1987).

The coverage of the ring’s phase curve in the visible
been extended from the Voyager range of 174.0◦ to 176.8◦
(Showalter et al., 1987)up to a phase angle of∼ 178.3◦
(a scattering angle of 1.7◦). The phase coverage of th
Galileo SSI images and the Voyager ISS images nearly o
lap at a scattering angle of 4.2◦. The reflectances derive
from the Voyager orange filter and the Galileo clear fil
data are roughly equal where the phase ranges of the
data sets overlap. This is consistent with these two fil
having similar effective wavelengths (but, it should also
noted that the two filters have bandpasses with very di
ent widths). The Galileo clear filter data are roughly tw
as bright as the Voyager clear filter data at similar phase
gles. Although the Voyager and Galileo clear filter data
offset from one another, they suggest a phase behavior
a consistent slope throughout the range in scattering an

SinceShowalter et al. (1987)used the Voyager clear fi
ter data set in the same manner we did with the Galileo d
it is of interest to investigate why this offset exists. A sm
portion of this offset (7%) is due to the fact that we ha
taken the ring to be 6500 km wide, whereasShowalter et al.
(1987)used a distance of 7000 km. In addition, the ba
passes of the Galileo and Voyager clear filters are differ
The central wavelength of the clear filters used by the V
ager cameras is 0.46 µm and the passband of the wide
camera clear filter is double-peaked(Danielson et al., 1981).
The effective wavelength of the SSI clear filter, on the ot
hand, is 0.6249µm(Klaasen et al., 1999). For a power-law
e

distribution of particles with an indexq (seeEq. (8)), we
have fromShowalter (1985),

(2)
τ1

τ2
=

(
λ1

λ2

)3−q

.

From this, one would expect, forq < 3, these particles to
appear brighter (i.e., have a higher optical depth) at lon
wavelengths. However, for an index of 2.0, the predicted
crease is only∼ 36% for the effective wavelengths give
above. Some portion of the offset may be attributable to
consistencies in the relative calibration of the two came
The Voyager orange data are offset from the violet filter d
by almost a factor of two, a difference comparable to that
tween the Voyager and Galileo data. It is also possible
some portion of this discrepancy is due to some chang
the ring’s brightness between the Voyager encounters
the Galileo mission.

3. NIMS observations

3.1. NIMS data

Galileo’s Near Infrared Mapping Spectrometer is equi
ed with an 800-mm focal length, Ritchey–Chrétien telesc
and an array of 17 individual detectors, each of which cov
a portion of the instrument’s 0.7–5.2µm wavelength ran
located at the telescope’s focal plane. The telescope’s
ondary mirror scans through 20 positions, producing 20 c
tiguous pixels, each with a 0.5 × 0.5 mrad field of view,
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he Galileo

era pass
ble of
m at
Fig. 4. The phase curve of the main ring derived from Galileo SSI data is consistent with the phase curve derived from Voyager ISS images. T
data were all derived with images taken through the clear filter, which is abroadband filter with an effective wavelength of 0.6249 µm under solar illuminated
scenes(Klaasen et al., 1999). The Voyager clear filter has an effective wavelength of 0.5 µm. The orange and violet filters of the Voyager ISS cam
light primarily at 0.61 and 0.43 µm, respectively(Showalter et al., 1987). The solid line represents our fit to the Galileo SSI observations for an ensem
particles with a power law size distribution withq = 2. Also plotted for comparison is the average ringbrightness seen by NIMS between 0.70 and 0.83 µ
four phase angles.
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along one scan direction. This direction defines the ins
ment’s cross-cone direction. Slewing the spacecraft’s s
platform provides the second spatial, or cone, dimension
the mirror scans, a slewing plane grating disperses radia
onto each of the 17 detectors, producing two spatial dim
sions of information and one spectral(Carlson et al., 1992).

Two NIMS observations of the rings were attemp
during the Galileo mission. A low signal-to-noise, mu
spectral image of the main ring was produced during o
C3 as the spacecraft passed behind Jupiter. Recorded be
tween two SSI imaging sequencesthat also targeted the ma
ring, this NIMS observation took∼ 9 minutes to record
The C3 data cube was taken with a spectral resolutio
0.0125µm below∼ 1 and 0.025 µm above∼ 1 µm(Carlson
et al., 1992). The observation, which contains 20× 122
overlapping pixels, was meant to cover 102 waveleng
but by this point in the mission, one of the detectors
failed and no useable data were returned at 6 wavelen
between 2.36 and 2.67 µm. At the time the C3 observa
was made Galileo was just 0.46◦ above the ring plane an
∼ 2.26× 106 km (31.6RJ) from the center of Jupiter. Du
ing the observation the spacecraft was at a phase ang
∼ 178◦. The resolution is 1130 km/pixel at this distance
from Jupiter. Because of the spacecraft’s low elevation an
gle and the observation’s relatively low spatial resoluti
the arms of the ring were not individually resolved dur
the C3 observation.

Four slices through this data cube are shown inFig. 5.
Three “images” of the ring, built up pixel-by-pixel, appe
s

f

in Fig. 5a. Farthest from Jupiter, the highly foreshorten
ring is a distinctly bright stripe appearing in line 10 of t
images. Closer to the planet, the ring becomes visible in ad
jacent pixels as well, due to the increasing projected distan
between its near and far arms.Figure 5bshows a projection
in wavelength space, along line 10.

The second NIMS observation was attempted during
bit E4 on 20 December 1996. The observation took roug
one minute to record and resulted in a data cube con
ing 20× 14 pixels at 96 wavelengths. During this obs
vation the spacecraft was∼ 0.5◦ above the ring plane an
∼ 1.58× 106 km (22.1RJ) from Jupiter. At a phase angle
approximately 152◦, the ring was below the detection lim
of NIMS. Nowhere in this data cube is the ring unambi
ously identifiable. However, analysis of this observation
provides an upper limit on the main ring’s optical dep
Phase angle, emission angle, range, and resolution i
mation for the two NIMS observations is summarized
Table 2.

3.2. Data reduction

3.2.1. C3 NIMS data
The calibrated C3 and E4 NIMS cubes were obtai

through the Rings Node of Planetary Data System. Bri
nesses in these calibrated data are expressed as no
ized reflectance as well. From the C3 data cube, we
duced four spectra by summing pixels along the cross-c
direction, which is orthogonal to the ring plane, at fo
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arm
l

3

(a) (b)

Fig. 5. Four slices through the NIMS data cube from the C3 ring observation. (a) shows the ring at three wavelengths: 1.32, 2.04, and 3.78 µm. The rings
were not individually resolved and, as a result, the main ring appears as a bright stripe in the center of each image. (b) is a projection along the ring pane,
corresponding to the bright stripe in the images of (a). The distances represent the minimum distance to Jupiter along lines of sight through the ring plane.
Blue represents data that were not returned in order to save on downlink(McMuldroch et al., 2000).

Table 2
NIMS observation details

Observation ID Resolution
(pixels/degree)

Range

(106 km)

Emission angle
(degrees)

Phase anglea

(degrees)
Observation
start/end time

C3RNMRING_01A 2.207 2.26 89.54 177.69 (A) 1996 Nov 09 04:19:05
177.86 (B) 04:28:01
178.14 (C)
178.42 (D)

E4RNMRING_01B 3.150 1.58 89.54 152 1996 Dec 20 17:16:2
17:17:20

a The phase angles listed for observation C3RNMRING_01A pertain to the phase angles of the four spectra analyzed.
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separate locations in the ring at each wavelength.Carlson
et al. (1997)employ such a summation in their analysis
an under-resolved NIMS observation of one of the Co
Shoemaker–Levy 9 impacts. The spectra we analyzed corr
spond to distances of 1.72, 1.61, 1.43, and 1.24RJ, from the
center of the planet, respectively. More precisely, these dis
tances represent the minimum distance to the planet’s c
along the line of sight of the pixel. These locations roug
correspond to locations A, B, C, and D ofMcMuldroch et al.
(2000).

Because of the low resolution and low elevation angle
this observation, each NIMS pixel has a very large footp
in the ring plane. This large footprint and the low spatial r
olution of this observation mean that the ring covers on
fraction of each pixel. Becausethe data were calibrated a
though each pixel were fully illuminated, we must corre
for this fractional filling of the pixels to derive an accura
normalized reflectance for the ring. Dividing the stated
flectance values by this “filling factor,”f , where

(3)f = Aring

A
= Aring

d2φ φ /µ
,

pixel x y
r

we can determine the ring’s actual reflectance. HereApixel
is the area of the NIMS pixel projected onto the ring pla
Aring is the area of the ring within the pixel footprint. Th
distance to the ring is given byd . φx and φy represent
the angular resolution of the pixel in the cone and cro
cone directions, respectively. We assume that the values w
obtained from the NIMS data represent the ring’s aver
brightness and use these values in our analysis. This ha
effect of sampling the ring’s brightness at different ring ra
unevenly (see, for example,Showalter et al., 1987, Fig. 4.9).
The systematic error thus introduced should be small, e
cially far from the ring ansa. And, because this will represe
only an overall increase or decrease in the ring’s brightn
and not change the shape of the spectra we model, the im
cations for our results are minimal, even at location A wh
such effects should be most significant.

As described inMcMuldroch et al. (2000), the relatively
low signal-to-noise ratio in the C3 data cube presents s
difficulties in the analysis of these data. The ranges of
17 detectors do not overlap and slight differences in
absolute calibration of each detector lead to discontinu
across detector boundaries. In higher signal-to-noise ob
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ard
Fig. 6. Spectrum B before and after the offset correction has been applied. The most obvious discrepancy at 2.1 µm is largely eliminated after the pross.
Additionally, any artifacts introduced by this process are negligible.

Fig. 7. The spectra of the jovian main ring taken from NIMS cube C3R0001 are plotted. Under-filling of the pixels has been taken into account (i.e., spra
have been adjusted by the appropriate value forf ). The letters correspond to positions along the ring from which the data were taken. The spectra labeled
B, C, and D were taken from pixels whose lines of sight passed 1.72, 1.61, 1.43, and 1.24RJ from Jupiter, respectively. The small discontinuities just longw
of 2 µm may represent remnants of the larger discontinuities from the pre-processed data.
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vations, these differences are negligible. But, in the cas
the C3 ring observation, these differences are comparab
the noise level in the data. Some regions of the cube w
should contain only empty sky show non-zero normali
reflectance values. In order to correct for these detector
sets, we subtracted spectra from regions of the cube
should have shown only empty sky from our ring spectra
small region of “empty sky” pixels adjacent to our locatio
A, B, C, and D were averaged together at each wavelen
t

.

The empty sky spectra were then subtracted from the c
sponding ring spectra to make the detector offset correc

This process is similar to that performed byMcMuldroch
et al. (2000). Figure 6shows the spectrum taken from loc
tion B before and after the correction was made. In eac
the four spectra, the differencesare most significant betwee
1 and 2 µm. The four processed spectra are shown inFig. 7.

Noise levels in the data were estimated by summ
the standard deviation of the ring pixels and that of
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n
Fig. 8. The E4 observation of the main ring failed to yield a clear detection. Viewed at a phase angle of 152◦ , the main ring was below the NIMS detectio
limit.
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empty sky pixels in quadrature at each wavelength (

δN ≈
√

σ 2
ring + σ 2

empty sky, whereδN is the estimated nois

level). With the exception of some particularly noisy da
around 1 micron, the noise levels in the processed spectr
generally∼ 20% of the ring signal shortward of 3.6 µm. A
location A, the signal-to-noise levels are lowest and∼ 10 : 1
between 1.2 and 2.7 µm. These numbers are comparab
those given inMcMuldroch et al. (2000). In each spectrum
noise levels increase significantly beyond 3.81 µm. Struc
associated with the detector offsets are mostly eliminate
our subtraction of the “empty sky” spectra. However, it a
pears that this correction may not have totally eliminated
offset seen at∼ 2 µm in all of the spectra. In any event, t
small discrepancies that remain are consistent with the
of our error bars.

The ring’s brightness peaks at∼ 2 µm in each spectrum
At higher phase angles, this peak tends to come at sh
wavelengths. Shortward of this peak, the spectra are ge
ally red, but with varying slopes. Between∼ 2 and∼ 4 µm,
however, the NIMS spectra are all flat or slightly blue, w
a trend towards bluer spectra as one moves outward from
planet from location D to A and towards lower phase ang
Beyond∼ 4 µm, the very low signal-to-noise ratios preclu
any definitive statements on the character of the spectra.

3.2.2. E4 NIMS data
Because there is no clear signal from the ring at any wa

length in the E4 data, we produced a spectrum to use a
upper limit for the ring’s brightness by averaging over ea
pixel at a given wavelength.

These data are shown inFig. 8. The error bars in the
spectra represent 1-σ deviations from the averageI/F at
that wavelength. The observation covers a region of sp
e

o

r
-

roughly 2300 km (0.03RJ) across along the ring plane. Poin
ing uncertainties for this observation should be� 0.2 mrad
(0.01◦) (Lucas Kamp, personal communication, 2000).
the observation covers a field of view roughly 10 mrad in
direction orthogonal to the ring plane, it is unlikely that t
lack of any ring signal is simply the result of aberrant poi
ing.

4. Modeling

4.1. Mie theory

The way in which a particle scatters incident light d
pends upon its physical properties, including its size, sh
index of refraction, surface roughness and porosity. Lig
scattering measurements, therefore, can be used to
such physical properties. Early last century Gustav Mie c
sidered the specific case of a uniform, spherical, dielectric
particle. Maxwell’s equations, as applied to the interact
between such a particle and an incoming light wave o
given wavelength at distances sufficiently far from the pa
cle, can be written explicitly and solved(van de Hulst, 1957
Hansen and Travis, 1974; Bohren and Huffman, 1983). The
solution is a function only of the particle’s complex index
refraction,nc = nr − ini , wherenr andni refer to the real and
imaginary components of the refraction index, respectiv
and its size parameter,x ≡ 2πr/λ, wherer is the particle’s
radius andλ is the wavelength of the incident light. In th
work we use Mie theory to predict the scattering behavio
ring particles in the tenths to tens of microns size range.

From analyses of Galileo and Voyager observations m
at high phase angles(Grün et al., 1980; Jewitt and Danie
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r ISS
phase
Fig. 9. The relative contribution to the total scattered light as a function of particle size. The four curves correspond to the wavelengths and scattering angles of
the Voyager ISS (0.5 µm), Galileo SSI (0.62 µm), and NIMS (0.7 µm, 4.2 µm) observations. This plot shows how the brightness of the ring at the Voyage
wavelengths and phase angles is dominated by particles around 1 µm in size.The Galileo SSI and NIMS observations were taken at wavelengths and
angles that probe the ring particle distribution at larger sizes. The Galileo data, especially the NIMS data, are sensitive to portions of the particle distribution that
are not well described by a single power law. Because particles below about 0.1 µm do not scatter very effectively at these wavelengths, the size distributions
derived from the analyses of these data cannot be reliably extended down to particles of that size and smaller.
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son, 1981; Showalter et al., 1987; McMuldroch et al., 200,
the main ring is thought to contain a significant populat
of micron-sized particles. Observations taken at forwa
scattering angles (i.e.,θ ∼ 0◦) tend to emphasize the pa
ticles in the distribution whose sizes are comparable to
wavelength of the observation. This is due to the fact that
fraction dominates the scattering behavior at small scatte
angles. The half angle of the diffraction lobe is∼ π/x. Thus,
it is particles with a radius

(4)r ∼ λ/2θobs

that preferentially scatter light into the viewing angle of
observer (see alsoCuzzi et al., 1984; Burns et al., 1984).

As Fig. 9shows, the viewing geometries of the C3 NIM
and SSI observations are such that particles in the mic
to tens of micron-size range dominate the scattering. Sh
in Fig. 9 are the contributions to the observed intensity
a single particle as a function of particle size, calcula
with Mie theory. Each curve corresponds to the inten
predicted for a particular scattering angle and at a par
lar wavelength. These have been chosen to correspond
viewing geometries and wavelengths from the Voyager I
Galileo SSI and NIMS observations of interest.

Pollack and Cuzzi (1980)compared the results of ligh
scattering experiments for a variety of scattering angles
particle shapes to the predictions of Mie theory. They c
cluded that the scattering behavior of real particles devi
most significantly from Mie theory at large particle sizes a
for intermediate and large scattering angles. Mie theory d
e

provide an approximate fit to laboratory data taken at sm
angles of scatter(Pollack and Cuzzi, 1980). Irregularities in
particle shape strongly affect scattering behavior only w
those irregularities become comparable to the wavele
of the scattered light. Even for such particles, the effec
less significant at small scattering angles and for rando
oriented ensembles of particles(Pollack and Cuzzi, 1980
Showalter et al., 1987).

Following the work of Jewitt and Danielson (1981
Showalter et al. (1987), and McMuldroch et al. (2000), we
chose to model the scattering behavior of the particle
Jupiter’s main ring with Mie theory. As didShowalter et al
(1987) and McMuldroch et al. (2000), we have employe
an index of refraction of 1.5− i0.01, consistent with that o
the dark, lossy grains expected at Jupiter(Neugebauer et al
1981; Burns et al., 1984). Within its diffraction lobe, a par
ticle’s scattering behavior is not particularly sensitive to
value chosen fornc, assuming thatni is sufficiently large
(Showalter et al., 1987).

4.2. Simple power laws

To reproduce the ring’s phase curve, we compute
quantitiesτ , �0, andP in Eq. (1) for the particles in the
ring. τ and�0 are simply (seeCuzzi et al., 1984)

(5)τ (λ) =
rmax∫

n(r)πr2Qext(r, λ) dr,
rmin
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(6)

�0(λ) =
rmax∫

rmin

n(r)πr2Qsca(r, λ) dr

×
( rmax∫

rmin

n(r)πr2Qext(r, λ) dr

)−1

,

wheren(r) dr is the vertically-integratednumber of ring pa
ticles per unit area in the size range[r, r+dr]. The quantities
Qext(r), Qsca(r), andP(r, θ) can all be calculated from Mi
theory. SubstitutingEqs. (5) and (6)into Eq. (1)we see that
for a distribution of particles in the single-scattering regi
(i.e., τ/µ � 1), their normalized reflectance is related
their phase functions and scattering efficiencies as

(7)4µ
I

F
= τ�0P(θ) =

rmax∫
rmin

n(r)πr2Qsca(r)P (r, θ) dr.

The size distributions used in our calculations extend fr
0.01 up to 100 µm. The distributions were divided into 15
logarithmically-spaced bins. At the lower end of this lim
and at the phase angles of the observations we studied
contribution from an individual Mie scatterer to the ense
ble brightness goes asx6; unless particles of this size rang
dominate the size distribution, they contribute very little
the ring’s overall brightness. Above∼ 100 µm,x > 1000
for the shortest wavelength observations we model. P
cles this large have diffraction lobes at such waveleng
that are much smaller than the observed scattering an
(λ/2r ∼ 0.18◦ at 0.6249µm for a 100-µm particle). Thu
unless their numbers overwhelm the smaller particles,
are essentially invisible in these observations. Larger va
for rmax and smaller valuesrmin were tried and found to no
significantly affect our results.

McMuldroch et al. (2000)discretizedEq. (7)and itera-
tively solved it to obtainn(r) from the NIMS data. Becaus
of the inherent difficulty of inverting data with noise levels
high as those in the NIMS data(Menke, 1984), we have cho-
sen a forward-modeling approach in which the general f
of a size distribution is assumed.Equation (7)is then used to
calculate brightness as a function of wavelength and p
angle that is compared to the photometric and spectrosc
measurements. Best fits were determined by minimizing
fit residuals to the data. We first considered a differen
power law distribution for the ring particles such that

(8)n(r) dr = C(r/r0)
−q dr,

where q is the power law, or spectral, index andr0 is a
reference size taken to be 1 µm. This choice was m
vated by several factors. Power laws have the advan
of being simple. The size distributions of the debris res
ing from ring material-producing collisions are usually de
scribed by power laws(Greenberg et al., 1978; Grün et a
1980). And, because collisions are thought to be an in
gral part of the creation and evolution of planetary r
systems, modeling the ring particle distribution as a po
e

s

law makes our results directly applicable to evolution
and dynamical ring models. Finally, because other photo
metric models(Grün et al., 1980; Showalter et al., 198
McMuldroch et al., 2000)have employed power law siz
distributions, we can compare our derived distributions
previous results.

By predicting the particle brightness at the observed s
tering angles viaEq. (7), one can derive a best fit toC
andq from a phase curve.Showalter et al. (1987)analyzed
the Voyager phase curve derived from high phase angle
ages and found a power-law index,q = 2.5 ± 0.5. Using
Eq. (2) and the brightness of the ring as viewed throu
Voyager’s orange and violet filters, they found thatq =
2.2 ± 0.2. For C, Showalter et al. (1987)determined val-
ues of:C = 0.98± 0.13 cm−2/µm forq = 2.0; C = 1.71±
0.10 cm−2/µm for q = 2.5; C = 2.12± 0.07 cm−2/µm for
q = 3.0. (The units cited here are slightly different than tho
in Showalter et al. (1987)because of our inclusion of th
factor (1/r0)

−q in Eq. (8); the units above are consiste
with our definition for the power law distribution.) Value
for the ring’s optical depth corresponding to these distri
tions range from 1–6× 10−6.

Our analysis shows that the Galileo SSI phase curv
best fit forq � 2.3. Forq < 2, the ensemble scattering b
havior is dominated by the larger particles in the distributi
The phase curves of such size distributions are gene
insensitive toq and do not constrain that parameter we
The values thatShowalter et al. (1987)determined forq
are consistent with this result. Our derived value forC is
1.12± 0.13 cm−2/µm for q = 2.0. For such a distribution
τ = 7.2× 10−6.

As we did with the Galileo SSI phase curve andShowalter
et al. (1987)did with the phase curve from Voyager ISS da
McMuldroch et al. (2000)analyzed phase curves deriv
from the Galileo NIMS data. They modeled the ring’s pha
behavior at 20 of the data set’s 96 wavelengths. Claim
that noise levels in the data at wavelengths less than 1.
and greater than 4.0 µm precluded any meaningful, qu
tative use,McMuldroch et al. (2000)chose to exclude them
from their analysis. A drawbackto their approach is that th
phase coverage within the C3 NIMS data set is relativ
limited. For this observation, the phase angle varies just◦
from 177.6◦ up to 178.4◦, which differs from that reporte
by McMuldroch et al. (2000). This is because the geom
try information initially released with this NIMS observatio
did not contain the phase angle between the line of s
to the rings and the line connecting the Sun and the lo
tion where the ring plane and line of sight intersect, whic
the appropriate angle for this analysis. Instead, the geom
information initially released contained the phase angle
the observation pointsprojected onto Jupiter, which is what
McMuldroch et al. used. Thiswas subsequently corrected
results made available to us by Lucas Kamp at JPL.

Our approach to modeling the NIMS data was to varyλ,
as opposed to the phase angle, and model the ring sp
As with the SSI data, we used a power law to describe
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ring particles’ size distribution. We also assumed thatnc is
not a strong function of wavelength. That no obvious sp
tral features are apparent in the data suggests that thi
reasonable assumption. Because location A is furthest
the planet, these pixels should contain the smallest cont
tions from scattered light and the halo. We derived bes
values forq of 2.6± 0.3 from our analysis of this particula
spectrum, which compares well to the valueShowalter et al
(1987)derived from the Voyager phase curve. At location
we derive a similar best fit of 2.7± 0.4. The best fit at loca
tion C hasq = 2.9± 0.4. And, from location D we derive
best fit ofq = 3.1± 0.3. These results and those from fits
the E4 observation are summarized inTable 3.

To provide another measure by which to compare
NIMS results with the SSI and Voyager results, we used
derived size distributions to predict the normal optical de
of the main ring at 0.62 µm. Assuming that the partic
are Mie scatterers, the E4 data provide the constraint
τ � 6.8×10−5 at 0.62 µm.Jewitt and Danielson (1981)used

Table 3
Power law fits to NIMS spectra

Spectrum ID q τλ = 0.6249 µm

(10−6)

A 2.6± 0.3 7.1–8.1
B 2.7± 0.4 13–17
C 2.9± 0.4 16–30
D 3.1± 0.3 18–45
E4 . . . < 68
a

t

high phase angle Voyager images and assumed a val
0.04 for the ring’s albedo to derive a value forτ of 3×10−5.
The size distributions inferred from modeling the C3 NIM
data yield optical depths that lie between the values de
mined byJewitt and Danielson (1981) and Showalter et
(1987).

4.3. Broken or two-component power laws

As shown inFig. 10, even the best fits to the four NIM
spectra generated with the single power law size distr
tions (dashed lines) only crudely reproduce the feature
these spectra.

At these scattering angles, distributions which span
size range we consider and which are characterized by p
law indices withq > 3 yield spectra that are blue, especia
at shorter wavelengths. Spectra produced with aq of 3 are
flat. The predicted spectra from power law distributions s
lower than 3 are red. The NIMS spectra we modeled s
a redand a flat or slightly bluish trend depending upon t
wavelength under consideration (seeFig. 7).

Our initial approach to dealing with the discontinuities
the NIMS spectra was to model the spectra piece-by-p
analyzing the data from each detector separately. The
distribution was assumed to be a power law. The dete
offsets would have produced an uncertainty in the abso
amount of ring material, but would not have affected
shape of the size distribution. Therefore, we expected to
tain 16 independent, yet comparable, determinations o
size distribution’s power law index.
s; th
Fig. 10. The data from spectra A, B, C, and D are plotted against our best fit models to the data. The dashed lines represent the best fit simple power lawe
best fit broken power laws are plotted with a solid line. In each case, the broken power law model clearly produces a better fit to the spectrum.
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Fig. 11. Attempting to circumvent the difficulties posed by the calibration differences between the 17 NIMS detectors, we produced photometric models of the
ring’s size distribution by fitting them separately to data derived from each detector. The distribution was assumed to be a power law, the index ofh was
allowed to vary between 1.0 and 5.0. Best-fit power law indices fit to spectrum B are shown as a function of wavelength. Below∼ 2 µm, the best fits are, with
one exception, less than 2.9 and generally increase with wavelength. Beyond 3.9 µm, the data are too noisy to constrain the model. Aside from those dat, the
best fits are consistently above 3.2 longward of∼ 2 µm. McMuldroch et al. did not fit data shortward of 1 µm and beyond 4 µm because of the large erro
on these data.
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The results are shown inFig. 11. Instead of the fits clus
tering around one value, we found that at wavelengths
than 2 µm the preferred power law index is below 3. Ho
ever, beyond 2 µm, the fits abruptly switch to values lar
than 3. Above 3.9 µm, the data do not constrainq well. Be-
cause the majority of the signal observed by NIMS at th
scattering angles is diffracted light, the size of the pa
cles primarily responsible for the ring’s brightness at a gi
wavelength varies as described byEq. (4). Thus, as shown
in Fig. 9, the intensity observed at the shorter NIMS wa
lengths samples the size distribution at smaller particle s
than do observations at longer wavelengths. Combined
our detector-by-detector results, the abrupt change in po
law index suggests that a more complex size distributio
required.

Such photometric models for the NIMS spectra sugg
that the power law index describing the small end of the
distribution is different than the index for the larger particl
To capture this behavior, we elected to employ abroken or
two-component power law. For such a distribution,

(9)n(r) dr =
{

C1(r/r0)
−q dr for r � rbrk,

C2(r/r0)
−(q+δq) dr for r � rbrk,

where rbrk is the particle size at which the size distrib
tion switches over to a new spectral index. A value of 1
was chosen forr0. C1 andC2 can be related to one anoth
through the condition that the size distribution be continu
at r = rbrk, i.e.,

(10)C2 = C1

(
rbrk

)δq

.

r0
(Note: we have keptr0 = 1 µm for consistency, but the mat
ematical description of this distribution can be simplified a
Eq. (10)can be eliminated by settingr0 = rbrk.)

As with the simple power law distribution, such a si
distribution is likely an oversimplification of the actual si
distribution. However, this broken power law distribution r
tains many of the same advantages as does the simple p
law. Its mathematical description is still relatively simp
And, its relevance to other photometric and evolution
models is fairly straightforward. Similar size distributio
have been suggested for other planetary rings.Marouf et al.
(1983)determined the size distributions in portions of S
urn’s A and C rings and in the Cassini division from Voyag
1 radio occultation data. The size distribution they derive
the meter-size range can also be described as a broken p
law.

The best fits derived using the broken power law s
distributions reproduce the NIMS spectra significantly b
ter than do the best fits from the power law size distri
tions.Figure 10shows these best fit spectra plotted aga
each of the NIMS spectra. Broken power laws have tw
the number of free parameters than do simple power la
Although this extra flexibility does, in part, explain the im
proved fits, the detector-by-detector results provide evide
that the shape of the distributiondoes change over the part
cle size range considered. We considered distributions
thatrmin = 0.01 µm andrmax = 100 µm.rbrk was allowed to
vary between 5.0 and 30.0 µm.q was varied between 0.
and 3.0 and values from 1.0 up to 7.5 were used forδq .
With the exception ofδq , for which we could only deter
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mine lower limits in spectra C and D, these ranges enc
pass the values which provide an acceptable fit to the N
data.

The slope of the short wavelength end of the spectra
tates the best fit values forq , whereasδq is constrained by
the slope of the spectra at longer wavelengths. The valu
rbrk controls where the predicted spectra switch slope; la
values ofrbrk cause this switch to occur at longer wav
lengths.Table 4summarizes our fits to the NIMS data.
reality, the solution space is somewhat more complex
Table 4suggests. Many of the values we tried forrbrk can be
used to fit the spectra. There is a rough correlation betw
rbrk andδq . Larger values forrbrk generally require highe
values forδq to satisfactorily match the ring spectra; a va
of δq from Table 4that fits a particular spectrum well for
given value ofrbrk may not fit the spectrum for larger valu
of rbrk, even within the size ranges given. Of these para
ters,q is best constrained. The results from the fit to spe
A and B suggest that below a size of∼ 15 µm the particles
in the main ring follow a power law distribution with an in
dex of 2.0± 0.3; between∼ 15 and 100 µm, the distributio
steepens such thatq + δq � 5.0± 1.5.

Table 4
Two-component power law fits to NIMS spectra

Spectrum ID q rbrk
(µm)

δq τλ=0.6249µm

(10−6)

A 2.0± 0.3 14.5± 3.5 2.5± 0.9 3.6–5.5
B 2.0± 0.3 16.0± 3.5 3.5± 1.1 6.5–9.2
C 2.3± 0.2 18.0± 3.5 > 2.5 8.6–12
D 2.6± 0.2 22.0± 4.0 > 2.0 8.8–19
f

The spectrum of a broken power law distribution of p
ticles exhibits a distinctly different behavior than does t
from a distribution following a regular power law.Figure 12
shows two spectra, at the phase angles from spectru
and spectrum D, for an ensemble of particles described b
a power law size distribution and that of an ensemble
lowing a broken power law, as calculated using Mie the
The power law distributions look very similar when view
at different phase angles. This is because, although particl
of different sizes are being highlighted at different phase an
gles, the shape of this distribution is everywhere the sam
an infinite range of sizes. (As the size range of a real or
ulated distribution must be finite, this will not be strictly tr
in practice.) The broken power law distribution, howev
doesnot look the same at all phase angles. The distr
tion changes shape atrbrk and the degree to which particl
above and below this size scatter light towards the obse
depends upon the observer’s viewing angle (seeEq. (4)). The
phase behavior of the broken power law distribution help
explain some of the differences in the NIMS spectra. Spe
ically, the tendency of the broken power law distribution
produce a relatively flat distribution at lower phase ang
and a distribution that is more peaked at∼ 2 µm as one
moves to higher phase angles mimics most of the gen
characteristics of the four NIMS spectra.

We also attempted to fit the SSI phase curve with a
ken power law size distribution. Naturally, the results w
not as definitive as those for the NIMS data. This is beca
asFig. 9implies, these data do not have quite as much le
age over the particle size range beyond the size at w
the distribution, as derived from the NIMS data, steepe
The range of particle sizes that contribute most at the w
gle
been
wever,
Fig. 12. The spectrum of a simple power law distribution and a broken power law distribution, as calculated with Mie theory, viewed at scattering ans
of 2.31◦ and 1.58◦, corresponding to the phase angles of NIMS spectra A and D, respectively. The distributions corresponding to each spectrum have
normalized to have an optical depth of 5× 10−6 at 0.6249 µm. The shape of the spectrum of the power law distribution is fairly insensitive to phase. Ho
the differences between spectra A and D are generally consistentwith the phase behavior of the broken power law distribution.
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lengths and phase angles observed by Galileo are sim
to those constrained by the Voyager ISS data. The SS
sults suggest thatq < 2.0, δq > 1.0, and 9.0 µm< rbrk <

18.0 µm. The data are consistent with a size distribution
is described by a broken power law, although the para
ters describing the distribution (particularlyδq andrbrk) are
not as well constrained by the SSI phase curve as they
by the NIMS data. This is because, asFig. 9 shows, parti-
cles larger than the value determined forrbrk, ∼ 15 µm, do
not scatter effectively at the wavelengths and phase an
of the Galileo images we analyzed.

Calculations for the normal optical depths for these d
tributions range from 3× 10−6 up to 2× 10−5. Values forτ
obtained using the broken power law fits are roughly th
from the simple power law fits; these are given inTable 4.

This is because there are relatively fewer large particles
aboverbrk to contribute to the overall optical depth. It shou
also be noted that these optical depth predictions do not
fer as much from the same dependence on the upper
cutoff which the simple power law fits withq � 3 do. Each
of our broken power law fits to the data have a slope gre
than 3 aboverbrk. This means that the integrand inEq. (5)
decreases with increasingr. And, for rmax sufficiently larger
thanrbrk, the integral inEq. (5)converges.

5. The “near arm/far arm” asymmetry

Both Jewitt and Danielson (1981) and Showalter et
(1987)reported that the arm of the main ring furthest fro
the spacecraft was brighterthan the near arm in some o
the Voyager 2 clear filter images by as much as 10%. T
difference is reflected in the Voyager clear filter data
scattering angles between 5◦ and 6◦, as shown inFig. 4
(see alsoShowalter et al., 1987, Fig. 4.3). This bright-
ness asymmetry drops to zero beyond 45◦ from the ansa
Showalter et al. (1987)also reported an asymmetry in wid
angle orange and violet filter images of Jupiter’s limb wh
show the arms of the main ring (FDS 20691.27, 20691
20691.35, 20691.39). In the orange/violet pair of ima
(FDS 20691.35/.39) which show the ring’s eastern ansa
far arm is brighter than the near arm, as in the clear fi
data, by about 20% in both orange and violet images
the pair showing the other limb of the planet and the rin
western ansa (FDS 20691.27/.31), it is the near arm th
brighter by about 5% in both images (seeShowalter et al.,
1987, Fig. 4.4). This is reminiscent of the quadrant asy
metry seen at Saturn(Thompson et al., 1981; Cuzzi et a
1984), but it should be noted that the difference between
arms seen in image pair FDS 20691.27/.31 is compar
to the error bars of the measurements taken from these
ages. And,Showalter et al. (1987)suggest that the data take
from image pair FDS 20691.35/.39 may suffer from scal
uncertainties and variability in the vidicon response.

Ockert-Bell et al. (1999)also reported a near arm/far ar
brightness asymmetry in the Galileo images. We have c
firmed the existence of this asymmetry. Image seque
C3_RINGS02 (images s0368974113, s0368974126,
s0368974139) shows the ring’s western ansa. The con
is apparent even without the removal of the halo signal.
ize

e

Fig. 13. The various distributions that have been derived from photometric models of the jovian main ring are shown above. They have all been normald to
the same optical depth. The lines represent the cross-sectional area (in cm2) each distribution contains per unit ring area (also in cm2) per size interval (in cm)
as a function of particle size. Fits derived from the Galileo NIMS data, ours andthose of McMuldroch et al., suggest that there is a rollover in the distribution
at a size of about 15 microns. Our fits from the NIMS data, however, also agree with fits derived byShowalter et al. (1987)in the micron and sub-micron siz
range, which the Voyager data best constrain, as well as our own results using the Galileo SSI images.
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(a)

(b) (c)

Fig. 14. The top panel, Galileo SSI image s0368974113, shows the ring arms on the western side of the planet as seen from Galileo while the spacecraf
in Jupiter’s shadow. The halo signal has not been removed from this image. North is up and Jupiter is off to the right of this frame. The near arm of the
(bottom) is noticeably brighter than the far arm (top). (b) and (c) are analogous toFigs. 2b and 2cand show the ring brightness along cuts taken through
center of the image in (a). It is clear that one arm of the ring is brighter thanthe other both before and after the halo has been removed. This asymmetryalso
visible in Fig. 2, although the contrast between the ring arms is not as great.
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Figure 14shows Galileo image s0368974113, in whic
the difference in brightness between the near and the
arm is clearly visible and increases as the limb of Jupit
is approached. However, the sense of the asymmetry in
Galileo images is reversed and the ring’s near arm is brig
than the far one(Ockert-Bell et al., 1999). The near arm/fa
arm asymmetry is reflected in the Galileo data forθ < 2.5◦
(seeFig. 4). Of the two data points taken atθ = 1.7◦, one
is brighter than the other by about 60± 15% after the back
ground subtraction. And, whereas the asymmetry incre
towards the ansa in the Voyager data, we see an incre
in the asymmetry with increasing distanceaway from the
ansa in the Galileo SSI data. The data points atθ = 1.7◦
correspond to longitudes roughly±40◦ away from the ring
ansa. Within∼ 5◦ of the ansa, the asymmetry is with
our error bars. Such an asymmetry is not seen in the
ages we analyzed from sequence C3_RNGHALO (ima
s0368975900, s0368975922,s0368975945), which sho
eastern ansa of the ring and were obtained 18 minute
ter the images in sequence C3_RINGS02. Searches for
asymmetries in the Cassini ISS images of the ring h
proved unfruitful due to the significant scattered light pres
in these images(Throop and Porco, 2001).

This asymmetry is distinctfrom the small scale patche
depicted inFig. 1. The patches extend 500–1000km in
dius (Ockert-Bell et al., 1999)and just a few degrees
longitude. They exhibit no preference for any particu
ring longitude(Ockert-Bell et al., 1999). The brightness
variations represented by the patches do not approac
60± 15% seen in the larger asymmetry. Thus, the data
not support the idea that the broader asymmetry is me
an unresolved grouping of smaller scale patches occup
s

-
h

e

a restricted range of longitudes. Rather than being some
tematic variation in brightness with ring longitude, such
the quadrant asymmetry in Saturn’s A Ring, it appears
the asymmetry seen in Galileo images of the main ring i
enhancement in the ring’s brightness along an arc tha
tends several tens of degrees in longitude.

5.1. Explaining the asymmetry

5.1.1. Photometric behavior
Voyager was typically 2◦ below the ring plane as it im

aged the ring.Ockert-Bell et al. (1999)note that Galileo wa
typically 0.5◦ above the ring plane and suggest that this m
be related to the asymmetry. However, the ring is optic
thin and its integrated intensity does not depend on ope
angle.

Another idea is that the observed asymmetry may a
from elongated ring particles, oriented along a partic
axis, presenting cross-sections that depend upon the
server’s viewing angle. It has been suggested that suc
alignment of the ring particles could be created by Jupit
magnetic field(Showalter et al., 1987). In an attempt to cor
relate these brightness asymmetries with the structure o
magnetic field, we have plotted the brightness of the rin
a function of System III longitude, a longitude system tha
tied to Jupiter’s magnetic field.

The results are shown inFig. 15. If the asymmetry is
related to the magnetic field, one might expect to see p
odicities in the ring’s brightness as a function of magn
longitude. One might also expect to see brightness pea
longitudes associated with the magnetic poles or longitu
at which the magnetic equator crosses the ring plane
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e
st a
Fig. 15. The Galileo data points fromFig. 4have been plotted as function of magnetic longitude. To account for the ring’s phase behavior, the data points hav
been normalized by the predicted phase curve for a power law size distribution of particles withq = 2.0. There are no obvious patterns that would sugge
relationship with the planet’s magnetic field. The peak in the Voyager clear filter data was seen at∼ 20◦ in System III longitude.
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such suggestive features were found. The magnetic po
tilted towards∼ 202◦ in System III longitude. After taking
phase angle effects into account, we found that the bri
est section of the ring, corresponding to the brighter of
two data points atθ = 1.7◦, lies at 103◦. No other data were
taken at this same magnetic longitude by Galileo. The V
ager images highlighting theasymmetry were taken whe
the ansa was located∼ 180◦ from the magnetic pole, or a
∼ 20◦ in System III longitude(Showalter et al., 1987). And,
although the trend at∼ 280◦ is suggestive of a pattern, th
size of the error bars precludes any conclusions on the
tence of such a pattern.

Even so, explaining the brightness differences by va
tions in the orientation of aligned, non-spherical ring pa
cles is problematic. This would require a difference of so
60% in the particle phase function due to differences in
entation alone. According toPollack and Cuzzi (1980), the
phase function for non-spherical particles at scattering
gles � 60◦ is similar to that for spherical particles. As
result, the scattering properties of non-spherical parti
at different orientations should be similar when viewed
small scattering angles. We cannot draw any clear ass
tion between the structure of the jovian magnetic field
the observed longitudinal brightness asymmetries. This
suggests that the near arm/far arm symmetry is a loca
enhancement in the number of ring particles and not s
photometric effect related to the observing geometry or
grain orientation.

5.1.2. Impacts into ring parent bodies
Another explanation advanced byShowalter et al. (1987

for the asymmetry is the generation of debris from an imp
into a ring parent body by an external impactor.Showalter
-

(1998) put forth a similar model for the transient “bur
events” seen in Saturn’s F ring. Several lines of evide
indicate the existence of such macroscopic parent bo
within the ring. Evolutionary models of the smallest ri
particles suggest they are lost so rapidly from the sys
that larger bodies must be present to replace the dust g
that are seen(Horányi and Cravens, 1996; Burns et a
1999). The Pioneer 11 charged particle signatures req
the presence of large bodies as well(Fillius et al., 1975;
Acuña and Ness, 1976). Finally, the different radial profile
the ring presents when viewed at varying phase angles
plies that large ring particles exist alongside much sma
ring grains(Showalter et al., 1987; de Pater et al., 19
Burns et al., 2004).

If the asymmetry seen by Voyager was the result of
impact into a ring parent body, the enhancement in the n
ber of particles at a particular longitude should have she
out in a just a few years and, as pointed out byOckert-Bell
et al. (1999), the Voyager event could not now be respo
sible for the asymmetry observed by Galileo. An imp
origin for this asymmetry requires a more recent mater
producing impact. It is difficult to precisely determine t
amount of material required to produce the asymmetry s
in the Galileo images. Sequence C3_RINGS01, a serie
images of the western side of the rings, ends at the l
of Jupiter. The C3_RNGHALO images show no asymm
try on the eastern side of the rings. Therefore, it is diffic
to constrain the asymmetry beyond the point where Jupi
shadow cuts off the main ring. If the ring’s brightness w
to increase linearly from the ansa to the location where
60% difference in brightness between the near and far a
is observed and then immediately drop back to its nom
brightness, the extra material would represent a∼ 7.5% en-
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hancement in the ring’s total cross-section. If instead th
were to be a symmetric decrease in brightness beyon
limb, this figure would double. We assume a value of 10
which is sufficient for the discussion that follows.Showalter
et al. (1987)determined that the asymmetry seen in the V
ager data represents an extra∼ 1% of ring material.

Assuming that collisional ejecta follow the size distr
ution of Grün et al. (1980)and that the ring grains hav
a density somewhere between 1–3 g/cm3, an extra∼ 10%
optical depth in dust grains represents∼ 109–1010 g of ma-
terial. The mass of the ejecta generated in an impact,mej,
can be related to the mass of the impactor,mimp, through the
parameterization ofGreenberg et al. (1978):

(11)mej = 1

2
mimpv

2
impkej,

wherekej, the ejecta yield, has a value of∼ 2 × 10−8 g/erg
for unbonded quartz sand and∼ 1.5×10−9 g/erg for weakly
bonded quartz sand(Greenberg et al., 1978). The precise
velocity of a given impact will depend upon the geom
try of the impact. A prograde impactor approaching fr
infinity and impacting Metis’ trailing side will hit at a ve
locity, vimp = (

√
2− 1)vorb = 13 km/s, wherevorb is Metis’

orbital velocity about Jupiter of 31.55 km/s. This neglects
both Jupiter’s motion about the Sun and the impactor
locity at infinity, which are small relative to Metis’ orbita
velocity. For a retrograde impactor striking Metis’ leadi
side,vimp = (

√
2+ 1)vorb = 76 km/s. Using a Monte Carlo

algorithm,Zahnle et al. (2003)have determined the avera
cometary impact velocity onto Metis velocity to be 59 km/s.
Allowing for these ranges ofkej andvimp and assuming tha
all of the impact ejecta escapes the target, the mass o
impactor needed to produce the required amount of m
ial is ∼ 104–107 g. This corresponds to an impactor with
diameter of∼ 10–100cm. Slower impact velocities requ
a larger impactor to produce the same amount of ejecta
vice versa.

Impacts into one of the main ring parent bodies sho
occur at a rate

(12)νring = Aringτpb

A�
ν�,

whereAring andA� represent the areas of the main ring a
that of Jupiter, respectively.ν� is the impact rate onto Jupite
τpb is the normal optical depth of parent bodies in the m
ring. If we assume that large particles dominate the sca
ing at small phase angles, the optical depth of the rin
calculated from images taken at back-scatter can be us
place an upper limit onτpb. The geometric albedo,p, is de-
fined as

(13)p ≡ �0P(θ = 0◦)
4

.

Showalter et al. (1987)assume that large ring particl
have an albedo of 0.05, similar to that of Amalthea, a
useEqs. (1) and (13)to calculate an optical depth of 3×
10−6. Quoting values of 0.085 and 0.12 forp, respectively,
o

Nicholson and Matthews (1991)calculate a value of 5×
10−6 for τ , whereasMeier et al. (1999)find τ = 4 × 10−6.
Given this range of albedos, the observations ofde Pater
et al. (1999)are consistent with aτ between 3× 10−6 and
1 × 10−5. Since we are only interested in order of mag
tude estimates, we adopt a value of 10−6 for τpb. This value
is consistent with the estimate forτpb from Brooks (2003).

The productAringτpb gives the total cross-sectional ar
of the parent bodies in the main ring. The appropr
value to be used forAring is the area of the ring inhab
ited by the parent bodies. However, values typically quo
for the ring’s inner and outer radii(Showalter et al., 1987
Ockert-Bell et al., 1999)are derived from forward-scatte
images of the ring, in which the parent bodies are gene
invisible.Meier et al. (1999)fit model cross-sections to pro
files derived from their low-phase NICMOS images of
ring. Their results suggest that the parent bodies are con
trated towards the outer edge of the main ring. Low ph
Galileo SSI images of the main ring taken during orbits G
and G29 also show that the bulk of the main ring parent b
ies are concentrated in the outermost∼ 2000 km of the ring
(Brooks, 2003; Burns et al., 2004).

We can use the impact rate onto Jupiter derived byZahnle
et al. (2003)to estimate the frequency of such impacts. T
rate at which bodies smaller than 1.5 km impact Jupite
according toZahnle et al. (2003),

(14)ν� = 5× 10−3 (d/1.5 km)−1/year,

whered is the diameter of the impactor. SubstitutingEq. (14)
into Eq. (12), the frequency with which a sufficiently larg
impact into a main ring parent body occurs can be calcul
to be on the order of just∼ 10−6–10−7 per year. Repeatin
this calculation for an impact large enough to produce
asymmetry seen by Voyager yields a frequency of∼ 10−5–
10−6 per year.

Cuzzi and Estrada (1998)provide another impactor flu
which can also be used to calculate an impact rate. T
constrain the impactor flux in the outer Solar System w
an evolutionary model of Saturn’s rings. Their flux is cons
tent with Pioneer 10, Pioneer 11,and Ulysses measuremen
Showalter (1998)uses the Cuzzi and Estrada flux to co
up with a flux of 10−18±1.5 m−2/s for impactors∼ 10 cm
in size. Showalter then multiplies this by a gravitational
cusing factor of 3 to 30. With this flux, Showalter create
model for the origin of the three “burst events” in Saturn’
Ring observed by Voyager. Performing the same exerci
Jupiter yields a focusing factor of∼ 100, depending on th
velocity with which impactors are assumed to approach
planet, and a frequency of impacts into the main ring p
ent bodies of anywhere between 0.3–300 such impact
year.

Extending either of the impactor flux models used
Cuzzi and Estrada and Zahnle et al. to the 10–100cm
range is a significant extrapolation. Such extrapolations
necessary because the size distribution of impactors in the
jovian system in this size range is very poorly constrain
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Observational evidence does exist, however, to sugges
the number of impactors of this size is small.Bierhaus
et al. (2001)investigated the crater population on Euro
from 0.05 to 1 km in diameter. From Eq. (2) inZahnle
et al. (2003), impactors of the size necessary to produce
ring asymmetry should produce craters just below the ra
of crater sizes examined byBierhaus et al. (2001). Bier-
haus et al. conclude that a large fraction of the numbe
small craters (� 1 km in diameter) can be accounted for
secondary cratering from the few large impacts (> 10 km)
seen on Europa. This, in turn, implies that the numbe
centimeter- to meter-sized primary impactors is smaller t
the cratering record might otherwise suggest.

5.1.3. Impacts between ring parent bodies
Another mechanism that may be responsible is that

lined in Cuzzi and Burns (1988)to explain some of the
charged particle depletions detected by Pioneer 11 in
vicinity of the F ring. In their model, Cuzzi and Burns a
tribute the observed charged particle depletions that ca
be explained by the presence of the F ring, Prometheu
Pandora to absorption by low optical depth (10−3–10−4)
clouds of material released when larger, unseen parent
ies collide. The clouds of material spread longitudinally due
to Keplerian shear and are eventually swept back onto
surfaces of the parent bodies, to be released in subse
collisions.Barbara and Esposito (2002)posit a similar mode
to explain the “burst events” observed in the F ring. In
particle-in-a-box approximation, the time between par
body collisions is roughly

(15)tcoll ∼ 1

Ωτpbnpb
,

whereΩ is the orbital frequency at the ring’s distance fro
Jupiter,npb is the number of parent bodies andτpb is their
optical depth. Assuming a mono-modal parent body s
distribution,npb and the collision frequency between tho
parent bodies can be estimated.

Table 5summarizes the results of such an exercise f
few particle sizes. For 10-m particles, collisions should
frequent, roughly 105 per year. About ten collisions betwee
1-km parent bodies would be expected to occur in a y
This also requires that particles in the ring have eccentric
sufficiently large that the particle-in-a-box approximation
reasonable.

The collision velocity required to release 1010 g of ejecta
when two parent bodies collide should be compared to
dispersion velocity expected for parent bodies in such a r

Table 5
Interparticle collision timescales in the main ring

Parent body size (m) npb tcoll (days) νcoll (year−1)

10 2× 107 0.002 105

100 2× 105 0.2 103

1000 2× 103 20 101
t

t

-

t

which will resemble the typical impact velocity. The ty
ical collision velocity,δv, can be estimated from the rin
thickness,h, asδv ∼ vch/a, wherevc is the local Keplerian
velocity(Burns et al., 1984). Using low-phase angle Voyage
images,Showalter et al. (1987)constrainedh � 30 km. This
yields a value of� 10 m/s for δv. According toEq. (11),
parent bodies in the 10–100m size range colliding at
velocity would produce sufficient material to account for
asymmetry. Depending upon how well-packed the regol
of the parent bodies in the ring are, the regoliths would n
to be centimeters- to meters-thick in order to hold all of t
material.

At this time it is not clear whether collisions between p
ent bodies or collisions betweenparent bodies and extern
impactors are capable of providing enough extra ring m
rial to produce the azimuthal asymmetry seen in the Gal
data. The two principal difficulties in deciding between the
two models is our poor knowledge of the size distribution
the macroscopic particles in the main ring and the weak c
straints on the impactor flux of the appropriate size rang
Jupiter. Clearly, the assumption that the size distribution
the parent bodies is mono-modal is a poor one. The m
ring’s 1 × 10−6 optical depth will not all be contained i
10-m bodies. A more realistic size distribution will have
fewer small particles than large ones. Thus, for a given
pactor flux, our collision frequencies are all upper lim
What is needed is a determination of the number of pa
bodies of sufficient size to produce the asymmetry. Un
tunately, the upper limit on the number of macroscopic r
particles derived byTyler et al. (1981)from Voyager radio
observations is not stringent enough to allow us to de
between these two models.

6. Discussion

Comparison of the analyses of Voyager and Galileo d
reveals a coherent picture of Jupiter’s main ring. It is a te
ous ring with a normal optical depth,τ ∼ a few×10−6. It is
also clear that the size distribution of the main ring partic
is more complex than suggested by analysis of the Voy
data. Our photometric fits to the NIMS data and those
McMuldroch et al. (2000)show that the particle size distr
bution of the dusty grains in Jupiter’s main ring cannot
completely described with a single power law. Our analy
of the NIMS data indicates that the ring particle size dis
bution is better described by a power law with a relativ
shallow index that switches over to a steeper one bey
some particle size, than by a single power law distribut
The distributions we derive typically have a power law ind
between 2.0 and 3.0 in the tenths of a micron- and mic
size range and switch over to a significantly steeper one
particles tens of microns in size and larger.

At first glance, it might seem that our results are at o
with those ofMcMuldroch et al. (2000). They conclude tha
the NIMS data are best fit by a size distribution which is
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combination of two separate components. The first is a s
power law distribution withq = 3.9 ± 0.2; the second is
log-normal distribution of particles between 0.6 and 18.0
with a mean particle size of 4.5± 0.2 µm and a standard d
viation of 2.4 ± 0.4 µm. However,Fig. 13shows that there
are similarities between our derived distribution and tha
McMuldroch et al. (2000). It is only below� 1.0 µm where
our distribution and that ofMcMuldroch et al. (2000)begin
to differ significantly. Above this size, the most significa
difference between the distribution that we derived from
NIMS spectra and that ofMcMuldroch et al. (2000)is in
the way in which they have been described. For both di
butions, the slopes between∼ 1 and∼ 15 µm are relatively
shallow; above this the distributions roll over and their slo
become much more steep. However, our distribution is
consistent with that ofShowalter et al. (1987)at particle
sizes less than 15 µm. At the phase angles and wavele
of the Voyager observations, the sub-micron- and mic
sized particles dominate the scattering behavior. Thus,
is the portion of the distribution best constrained by the V
ager results. The distribution we derived from the NIMS d
is also consistent with the results of our photometric anal
of the Galileo SSI data.

Ultimately, the size distribution of the ring particles
dictated by the production and loss processes that shap
ring. The observed distribution is proportional to the pr
uct of the particle lifetimes,T (r), and production rates,ṅ(r)

(Horányi and Cravens, 1996),

(16)n(r) dr ∝ T (r)ṅ(r) dr.

Size-dependent loss processes have been identified that ca
affect the observed size distribution. In the models ofBurns
et al. (1999) and Horányi and Cravens (1996), ring par-
ticles drift inward towards Jupiter and are eventually l
to the planet’s atmosphere. Poynting–Robertson drag i
dominant interaction in the Burns et al. model. As r
particles drift inward, Lorentz resonances, particularly
vertical 3: 2 Lorentz resonance located at 122,150km,
thought to pump up the inclinations of micron-sized p
ticles, creating the structure of the main ring/halo tran
tion region(Burns et al., 1985; Schaffer and Burns, 19
Hamilton, 1994). The decay timescales for ring particle o
bits evolving under Poynting–Robertson drag are pro
tional to particle size,r (Mignard, 1984).

Horányi and Cravens (1996)followed the orbits of ring
particles between 0.1 and 10 µm in radius in a dynam
simulation that combined the effects of planetary obla
ness, radiation pressure and magnetospheric perturba
In their model, particles gain charge through the emiss
of photoelectrons stimulated by solar ultraviolet radiati
The particles’ eccentric orbitscause the particles to samp
regions of the magnetosphere with differing plasma p
meters. As they sample these regions, they find thems
out of charge equilibrium withtheir surroundings and, be
cause of their finite capacitance,they are unable to come in
s

e

s.

s

charge balance before their orbits are perturbed. These
turbations cause them to sample broader regions in w
they are further out of equilibrium and even more stron
perturbed by the planet’s magnetic field. As a result,Horányi
and Cravensfind that jovian ring particles quickly lose e
ergy and angular momentum and, as their semimajor
decrease and their eccentricities increase, they are lo
Jupiter’s atmosphere. As they spiral inward, their incli
tions increase significantly as well (Horányi and Cravens
1996, Fig. 2). In this model, orbital decay timescales are
proximately 100 (r/1 µm)3 days.

Canup et al. (1993)modeled the effects of radiation pre
sure and planetary oblateness on a distribution of ring
ticles released from a large parent body. Whereas the la
particles do not move far from the parent body, small p
ticles rapidly (∼ 12 years) develop significant eccentri
ties that increase their motion relative to the parent b
This evolution of the particles’ eccentricities subseque
leads to a size-dependent rate of re-collision with the pa
body for particles within a given size range. For a distri
tion of particles in the vicinity of Jupiter’s main ring and
parent body the size of Adrastea, they found that this s
dependent collision rate went asr for particles between 1
and∼ 1000 µm in radius and leads to a steepening of the
distribution in this range.

If ring particles are continuously produced, the proces
described above would alter the initial size distribution of
ring particles in fairly straightforward ways. At particle siz
for which orbital decay rates exceed production rates,
duction will determine the size distribution of the observ
ring particles (i.e., particles cannot be lost faster than
are produced). For sizes such that production rates ex
loss rates, however, the size distribution will reflect a b
ance between production and loss, as described byEq. (16).
Thus, the Burns et al. model would predict a decreas
the slope of the size distribution by 1 at those sizes. T
of Horányi and Cravens would predict a size distribut
with a slope shallower by 3 than it would otherwise be. T
Canup et al. model predicts a steepening of the size distr
bution by 1 for particles larger than 11 µm, a value roug
consistent with the value we have determined forrbrk. Thus,
it seems possible that one or more of the processes
scribed in these models could produce the size distribu
we have derived from the Galileo SSI and NIMS obser
tions.

If, however, the ring was created by the catastrophic b
up of a large progenitor body sometime in the past and t
has been little or no replenishment of the smallest ring gr
since, production rates cannot be viewed as having been
stant over the lifetime of the ring. In this case, one mi
expectrbrk to evolve to larger grain sizes as more of
large particles are lost. In this scenario, the location of
break in the distribution would give an approximate age
the ring. According to the model of Horányi and Cravens
which particles of 1 µm are lost in just 100 days, the m
ring would be young,∼ 1000 years. The ring would still b
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relatively young,∼ 106 years, if the rates fromBurns et al.
(1999)apply.

The actual situation is more complex than this. Valu
suggested for the power law index appropriate to the pro
tion of collisional ejecta vary widely. And, debate persi
as to whether the model ofBurns et al. (1999)or that of
Horányi and Cravens (1996)more closely describes the ev
lution of Jupiter’s main ring. These two mechanisms ope
on very different timescales. Sputtering, which is though
operate on timescales between 100 and 10,000 years f
µm particles(Burns et al., 1999), is unlikely to play a signifi-
cant role for particles smaller than 10 µm in the Horányi a
Cravens model. On the other hand, at Jupiter’s distance
the Sun, Poynting–Robertson drag causes micron-sized
ticles to spiral inward at a more leisurely 105 year timescale
(Jewitt and Danielson, 1981; Burns et al., 1984). Therefore,
in the Burns et al. model, where Poynting–Robertson d
dominates, sputtering should probably be taken into accoun
However, the large uncertainties in the physical propertie
the magnetosphere so close to Jupiter make this difficu
do. The Canup et al. model assumed that the parent
was on a circular orbit and does not take into account
eccentricity of Adrastea. Nor didit include the presence o
Metis. Any parent bodies in the main ring will act as a
ditional sources and sinks for ring particles. Additiona
Metis, Adrastea and large parent bodies may stir up the
particles to sufficiently high eccentricities that the effects
served byCanup et al. (1993)may not occur.

We have confirmed the existence of the near arm/far
asymmetry reported byOckert-Bell et al. (1999). However,
there are differences between the asymmetry seen in th
Galileo SSI data and that reported byShowalter et al. (1987).
In the Galileo images, it is the near arm of the ring that
pears brighter than the far one; the opposite is the cas
the Voyager images. Whereasthe asymmetry increases t
wards the ansa in the Voyager images, the asymmet
strongest furthest from the ansa in the Galileo images.
and the fact that the asymmetry is not apparent in all of
data suggest that the asymmetry is more of a regional
imuthal asymmetry rather than one related to the ring ar
This broad azimuthal asymmetry and the smaller “patch
reported on byOckert-Bell et al. (1999)represent intriguing
phenomena that have yet to be explained.

7. Conclusions

We agree with the conclusion ofMcMuldroch et al.
(2000) that the NIMS data suggest that the size dist
ution of the jovian main ring particles is more compl
than a power law distribution over the 0.01 to 100 µm s
range. However, whereas they choose to describe the
distribution as the superposition of a steep power law
a log-normal distribution, we prefer a model in which t
size distribution is a shallow power law that transitions t
steeper one above some cutoff size. The size distributio
-

-

the particles in Jupiter’s main ring is the result of the va
ous production and loss processes that act on the ring.
straightforward interpretation of our derived size distribut
is that it is the result of size-dependent loss processes a
on a collisionally-derived power law size distribution.

The jovian main ring possesses azimuthal asymme
on at least two scales. Small scale asymmetries ap
as bright patches in images of the ring’s ansae. A la
scale asymmetry becomes apparent when one compare
radially-integrated brightness of the ring at different lon
tudes. Of the mechanisms we have examined to explain
broad scale asymmetries observed, the release of deb
collisions either between parent bodies in the main ring
between parent bodies and external impactors are most
sistent with the observations. It may be that the smaller s
brightness patches are the debris generated by smaller
energetic collisions.

Images taken of the main ring at low phase angles
ing orbits G28 and G29 of the Galileo Extended Miss
show a markedly different profile than do the high phase
gle images from C3(Brooks, 2003; Burns et al., 2004). That
observing geometry emphasizes the macroscopic portio
the distribution and may represent the parent bodies that
duce the micron-sized dust seen in forward-scatter. If th
the case, the differences in the radial profiles may reflect th
action of some transport process or processes. We inte
model dust transport processes in the ring system and re
duce the basic features that have been observed. Usin
radial profiles of the microscopic and macroscopic ring p
ticles, as well as the size distribution of the micron-sized r
grains, as constraints, we hope to further our understan
of which processes shape the jovian ring system.

Acknowledgments

We are indebted to Lucas Kamp for his assistance w
the Galileo NIMS data, as well as Brad Dalton and Jo
Curchin. We thank the past and present members of the
orado Rings Group for their discussions. We also thank L
Dones, Douglas Hamilton, William J. Merline, Peter Ta
blyn, and William R. Ward for their helpful discussions, a
the reviewers of this paper for their useful comments. T
work was funded in part through NASA grant NAG 5-83
as part of the Jupiter System Data Analysis Program.

References

Acuña, M.H., Ness, N.F., 1976. The complex main magnetic field of Jupiter
J. Geophys. Res. 81, 2917–2922.

Barbara, J.M., Esposito, L.W., 2002. Moonlet collisions and the effect
tidally modified accretion in Saturn’s F ring. Icarus 160, 161–171.

Belton, M.J.S., Klaasen, K.P., Clary, M.C., Anderson, J.L., Anger, C.D
Carr, M.H., Chapman, C.R., Davies, M.E., Greeley, R., Anderson, D
Bolef, L.K., Townsend, T.E., Greenberg, R., Head III, J.W., Neukum
G., Pilcher, C.B., Veverka, J., Gierasch, P.J., Fanale, F.P., Ingersoll,
Masursky, H., Morrison, D., Pollack, J.B., 1992. The Galileo solid-s
imaging experiment. Space Sci. Rev. 60, 413–455.



56 S.M. Brooks et al. / Icarus 170 (2004) 35–57

, E.,
3,

t by

nding
sity

of
tary

tz
19.
r, I.,
aint

ito,
l, F.,
g-

l-
ness

S
c-

egura
9 G-

t-

due

.A.,
s.

a

981.
s. 86

.C.,
of
138,

lts

Plan-
ion.

the

d

eres.

iter’s

. 86,

evice
23,

ies,
.M.,
,

rac-
pt.

Kle-
Pap-
Cal-

m in

.R.,
dio

ar-

ory.

ear
–

ry
f

.E.,
610.
-

Bel-
stem
3.
e
ppli-

.P.,
urns,
.,
roop,
ter’s

mo-
s.

per-
,

pact

ry of

ring
458–

rn’s
col-

ings.

r’s
with

es in

s

Bierhaus, E.B., Chapman, C.R., Merline, W.J., Brooks, S.M., Asphaug
2001. Pwyll secondaries and other small craters on Europa. Icarus 15
264–276.

Bohren, C.F., Huffman, D.R., 1983. Absorption and Scattering of Ligh
Small Particles. Wiley, New York.

Brooks, S.M., 2003. Jupiter’s ring system revisited: a deeper understa
from Galileo visible and infrared observations. PhD thesis. Univer
of Colorado, Boulder, CO.

Burns, J.A., Showalter, M.R., Morfill, G.E., 1984. The ethereal rings
Jupiter and Saturn. In: Greenberg, R., Brahic, A. (Eds.), Plane
Rings. Univ. of Arizona Press, Tucson, pp. 200–272.

Burns, J.A., Schaffer, L.E., Greenberg, R.J., Showalter, M.R., 1985. Loren
resonances and the structure of the jovian ring. Nature 316, 115–1

Burns, J.A., Showalter, M.R., Hamilton, D.P., Nicholson, P.D., de Pate
Ockert-Bell, M.E., Thomas, P.C., 1999. The formation of Jupiter’s f
rings. Science 281, 1146–1150.

Burns, J.A., Simonelli, D.P., Showalter, M.R., Hamilton, D.P., Espos
L.W., Porco, C.C., 2004. Jupiter’s ring–moon system. In: Bagena
McKinnon, W., Dowling, T. (Eds.), Jupiter: Planets, Satellites & Ma
netosphere. Cambridge Univ. Press, Cambridge. In press.

Canup, R.M., Colwell, J.E., Horányi, M., 1993. Size distributions of sate
lite dust ejecta: effects of radiation pressure and planetary oblate
Icarus 105, 363–369.

Carlson, R.W., Weissman, P.R., Smythe, W.D., Mahoney, J.C., the NIM
Science and Engineering Teams,1992. Near-infrared mapping spe
trometer experiment on Galileo. Space Sci. Rev. 60, 457–502.

Carlson, R.W., Drossart, P., Encrenaz, Th., Weissman, P.R., Hui, J., S
M., 1997. Temperature, size and energy of the Shoemaker–Levy
impact fireball. Icarus 128, 251–274.

Chandrasekhar, S., 1960. Radiative Transfer. Dover, New York.
Cuzzi, J.N., Burns, J.A., 1988. Charged particle depletion surrounding Sa

urn’s F ring: evidence for a moonlet belt? Icarus 74, 284–324.
Cuzzi, J.N., Estrada, 1998. Compositional evolution of Saturn’s rings

to meteoroid bombardment. Icarus 132, 1–35.
Cuzzi, J.N., Lissauer, J.J., Esposito, L.W., Holberg, J.B., Marouf, E

Tyler, G.L., Boischot, A., 1984. Saturn’s rings: properties and processe
In: Greenberg, R., Brahic, A. (Eds.), Planetary Rings. Univ. of Arizon
Press, Tucson, pp. 73–199.

Danielson, G.E., Kupferman, P.N., Johnson, T.V., Soderblom, L.A., 1
Radiometric performance of the Voyager cameras. J. Geophys. Re
8683–8689.

de Pater, I., Showalter, M.R., Burns, J.A., Nicholson, P.D., Liu, M
Hamilton, D.P., Graham, J.R.,1999. Keck infrared observations
Jupiter’s ring system near Earth’s 1997 ring plane crossing. Icarus
214–223.

Fillius, R.W., McIlwain, C.E., Mogro-Campero, A., 1975. Radiation be
of Jupiter—a second look. Science 188, 465–467.

Greenberg, R., Wacker, J.F., Hartmann, W.K., Chapman, C.R., 1978.
etesimals to planets: numerical simulation of collisional evolut
Icarus 35, 1–26.

Grün, E., Morfill, G., Schwehm, G., Johnson, T.V., 1980. A model of
origin of the jovian ring. Icarus 44, 326–338.

Hamilton, D.P., 1994. A comparison of Lorentz, planetary gravitational, an
satellite gravitational resonances. Icarus 109, 221–240.

Hansen, J.E., Travis, L.D., 1974. Light scattering in planetary atmosph
Space Sci. Rev. 16, 527–610.

Horányi, M., Cravens, T.E., 1996. The structure and dynamics of Jup
ring. Nature 381, 293–295.

Jewitt, D.C., Danielson, G.E., 1981. The jovian ring. J. Geophys. Res
8691–8697.

Klaasen, K.P., Clary, M.C., Janesick, J.R., 1984. Charge-coupled d
television camera for NASA’s Galileo mission to Jupiter. Opt. Eng.
334–342.

Klaasen, K.P., Belton, M.J.S., Breneman, H.H., McEwen, A.S., Dav
M.E., Sullivan, R.J., Chapman, C.R., Neukum, G., Heffernan, C
Harch, A.P., Kaufman, J.M., Merline, W.J., Gaddis, L.R., Cunningham
.

,

,

W.F., Helfenstein, P., Colvin, T.R., 1997. Inflight performance cha
teristics, calibrations, and utilization of the Galileo SSI camera. O
Eng. 36, 3001–3027.

Klaasen, K.P., Breneman, H.H., Cunningham, W.F., Kaufman, J.M.,
maszewski, J.E., Magee, K.P., McEwen, A.S., Mortensen, H.B.,
palardo, R.T., Senske, D.A., Sullivan, R.J., Vasavada, A.R., 1999.
ibration and performance of the Galileo solid-state imaging syste
Jupiter orbit. Opt. Eng. 38, 1178–1199.

Marouf, E.A., Tyler, G.L., Zebker, H.A., Simpson, R.A., Eschelman, V
1983. Particle size distributions in Saturn’s rings from Voyager 1 ra
occultation. Icarus 54, 189–211.

McMuldroch, S., Pilorz, S.H., Danielson, G.E., 2000. Galileo NIMS ne
infrared observations of Jupiter’s ring system. Icarus 146, 1–11.

Menke, W., 1984. Geophysical Data Analysis: Discrete Inverse The
Academic Press, Orlando, FL.

Meier, R., Smith, B.A., Owen, T.C., Becklin, E.E., Terrile, R.J., 1999. N
infrared photometry of the jovian ring and Amalthea. Icarus 141, 253
262.

Mignard, F., 1984. Effects of radiation forces on dust particles in planeta
rings. In: Greenberg, R., Brahic, A. (Eds.), Planetary Rings. Univ. o
Arizona Press, Tucson, pp. 333–366.

Neugebauer, G., Becklin, E.E., Jewitt, D., Terrile, R., Danielson, G
1981. Spectra of the jovian ring and Amalthea. Astron. J. 86, 607–

Nicholson, P.D., Matthews, K., 1991. Near-infrared observations of the jov
ian ring and small satellites. Icarus 93, 331–346.

Ockert-Bell, M.E., Burns, J.A., Dunbar, I.J., Thomas, P.C., Veverka, J.,
ton, M.J.S., Klaasen, K.P., 1999. The structure of Jupiter’s ring sy
as revealed by the Galileo imaging experiment. Icarus 138, 188–21

Pollack, J.B., Cuzzi, J.N., 1980. Scattering by nonspherical particles of siz
comparable to a wavelength: a new semi-empirical theory and its a
cation to tropospheric aerosols. J. Atmos. Sci. 37, 868–881.

Porco, C.C., West, R.A., McEwen, A.S., Del Genio, A.D., Ingersoll, A
Thomas, P., Squyres, S., Dones, L., Murray, C.D., Johnson, T.V., B
J.A., Brahic, A., Neukum, G., Veverka, J., Barbara, J.M., Denk, T
Evans, M., Ferrier, J.J., Geissler, P., Helfenstein, P., Roatsch, T., Th
H.B., Tiscareno, M., Vasavada, A.R., 2002. Cassini imaging of Jupi
atmosphere, satellites and rings. Science 299, 1541–1547.

Schaffer, L., Burns, J.A., 1987. The dynamics of weakly charged dust:
tion through Jupiter’s gravitational and magnetic fields. J. Geophy
Res. 92, 2264–2280.

Showalter, M.R., 1985. Jupiter’s ring system resolved: physical pro
ties inferred from the Voyager images. PhD thesis. Cornell University
Ithaca, NY.

Showalter, M.R., 1998. Detection of centimeter-sized meteoroid im
events in Saturn’s F ring. Science 282, 1099–1102.

Showalter, M.R., Burns, J.A., Cuzzi, J.N., Pollack, J.B., 1985. Discove
Jupiter’s gossamer ring. Nature 316, 526–528.

Showalter, M.R., Burns, J.A., Cuzzi, J.N., Pollack, J.B., 1987. Jupiter’s
system: new results on structure and particle properties. Icarus 69,
498.

Thompson, W.T., Lumme, K., Irvine, W.M., Esposito, L.W., 1981. Satu
rings: azimuthal variations, phase curves and radial profiles in four
ors. Icarus 46, 187–200.

Throop, H.B., Porco, C.C., 2001. Cassini observations of Jupiter’s r
Bull. Am. Astron. Soc. 33, 1095–1096. Abstract.

Tyler, G.L., Marouf, E.A., Wood, G.E., 1981. Radio occultation of Jupite
ring—bounds on optical depth and particle size and a comparison
infrared and optical results. J. Geophys. Res. 86, 8699–8703.

van de Hulst, H.C., 1957. Light Scattering by Small Particles. Dover, New
York, NY. Reprinted 1981.

Zahnle, K., Schenk, P., Levison, H.F., Dones, L., 2003. Cratering rat
the outer Solar System. Icarus 163, 263–289.

Further reading

Bosh, A.S., Rivkin, A.S., 1996. Observations of Saturn’s inner satellite
during the May 1995 ring-plane crossing. Science 272, 518–521.



The size distribution of Jupiter’s main ring 57

.,
.E.,
No-

.
odel
Nicholson, P.D., Showalter, M.R., Dones, L., French, R.G., Larson, S.M
Lissauer, J.J., McGhee, C.A., Seitzer, P., Sicardy, B., Danielson, G
1996. Observations of Saturn’s ring-plane crossings in August and
vember 1995. Science 272, 509–515.
Poulet, F., Sicardy, B., Nicholson, P.D., Karkoschka, E., Caldwell, J., 2000
Saturn’s ring-plane crossings of August and November 1995: a m
for the new F-ring objects. Icarus 144, 135–148.


	The size distribution of Jupiter's main ring  from Galileo imaging and spectroscopy
	Introduction
	SSI observations
	SSI images
	Image calibration and reduction
	Photometry

	NIMS observations
	NIMS data
	Data reduction
	C3 NIMS data
	E4 NIMS data


	Modeling
	Mie theory
	Simple power laws
	Broken or two-component power laws

	The ``near arm/far arm'' asymmetry
	Explaining the asymmetry
	Photometric behavior
	Impacts into ring parent bodies
	Impacts between ring parent bodies


	Discussion
	Conclusions
	Acknowledgments
	References
	Further reading


