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Abstract

As part of a long-term study of Saturn’s rings, we have used the Hubble Space Telescope’s (HST) Wide Field and Planetary Camere
(WFPC2) to obtain several hundred high resolution images from 1996 to 2004, spanning the full range of ring tilt and solar phase angles
accessible from the Earth. Using these multiwavelength observations and HST archival data, we have measured the photometric properties
spokes in the B ring, visible in a substantial number of images. We determined the spoke particle size distribution by fitting the wavelength-
dependent extinction efficiency of a prominent, isolated spoke, using a Mie scattering model. Following Doyle and Griin (1990, Icarus 85,
168-190), we assumed that the spoke particles were sub-micron size spheres of pure water ice, with a Hansen—Hovenier size distributic
(Hansen and Hovenier, 1974, J. Atmos. Sci. 31, 1137-1160). The WFPC2 wavelength coverage is broader than that of the Voyager dat:
resulting in tighter constraints on the nature of spoke particles. The effective particle sizgwa8.57+ 0.05 um, and the size distribution
was quite narrow with a variance bf= 0.09+ 0.03, very similar to the results of Doyle and Griin (1990, Icarus 85, 168—190), and consistent
with predictions of plasma cloud models for spoke production from meteoritic impacts (Goertz and Morfill, 1983, Icarus 53, 219-229;
Goertz, 1984, Adv. Space Res. 4, 137-141). In all, we identified 36 spokes or spoke complexes, predominantly on the morning (east) ans:
The photometric contrast of the spokes is strongly dependent on effective ring openingBaggtepokes were clearly visible on the north
face of the rings in 1994, just prior to the most recent ring plane crossing (RPX) epoch, and on the south face shortly after RPX. However,
spokes were both less abundant and fainter as the rings opened up, and no spokes were detected after 18 Ociher199843),
when a single faint spoke was seen on the morning ansa. The high resolution and photometric quality of the WFPC2 images enabled us t
set a detection limit oK 1% in fractional brightness contrast for spokes for the post-1998 observations. We compare the observed trend
of spoke contrast witlBes; to radiative transfer calculations based on three models of the distribution of spoke material. In the first, the
spoke “haze” is uniformly mixed with macroscopic B ring particles. No variation in spoke contrast is predicted for single-scattering, in this
case, and only a modest decrease in contrast Bgthis predicted when multiple scattering is taken into account. In the second model, the
spoke dust occupies an extended layer that is thicker than the B ring, which gives virtually identical results to a third case, when the haze
layer lies exclusively above the ring. Multiple-scattering Monte Carlo calculations for these two extended haze models match the trend of
spoke contrast exceptionally well. We compute the predicted spoke contrast for a wide variety of viewing geometries, including forward- and
backscattering. Based on these results, spokes should be easily detectable during the Cassini mission when the rings are viewed at relativ
small (B| < 10°) ring opening angles.
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1. Introduction urn (Beebe, HST program ID 5776)In 1996, we began
a long-term program using WFPC2 to observe the rings,

Spokes, the wispy ephemeral features in Saturn’s B ring, atmosphere, and satellites at each opposition over a full Sat-
were first seen clearly in Voyager 1 images taken during its urn season. Our observations began just after the most recent
flyby of the Saturn system in 19&Collins et al., 198Q)Al- ring plane crossing (RPX) epoch in 1995 (the onset of south-
though groundbased observers had reported seeing streaks igrn spring on Saturn). They extended through March 2004,
the A ring as early as 187@&\lexander, 1962and had even  shortly after southern summer, when the rings had reached
computed a rotational period for features seen in the B ring their most open extent as seen from the Sun and Earth, and
in the 19709Robinson, 198Q)the B ring’s vast panorama just prior to the Cassini orbital tour. The superb image qual-
of spokes seen in the Voyager images was unexpected. Inty of the HST has enabled us to detect spokes in many
response to this and other ring discoveries, the Voyager 2WFPC2 images and to measure their contrast relative to
observing strategy was altered to be able to take a closer andhe nearby spoke-free regions. When the rings were nearly
better look at the ring syste®mith et al., 1982)resulting  edge-on, spokes were abundant and clearly visible on the
in extensive coverage of spokes during the 1981 flyby. north side of the rings (prior to RPX) and on the south (after

The picture that has emerged from the Voyager obser- RpX). As the rings opened up, the spoke contrast decreased,
vations is that spokes are made up of fine dust particles, and eventually spokes became undetectable. The photomet-
interacting with Saturn’s magnetic field, and triggered by ric precision and uniformity of the observations enabled us
meteoritic impacts with the rings&soertz and Morfill, 1983) g set stringent detection limits on the maximum spoke op-
Other mechanisms have also been proposed, such as phajcal depth as the ring opening angle varied over the course
toionization of dust particles that would then be charged of 4 full Saturn season. In Secti@we describe our obser-
and lifted out of the ring plane, and magnetic field-aligned yations and present our measurements of spoke contrast. In
currents align_ing small particlg§old, 1980; Bastin, 1981,  gection3, we determine the particle size distribution for a
Hilland Mendis, 1981; Carbary etal., 1982; Davydov, 1982 gingle well-isolated spoke by measuring the wavelength de-
Mendis et al., 1984; Connerney, 1986; Tagger et al., 1991) pandence of the extinction efficiency. We discuss our spoke
The fact that spokes were darker than the rings at Visi- getection limits in Sectiod, and compare the observations

ble wavelengths as Voyager 1 approached Saturn (backscatyith radiative transfer calculations for three models of the

tered light), but brighter than the rings when the spacecraft yistihution of spoke material. In the final section, we sum-
turned to look more into the Sun (forward scattered light) \o4i-e our results.

after close encounter, suggested that the spokes were made
of very small, roughly micron-sized particl¢Smith et al.,
1981) Doyle et al. (1989xoncluded from radiative trans-
fer modeling that spoke-free B ring regions contained very
little free submicron dust. Subsequentlypyle and Griin
(1990) used Voyager multicolor broadband photometry of ~ For this investigation of Saturn’s B ring spokes, our pri-
seven spokes to constrain spoke particle sizes. They foundmary observations are from our 1996-2004 WFPC2 pro-
a relatively narrow size distribution, with a peak at effective gram to observe the rings over the full range of ring tilt
radiusres = 0.640.2 um. This is consistent with theoretical and phase angles accessible from the Earth. During most
calculations of5oertz and Morfill (1983andGoertz (1984) of our allocated HST orbits (or “visits”), we imaged the
who developed a model for spoke formation from a plasma east (morning) and west (eveniRgling ansae separately
cloud produced by a meteoritic impact. The probability of in the high-resolution PC chip, in each of the five WFPC2
capture of at least one charge by a dust grain increases withwideband UBVRI filters (F336W, F439W, F555W, F675W,
the particle cross-section, but large grains are too massiveand F814W), and occasionally in the F255W, F785LP, and
to levitate quickly off the rings. This sets lower and upper F1042M filters. Exposures were separated by about three
bounds on the spoke particle size, centeredsgn= 0.5 pm. minutes. For completeness, we searched the entire HST data
On the other handVieyer-Vernet (1984)dentified a num- archive for WFPC2 images of spokes on the illuminated face
ber of complicating electromagnetic effects, such as spin of Saturn’s ringsTable 1summarizes the full set of obser-
destruction of grains and the electrostatic attraction betweenvations used in this paper. For each data set, identified by
the spoke grain and the much larger parent ring particle (sSeeHST program ID number, we list the date of each visit, the
Doyle, 1987 for a review). An accurate determination of the ring plane opening angle as viewed from the Eath énd
spoke particle size distribution provides an important con-
straint on models of spoke production and evolution. -

Here, we report on an extensive set of observations 1a \gsgal ﬁetehction OLSg?keS usinggthe Zic dUkMidi 1-m tetl)escopg yvas
of spokes taken with he Hubble Space Telescope (HST). S201%¢ Mecier s O esr (53 ook ore e
Spokes had remained virtually unobserved since the 1980(Colas etal., 1995)
and 1981 Voyager flybys until 1994, when the HST's Wide 2 e adopt the astronomical convention for east and west as measured
Field and Planetary Camera (WFPC2) first targeted Sat- from Earth in the plane of the sky, relative to Saturn’s center.

2. Observations
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Table 1
HST observations
:DDrog. Date B (°) B (°) Bett (°) a (°) # spokes - (A,(/IA)FB) a - (A[(/Ilé)FB) a
E w E w
5776 1994 Dec 1 B9 518 625 584 3 2 0097 b
6806 1996 Sep 30 —4.31 —4.73 —4.51 046 3 3 0120 Q078
6806 1996 Oct 14 -3.82 —4.93 —4.30 193 5 3 0161 Q052
6806 1997 Jan 10 -3.72 —6.25 —4.66 567 1 1 0134 Q089
7427 1997 Sep 22 —10.59 -10.01 —10.29 200 0 1 b 0.079
7427 1997 Oct 1 -10.28 -10.15 -10.21 098 2 0 0044 b
7427 1997 Oct 6 -1012 -10.22 -10.17 Q050 6 2 0054 Q042
7427 1997 Oct 10 -9.99 -10.28 -10.13 030 2 0 0032 b
7427 1998 Jan 1 —8.88 —1147 —-10.01 602 1 0 0013 b
7427 1998 Jul 28 —16.67 —14.38 —26.72 626 0 0 (0.012 (0.012
7427 1998 Oct 13 —1557 —1542 —26.72 120 0 0 (0.009 (0.009
7427 1998 Oct 18 —15.43 —15.47 —15.45 069 1 0 0027 (0.009
7427 1998 Oct 24 —1525 —1556 —26.71 032 0 0 (0.008 (0.008
8398 1999 Aug 25 —-21.05 —19.36 -26.71 611 0 0 (0.011 (0.011
8398 1999 Nov 3 —19.98 —20.16 —26.71 043 0 0 (0.008 (0.008
8398 1999 Nov 7 —19.90 -20.20 —25.75 030 0 0 (0.008 (0.008
8660 2000 Aug 4 —24.19 —2292 —-2561 610 0 0 (0.01) (0.01)
8660 2000 Nov 20 —2356 —23.83 —25.59 027 0 0 (0.008 (0.008
8660 2000 Nov 24 —2350 —2385 —2368 059 0 0 (0.008 (0.008
8660 2000 Dec 6 —23.33 —23.96 —23.64 199 0 ¢ (0.009 ¢
8802 2001 Sep 8 —26.16 —2571 —25.93 637 0 0 (0.01) (0.011
8802 2001 Nov 28 —25.90 —26.07 —25.99 062 0 0 (0.008 (0.008
8802 2002 Jan 31 —25.76 —26.29 —26.03 558 0 0 (0.010 (0.010
9341 2002 Sep 21 —26.37 —26.73 —26.55 638 0 0 (0.01) (0.010
9341 2002 Nov 30 —26.47 —26.72 —26.59 201 0 0 (0.009 (0.009
9341 2002 Dec 9 —26.52 —26.72 —26.62 100 0 0 (0.009 (0.009
9341 2002 Dec 14 —26.55 —-26.71 —26.63 040 0 0 (0.008 (0.008
9341 2002 Dec 16 —26.56 —-26.71 —26.64 023 0 0 (0.008 (0.008
9341 2002 Dec 17 —26.57 -26.71 —26.64 Q15 0 0 (0.007 (0.007)
9809 2003 Aug 25 —2541 —26.17 —-2579 505 0 0 (0.010 (0.010
9809 2003 Dec 5 -25.11 —25.75 —25.42 305 0 0 (0.009 (0.009
9809 2003 Dec 31 —2553 —2561 —2557 008 0 0 (0.007 (0.007)
9809 2004 Jan 1 —25.54 —-25.61 —25.58 010 0 0 (0.007 (0.007)
9809 2004 Jan 5 —25.60 —2559 —25.60 050 0 0 (0.008 (0.008

2 The normalized contrast of the darkest spoke observed with the F555W filter on each date. Entries in parentheses detection limits, in caseskelere no spo
were visible.

b Accurate photometry was not possible on spokes in these images.

¢ No west ansa images were taken on this date.

the Sun B’), and the solar phase angle as well as other ~ —4.31°. The spoke region, magnified in the inset box, is
quantities to be defined later. unsharp-masked to accentuate the contrasEidn 2, both

We used standard pipeline-processed images for ourthe east and west ansae are reprojected to show the true
analysis. The geometric and photometric calibrations of our shape of the spokes. Since even the diffraction-limited HST
PC images, and details about individual observations, are deimages have finite resolution, the strong foreshortening of
scribed in detail byCuzzi et al. (2002)Poulet et al. (2002) e rings at this viewing angle changes the radial resolution
andFrench et al. (2003Briefly summarized, we corrected 55 5 fnction of longitude relative to elongation. In this fig-

each image for geometnc distortion using theauger et ure, the morning and evening (east and west) ansae F555W
al. (1995) transformation, and determined the global co- . .
. ) ; images of 30 September 1996 were stretched in the north—
ordinates of Saturn’s center and the absolute ring plane L . . - .
south direction by Asin|B| to give a bird’s-eye view of the

radius scale by fitting the Encke Division in each image. ~ | .
We converted from data number (DN) to reflectivity F rings. The top row shows the images with linear contrast, and

by integrating in wavelength over the product of the solar the bottom row shows them unsharp-masked. The original,
spectrum and the detector and filter response, as describednstretched images are shown at left in each panel. Notice
by Nicholson et al. (1996)The remarkable quality of the that the Encke and Cassini Divisions are well-resolved at
WFPC2 images is evident iRig. 1, which shows a spoke  elongation, but the radial resolution degrades rapidly away
complex near elongation on the morning (east) ansa, takenfrom elongation. The unsharp masked morning ansa images
on 30 September 1996, with a ring opening anglef only (lower left) clearly reveal several spoke complexes. On the
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Fig. 1. Spokes on the south face of Saturn’s B ring are clearly seen in this F555W WFPC2 image (data set ID u3ic0403t) of the morning (east) ansa, taken on
30 September 1996. The highlighted region, magnified in the lower left, has been unsharp-masked to accentuate the contrast.

30 September 1996 - F555W

Fig. 2. The true shape of the spokes showfibn 1is most easily seen by reprojecting the image, as shown in the left column. The morning ansa image has
been spatially stretched to give a bird’s-eye view of the ring system. The upper left panel shows the original data, while the lower left panptisaskstar

Also included, in the right column, is the corresponding F555W image from the evening (west) ansa (data set ID u3ica402t). Faint spokes are assible her
well.

evening (west) ansa, spokes are also present, although moreshere(I/ F)spokeisS the reflectivity of the spoke and/F)g

muted in contrast. is the reflectivity of spoke-free B ring at the same orbital ra-
dius. At the solar phase angles accessible from the Earth,
2.1. Measuring spoke contrast (I/F)spoke< (I/F)g, in which case spokes are darker than

the B ring and the spoke contrast-isO. Ideally, we would
To characterize spoke particle properties, we measureduse a second, spoke-free image of the rings, taken with the
the spoke brightnesses relative to the nearby rings. We defingsame viewing geometry and filter, as a measure of the spoke-
the normalized spoke contrast as free (1/F)g. Unfortunately, such multiple images were not
taken in the early years of our HST program, and we have
AU/F) _ (/F)spoke— (I/F)B (1) adopted two other strategies to measure the background B
(I/F)B (I/F)B ’ ring brightness. One is to reflect the image about the long
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e i

Dec. 1, 1994

Sept. 30, 1996

Oct. 14, 1996

Fig. 3. Images of spokes, reprojected onto a rectangular coordinate system with radius increasing upward from 100,000 to 116,000 km in eamtb&é&ip, and
longitude increasing to the right, centered on elongation, and compressed by a factor of 1.75 relative to the vertical axis. The 1 December 198t F547M e
ansa image was taken in the wide-field chip of the WFPC2. All others are F555W PC images of the east ansa, except as noted. From top to bottom, images a
data set IDs u2kr0105t, u3ic0403t, u3ic0203t, u3ic0103t, u46a0209r (west ansa), and u46a7203r.

axis of the rings to produce a mirror image. Then, for a mon epoch, using the known radial dependence of the orbital
spoke in the trailing east quadrant, we could use the leadingmean motion.
east quadrant in the mirror image as a comparison region, Figure 3 shows (r,6) reprojections of representative
which would be affected in exactly the same way as the spokes in the outer B ring from 1994-1998, with the ef-
spoke region by diffraction and longitudinally variable radial fective ring opening angl8ef betweernt6.25° in 1994 and
resolution. Of course, this requires that the mirrored region —15.45° in 1998, where
is spoke-free. In cases where spokes are present in both the . o
. o ) . 2sinBsinB

leading and trailing quadrants, we have used the leading orsinBeff = ————. 2)
trailing quadrant on the opposite ansa (if such images ex- SinB +sinB’
ist) as a comparison region, when either of these regions isTable 1lists Bet for all of our observations. The vertical
spoke-free. axis of each strip extends upward from= 100,000 km to

We reprojected all of our images onto a rectangular coor- » = 116000 km. The horizontal axis is centered at elonga-
dinate system of radiusand ring longituded, measured in  tion, compressed by a factor of 1.75 relative to the vertical
a prograde direction from the sub-observer point on the nearaxis. Note the abundance of high contrast spokes in the first
ring. To preserve photometric accuracy, we subdivided eachfour images, all taken at lowBess. At larger ring opening
image pixel into 20x 20 subpixels and mapped them into angles, spokes were fainter and rarer. The last spoke de-
bins of radial extentdr = 100 km and longitudinal width  tected in our HST images was observed on 18 October 1998
d9 =0.1°. (At r = 100,000 km,r d9 =175 km. Note thata  (Beff = —15.45°). No other spokes were visible in the sub-
PC image has a scale of0@55'/px ~ 300 km at Saturn, so  sequent 5.5 years.
that our transformation preserves the resolution of the origi-
nal images.) This reprojection puts all images on a common 2.2. Corrections for orbital motion
scale, making it easy to subtract one from another, or to re-
verse and subtract a mirror image from the image itself. It ~ During each HST visit, we cycled through a variety of
also makes it possible to correct for Keplerian shear betweenfilters for each ansa. Although most exposures were quite
successive exposures by evolving each image back to a comshort, WFPC2 requires three minutes to change filters and
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F675W

|

F814W

BN

- |

Fig. 4. A prominent, isolated spoke was observed on the east ansa on 10 June 1997 in six broadband filters. The successive images have been reprojecte
and then corrected for differential orbital motion by evolving each image to the epoch of the earliest (F336W) exposure. Notice that the shagi@nand loca

of the spoke change very little in these evolved projections, which span a tetal 5fminutes. From top to bottom, the images are data set IDs u3ic0101t,
u3ic0102t, u3ic0103t, u3ic0104t, u3ic0105t, and u3ic0106p.

F785L

prepare for the next image, so that typically 15-20 minutes evolved image. The “sutures” at the right show the radially-
elapsed between the first and last image of a set. Overvariable longitude shift introduced to correct for Keplerian
this interval, the spoke appears to move, through a com-shear.
bination of Keplerian shear and any intrinsic ring-relative
motion. Griin et al. (1992measured the angular velocity
of spoke edges from high-resolution Voyager image pairs 3. Spoke particle sizes
taken 24 minutes apart (comparable to the total duration of
our HST image sets). They found that deviations from Ke-  The most extensive prior color analysis of Voyager im-
plerian orbital motion were quite small, and typically less ages of spokes was performed bgyle and Grin (1990)
than 5x 10°% rad/s, or about 600 km in the azimuthal who estimated the particle size distribution of the spokes
direction during 24 minutes, compared with30,000 km from their wavelength-dependent extinction efficiency. The
of orbital motion during the same interval. Since a single Voyager clear filter observations over a range of phase angles
PC pixel at elongation has a longitudinal extent of about had previously been modeled using a Henyey—Greenstein
300 kny sin|B| > 600 km, any differences between actual phase function and indicated a particle sizg > 0.15 pm
spoke motion and Keplerian motion in our HST images (Doyle et al., 1989) Four-color photometry of spokes in
would be evident only at the subpixel level, and we can backscatter, modeled with a Mie phase function, gaye>
safely ignore them. 0.63 um. A third set of spokes, viewed in forward scat-
As an illustration of the effectiveness of correcting for ter, indicatedresf > 0.59 pm. The sign of the slope of ex-
orbital motion,Fig. 4shows a sequence of six spoke images, tinction efficiency Qeft With size parametex = 2rreff/X,
taken on 10 January 1997, evolved to the epoch of the firstwhere A is the wavelength of observation, suggested that
exposure in the set, taken in the F336W filter. Notice that the the effective size of spoke particles was about 0.6 um, and
prominent spoke at the left is in the same location of each the steepness of the slope indicated that the size distribu-
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tion could be rather narroDoyle, 1987; Doyle and Griin, 08 I I I

1990) l(— Voyager —)}

The robustness of these conclusions was restricted pri- ]
marily by the limited wavelength coverage of the Voyager
blue-sensitive vidicon imaging system.Doyle and Grin’s
(1990) models, all of the measurements were on the short o
wavelength side of the peak of the Mie scattering efficiency ~
curve. The broad wavelength coverage and high photometric
accuracy of WFPC2 have enabled us to extend their results to
the near-IR. We have measured the wavelength dependenct | ‘ —— Spoke-free region
of the contrast of a single dark, isolated spoke observed on o Spoke region
the morning (east) ansa on 10 January 1997 in six filters  gp[ , , ,
(F336W, F439W, F555W, F675W, F814W, and F785L) To 200 400 600 800 1000
account for orbital motion over the 15-minute duration of the Wavelength (nm)
observations, we evolved the images to a common epoch, as ()
described previously and illustratedfig. 4. We measured :
the averagel/F)spoke Near the darkest part of the spoke, 0.16 - ]
and(//F)g from the spoke-free ring brightness in the oppo- [ \<— —ﬁ Voyager ]
site quadrant of the east ansa, at the same relative longitude 4 "
from elongation. We assume that the B ring material itself . 057 um
in the spoke region has the same photometric properties as% 012 [ &\ e 0'9 &
the adjacent spoke-free B rin@oyle and Griin (1990is- = i A N\ ’
cuss the minor effects that result from taking into account =) 010 -
possible differences between the two. The results are shown? »
in Fig. 5. In the top panel, the spoke and B ring reflectivi-
ties are plotted separately. The overall ring spectrum is quite
red (Cuzzi et al., 2002)and the spoke is darker than the
B ring at all wavelengths. In the bottom panel, we plot the ;
measured spoke contrast magnitudeé//F)/(I/F)g| as a 1 10 100
function of the Mie size parameter,= 2 resf/A, assuming Size Parameter (x=2r_/1)
reff = 0.57 um (see below). There is a clear peaked shape to (b)
the spoke contrast.

For ease of comparison, we folloDoyle and Griin’s Fig. 5. Photometry of the large, isolated spoke observed on 10 January 1997

(1990) approach in modeling the extinction eﬁiciency We shown inFig. 4. In the upper panel, the/ F of the spoke and of a compa-
) rable spoke-free region are shown as a function of the effective wavelength

assume that the spoke particles are lossless Mie scatteringy i proadband WFPC2 filters (F336W, FA39W, F555W, F675W, F814W,
water ice spheres with a real component of the refractive in- and F785L). The wavelength coverage of the Voyager spoke observations is
dex equal to 1.33 and a Hansen—Hovenier size distribution much more limitedDoyle and Griin, 1990ps shown by the range demar-

04

0.08 -

0.06 -

given by cated by arrows. The lower panel shows the corresponding spoke contrast
magnitude as a function of Mie particle size parameter. The best fitting
n(r) = Cr1=30)/by=r/reiib ©) scaled Mie scattering efficiency for lossless icy spherical particles is over-
plotted on the observations. For comparison, the Mie extinction efficiency
whereC is a constant; is the particle radiuses is the effec- curve for icy spheres is also shown.

tive radius of the distribution, anilis the effective variance
(seeDoyle and Griin, 1990, Eq. (10¢t seq.). The overall e 2

particle optical depth is defined by Spoke photometry
Tmax Filter  Aeft  (I/F)spoke (I/F)8 —A(/F)/(I/F)g Size
2 nm arameter

= [ n0)Tr2Q. A dr (4) (o) P
_ F336W 3343 01907 02101 Q0905 1069
Tmin F439W 4303 03247 03655 01064 831
wheren(r)dr is the number of particles per unit area, as F555W 5392 04064 04605 01189 663
given by Eq.(3), and Q. (r, 1) is the wavelength-dependent F675W 6697 04507 05083 01136 534
F814W 7942 04704 05234 00994 450

extinction efficiency due to both scattering and absorption.
Using a grid search, we determinegr andb that gave

the best fit to the observed wavelength-dependent spoke con-

trast inFig. 5 We assumed that the spoke contrast is propor- to the measurements, which are givenTaible 2 We find

tional to qyst at each wavelength, and that the cons@nt  reff = 0.57 £ 0.05 pm andb = 0.09+ 0.03, the values used

in Eqg. (3) could be freely adjusted to give the best match for the smooth curve overplotted on the observations. For

F785LP 8647 04726 05242 00984 413
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comparison, we also show the Mie scattering function for a the B ring and onto Saturn’s mid-sized moons, respectively,
monodispersion. The characteristic fringes of the extinction probably liberate grains with a wide range of sizes, but only
curve are largely suppressed by averaging over the parti-particles near a particular size can stray far from where
cle size distribution. Our results confirBoyle and Grin’s they are produced. However, the physics involved is differ-
(1990)finding: the effective spoke particle size is of order ent in the two case§Goertz, 1984; Horanyi et al., 1992;
0.6 um and the size distribution is rather narrow, extend- Hamilton and Burns, 1994)Ne emphasize that the “dust”
ing over much less than a decade abagt As shown in in the spokes is not the meteoritic material fragmented or
Fig. 5 the Voyager data were restricted to wavelengths be- vaporized on impact, but is predominantly water ice from
low 600 nm and to a size parameter rangg9logx < 1.1 the B ring itself. As pointed out b uk et al. (2000)the for-
(6.3 < x < 12.6). In contrast, the HST observations nicely mation rate of spokes is consistent with the impact rate for
sample both sides of the peak in the scattering efficiency 10-kg meteoroids, whereas the mass of material in a spoke
curve. is orders of magnitudes largéerin et al., 1983)

Our quoted uncertainties R« andb reflect the variation
in fitted values resulting from assuming different regions to
define the spoke boundary. We explored a number of differ- 4. Spoke contrast, detection limits, and haze models
ent approaches, such as choosing the darkest region of the
spoke, identifying a “region of interest” that defined a con- We took a census of spokes in all of our images by
tour boundary of the spoke, and using a variety of photomet- measuring the spoke contrast of each recognizably distinct
ric apertures. The primary challenge was to find a uniform spoke in the F555W images for each HST visit. We de-
spoke-free region for all filters, taking account of the mo- fined (I/F)spoke t0 be the darkest pixel in a given spoke,
tion of the spoke between exposures. For most high-contrastand (I/F)g to be the typical spoke-free B ring reflectivity
spokes, the rings were so highly populated with spokes thatat the same orbital radius. The results are showfign 6.
a convincingly spoke-free region was difficult to find. The In Table 1 we list the number of spokes seen on each date,
spoke used for this photometric study was exceptional, beingseparately for the east and west ansae. In all, we identified
dark and isolated, with a spoke-free region for comparisonin 36 spokes or spoke complexes. We also tabulate the con-
the opposite quadrant on the same ansa. trast of the darkest spoke in each visit, for each ansa. In

We have assumed that the spoke particles are losslesgases where no spokes were visible, we indicate a detec-
scatterers. For absorbing particles, the amplitude of the tion limit given by Q005/(//F)g (=~ 1% in spoke contrast),
fringes in the extinction efficiency curve is reduced, and the where 0005= —A(I/F) for the faintest spoke we could
high-frequency structure is suppressed.Dxg/le and Griin convincingly detect. Generally, spokes were both darker and
(1990) show, the scattering extinction is much larger than more abundant on the morning (east) ansa, as was the case
the absorption extinction for plausible compositions, and a for Voyager spokes as wedlPorco and Danielson, 1982)
refractive index of ice of B3+ 0.1; (i.e., with a very large The abundance of detectable spokes decreased sharply
and strongly wavelength-dependent imaginary component)with increased ring opening angle in our HST images. To
would be required to mimic the effects of a very narrow understand why spokes become harder to detect as the rings
size distribution. To determine the sensitivity of our results open up, we have performed multiple-scattering calculations
to absorption, we fitted the spoke contrast measurements infor three plausible distributions of spoke material: (1) the
Fig. 5to models of lossy ice particles with imaginary parts spoke dust is uniformly mixed with the B ring itself; (2) the
of the index of refraction of @1, 0.05, and 01i, and we dust occupies an extended, uniform haze layer, thicker than
determined the characteristics of the best-fitting Hansen—and centered on the edge-on B ring; and (3) spoke dust lies
Hovenier size distribution for each case. The effective par- entirely above the B ring in a uniform haze layer. We de-
ticle size was almost unchanged: we fourg = 0.568, scribe the results of each of these calculations in turn.
0.550, and 0.536 um, respectively, for these cases. On the We begin by assuming that the spoke material is em-
other hand, since absorption and a broad particle size distri-bedded within the B ring itself, which is implicit iDoyle
bution both act to flatten the extinction efficiency curve, the and Griin’s (1990yadiative transfer development. For this
fitted particle size distribution was narrower as the particles case, we have used classical multiple-scattering (“dou-
became more absorbing. We fouhe- 0.08, 0.03, and 0.01  bling”) models of the B ring, in which the thickness of the
for the three cases. Thus, our conclusions about the effectivelayer containing the ring particles is many times the size
spoke particle radius and narrow size distribution hold even of the macroscopic particles. In reality, the ring particles
for absorbing particles. have a broad size distribution extending from radii of 0.3

The spoke particles appear to have sizes comparable tao 20 m(French and Nicholson, 2000and the ring thick-
the icy grains that comprise Saturn’s tenuous E ring, the only ness is probably only a few times the size of the largest
known ring believed to have a narrow size distribution. The particles(Cuzzi et al., 1979; Salo and Karjalainen, 2003)
E ring’s blue spectrum implies that the ring particles have Nonetheless, classical models provide a reasonable point of
radii of about~ 1 pm (Showalter et al., 1991; Nicholson departure for comparison with our observations. We also
et al., 1996) For both spokes and the E ring, impacts onto assume that the only difference between spoke and non-
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Grin (1990)assumed that macroscopic particles in spoke
and non-spoke regions also have different albedos and phase
functions.

In Fig. 6a, we plot the model results obtained when we
took the difference between two doubling calculations, one
in which f = 10% of the optical depth of the B ring was
comprised of spoke particles, and a second with no spoke
particles. We assumesl= B’ in steps of 2 upto 27 and a
solar phase angle of lwhich is the median phase angle for
our observations. For these calculations we took the spoke
particles to be lossless spheres of water ice with a refractive
index 133+ 0i. The doubling calculations were performed
with the code described [8howalter et al. (1992ndDones
et al. (1993) The large particles in the B ring were assumed
to have a backscattering phase function like that of the
galilean satellite CallistgDomingue and Verbiscer, 1997)
and a Bond albedo of 0.649, which is appropriate for the
F555W filter. The spoke particles had a Hansen—Hovenier
size distribution withref = 0.57 um andb = 0.09, as we
found in Sectior3. We assumed a single-scattering albedo
of 1 and a forward-scattering phase function, calculated with

o Classical haze layer (SS)

Michael Mishchenko’'s Mie code spherit{p://www.giss.
nasa.gov/~crmim/brf/ with a Henyey—Greenstein asymme-
try parameterg, of 0.824. In the case in whicli = 10%

is assumed, the effective albedo of the ring particles was
(1— f)x0.649+ f x 1=0.684.

In Fig. 6a, the horizontal dashed line shows the expected
fractional change i/ F when only single scattering is con-
sidered. In this case it can be shown that if the spoke par-
ticles are highly forward-scattering (or have small albedos,
which is not the case herd\(I/F)/(I/F)g| — f. In fact,
we find that the fractional decrease is 9.7%, independent

() of tilt angle, so|A(I/F)/(I/F)g| is indeed nearly equal
Fig. 6. (a) A census of spokes detected in HST images from 1994 to 2004. tof. Wh(_en multiple scattering is included (SO“O_' curve), the
The normalized F555W contrast of each spoke is plotted as a function of CONtrast is smaller, because some of the multiply-scattered
effective ring opening angleBes|. Spokes are generally darker and more  light is scattered back in the direction of the observer. Mul-
numerous on the east (morning) ansa (filled circles) than the west (evening)tiple scattering is larger in the case in which dust is present,
ansa (open circles). Points annotated by ‘N’ were observed in wide-field hoth pecause the effective albedo of the rings is larger and

images with the F547M filter on the north face of the rings in 1994, prior to because light is scattered deeper into the rina laver. Multi-
the most recent ring plane crossing epoch. Inverted triangles denote detec- 9 P g layer.

tion limits in cases where no spokes were seen. When the spoke particlesP|€ Scattering also increases more rapidly with tilt angle for
are uniformly mixed with the B ring itself, single-scattering (SS) calcula- | Beff] < 15° when dust is present. The predicted contrast de-
tions for spoke optical depttyyst= 0.1 (dashed line) predict no variation  creases from 7.9% &Bes| = 1° to 3.7% atj Besr| = 15°, and

in spoke contrast with changing ring opening angle. When multiple scat- then remains nea”y constant at Iarger ring Opening ang|es7
tering (MS) is taken into account, the spoke contrast decreases Ry reachina 3.5% atB —27. 0 ical It

(solid line), although not as rapidly as suggested by the observations that . g o 0 alBeff| = - Qur numenca results can
indicate an absence of detected spokegBgf| > 16°. (b) Comparison of be fit to within 10% by the expression(//F)/(1/F)g =
observations with Monte Carlo simulations of spoke material distributed in —0.023— 0.061/./| Beff|, Where hereBess is measured in de-

an extended haze layer withyst= 0.04 that is twice the vertical thickness  grees. This decline with tilt angle is much shallower than the
of the B ring (thin lines), and for ayyst= 0.01 haze layer lying completely measured trend of spoke contrast with tilt ang|e_ We have

above the B ring (thick lines). Single scattering results are shown dashed, also performed multiple-scatterina calculations in which the
which are well-matched by the simple {le~2%dust/ SinBeff) hehavior ex- P P g

pected for a classical haze layer, shown as open squares. Multiple scatteringsPOKe pa_rtides were assumed to_be |O_SSy (imaginary ind_ex
results are shown as solid lines, which match the envelope of spoke obser-Of refraction as large as 0.1), or in which the spoke parti-

vations quite well. cles had an isotropic phase function, as would be expected
if the spoke particles were tiny Rayleigh scatterers or larger
spoke regions is that the former contain microscopic parti- composite particles. In no case did the embedded haze layer
cles having the same spatial distribution as the macroscopicmodels predict the contrast between spoke and non-spoke
particles. By contrastDoyle et al. (1989)and Doyle and regions to vary as rapidly with tilt angle as we observed.
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The embedded haze model cannot account for the observed To isolate the effect of an extended haze layer in front of
trend. the B ring, we next restricted the spoke material to the upper

Next, we determined the predicted spoke contrast for an one-fourth of the previous case. That is, the haze layer had
extended haze layer, thicker than the B ring itself, using the a total optical depth ofgysi= 0.01, with a physical thick-
method described bgalo and Karjalainen (2002nd Salo ness one-half that of the B ring, which lay directly beneath
et al. (2004) based on following a large number of photons it. The results are shown as the thick lines; they are nearly in-
through a ring composed of discrete finite sized particles. distinguishable from the previous Monte Carlo case for the
The particle field, with periodic planar boundaries, is illumi- full extended haze layer. As expected, the single-scattering
nated by a parallel beam of photons, and the path of eachresults are matched almost perfectly by the classical expres-
individual photon is followed in detail from one intersection sion, 1— ¢~ 2%ust/ISinBetil Collectively, the strong tilt effect
with a particle surface to the next scattering, until the pho- on spoke contrast can be accounted for as a result of vary-
ton escapes the patrticle field; the new direction after eaching viewing and illumination geometry of an extended layer
scattering is obtained via Monte Carlo sampling of the par- of dust that lies above the ring itself. A relatively low opti-
ticle phase function. The brightness at a chosen observingcal depth ¢qust~ 0.01) is sufficient to produce the observed
direction is obtained by adding together the contribution of contrast. Spoke material within or beneath the B ring itself
all individual scatterings which are visible from this direc- has little additional effect.
tion. Compared to a direct Monte Carlo estimate based on  The variation of spoke contrast with ring tilt is strongly
tabulating just the directions of emerging photons, this in- dependent on whether the spoke dust extends above the
direct method gives significantly reduced variance of the main ring or not. To illustrate the effect of vertical inhomo-
results. geneity of the spoke and main ring particl€sy. 7 shows

In the current Monte Carlo models, the particle field is three panels of the main rings in cross-section: (a) without
composed of both macroscopic ring particles and dust par-spoke dust, (b) with spoke dust distributed homogeneously
ticles (10,000 in each component), with each of the two among the cm—m size main ring particles, and (c) with spoke
components characterized by different phase functions anddust distributed in a thicker layer than the main ring par-
single scattering albedos as described above for the em-icles. By reciprocity, thaeflectanceof the layer (usually
bedded haze layer models. The optical depth and verticaldenotedR or S)—but not its/ / F—is invariant to exchange
extent of both components can be varied. Note that using fi- of source and viewer, even for a vertically inhomogeneous
nite sized particles automatically implies shadowing effects, layer(Hovenier, 1969; Hansen and Travis, 194@ur spoke
which are absent in classical radiative calculations. In order contrasts are normalized by the backgrourd (Eq. (1)),
to make a fair comparison to classical calculations, a small and thus are analogous to reflectance. In all cases, the parti-
volume filling factor D is used: we assumB® = 0.001 for cle mix traversed by the incoming and outgoing rays deter-
the ring particles (and about:3 106 for the dust), so that  mines the average scattering behavior of the observed patch
the width of the opposition peak D is narrower than the  of ring. In the homogeneous case (b), all lines of sight see the
adoptedy = 1°. Due to the smalD the Monte Carlo calcu-  same fractional mix of small and large particles regardless
lations are very CPU-intensive, since the photons can travelof their elevation angle. As the elevation angle increases, the
large physical distances between scatterings. In this casedegree of multiple scattering of the reflected light increases,
even with 10,000 particles the planar extent of the particle which washes out the contrast between spoke and non-spoke
field is much smaller than its vertical extent (about 60 and areas (compare the dashed and solid lindsign 6a). How-
1300 particle diameters, respectively). Therefore, especially ever, the difference is small because the effective scattering
for low elevation angles, the photon paths typically need to properties of the layer are not changing with elevation angle.
be followed through a large number of periodic copies ofthe  On the other hand, as shown in the inhomogeneous case
original particle field. (c), if the micron-sized grains are distributed in a thicker

In Fig. &b, we show the results for two representative layer than the main ring particles, the lines of sight A-B (and
Monte Carlo simulations. In the first case, the homogeneousB-A) sample a far larger abundance of spoke patrticles rel-
spoke dust layer (withgust= 0.04) is centered on, but twice  ative to main ring particles, relatively speaking, than lines
as thick vertically, as the B ring layer of macroscopic ring of sight C—D and D-C. This greatly increases the contrast
particles (witht = 2.0). The predicted effect of ring tilt  between spoke- and non-spoke regions relative to that exhib-
on spoke contrast, including multiple scattering, is shown ited by the uniformly mixed layer (compare the solid lines in
as a thin solid line. (The minor undulations in the profile Fig. 6o with those inFig. 6a). That is, the low optical depth
are the result of photon statistics in the Monte Carlo sim- spoke dust is an increasingly dominant contributor to scat-
ulations.) The overall trend matches the upper envelope oftered light as the elevation angle decreases, whether the low
the measured spokes at low ring opening angles, as wellelevation angle characterizes the illumination, the viewing,
as the detection limits at largeBesr. For comparison, the  or both. It is the dust above, rather than within, the ring that
single-scattering results are also shown (thin dashed line).produces the strong tilt effect.
Multiple-scattering reduces the spoke contrast especially ef- While more modeling is needed, we speculate that the
fectively at large ring opening angles. width of the effect in elevation angle is related to the angu-
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(a) NO SPOKE DUST
A B

Fig. 7. Cross-section of the B ring (a) in the absence of spoke material, (b) with dust uniformly mixed with the macroscopic ring particles, and (c) with
vertically extended layer of spoke material. Arrows represent lines of sight from the Sun to the observer (or vice versa, by symmetry), aftgfisrateeri

B ring particle. In the A-B pair, one line of sight (A) is at a grazing angle relative to the rings, similar to the geometry of the Voyager encounteesaayd th
(1994-1998) HST observations. For the C-D pair, neither line of sight is at grazing incidence, similar to the more recent (1998—-2004) HST slasetvation
the early Cassini (mid-2004) observations. See text for additional discussion.

lar width of the spoke particle phase function. That is, if the dust(Doyle and Griin, 199Quggested that spoke dust could
elevation angle is larger than the typical diffraction lobe ex- have optical depth of a few percent; we find that a smaller
tent of a spoke particle, all the light scattered by that particle fraction (about a percent), but inhomogeneously mixed, can
goes into the ring and, conversely, on emergence, the spokanatch both the detections and non-detections.

cloud is as likely to scatter light into the detector as out of it. The Voyager epoch was characterized by geometry like
Ultimately this might be another testable aspect of our hy- A-B, in which the Sun had low elevation and the viewer’s
pothesis. Previous models which assumed uniformly mixed elevation varied through a large range. From HST, of course,
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the more shallow illumination approximates the geometry
during the Voyager flybys. The solar phase angis related
to the azimuth differencei(— ¢o), B, andB’ by

cos@) = upo + /(1 — 12)(1— pd) x cosp — go),  (5)

where u = 1/|sinB| and wo = 1/|sinB’| (Hansen and
Travis, 1974) The solid contours indicate the domain where
spokes are viewed in backscatter, and appear dark against
their surroundings, while the dashed contours indicate the
forward scattering domain where spokes are expected to ap-
pear bright. For these calculations, the extended haze model
was identical to theqysi= 0.04 case irFig. 6b, except that

D = 0.1 was used instead @ = 0.001, in order to speed up

the calculations. This is effectively identical to a haze layer
with tgust= 0.01 directly above the main ring.

In the top panel offFig. 8 the predicted spoke con-
trast is substantial{0.04) for ring tilts of B < 10° and
¢ — ¢o < 90°. At this grazing geometry in forward scat-
tering, spokes are extremely bright compared to the B ring,
even for quite large ring opening angleB ¢ 20°). These
results are consistent with Voyager and pre-1998 HST ob-
servations. In the lower panel, the reduced spoke contrast
with increasingB’ is clearly evident. For typical spoke op-
tical depths {gust~ 0.01) andB’ = 25°, spoke contrast in
backscatter will reach-0.04 only for B < 4° (i.e., for quite
grazing viewing geometry). If the Cassini detection limit is
comparable to our HST value of 0.01, then spokes should be
detectable in backscatter f@r < 10° and in forward scatter
at even larger opening angles.

The details of these calculations depend, of course, on
the assumed phase functions of the ring and dust particles.
The expected wealth of spoke measurements from Cassini,
complemented by the HST data, should make it possible to
determine the spoke particle properties much more precisely.

Fig. 8. Contours of spoke contrat(//F)/(I/F)g, as a function of ring
opening angleB (plotted logarithmically) and azimuth differenge— ¢g
between the observer and the source of illumination, for two solar inci-
dence anglesB’ = 5° (top) andB’ = 25° (bottom). For grazing illumi-
nation geometry ' = 5°), spokes have high contrast in both backscatter

(0 < ¢ — ¢g <« 90°), where they are darker than the surrounding B ring . .
(i.e., the contrast is negative) and in forward scatte? (@0p — ¢ < 18C°) From a decade of mUItlwavelength HST observations,

where spokes are much brighter than the B ring. Contour intervals arelinearSpanning the full range of ring tilt and solar phase angles
for negative contrasts and exponential for positive contrastsBFer 25°, visible from the Earth, we have detected 36 spokes or spoke
the predicted contrast is more muted in both forward- and backscatter. complexes in Saturn’s B ring. From the wavelength depen-
dence of the spoke contrast, we find that the particle size
the elevations of the Sun and the viewer are closely tied, anddistribution for a prominent, isolated spoke is quite narrow,
spokes were never seen in C-D or D-C geometries. Duringwith an effective particle sizee = 0.57 & 0.05 um. The
most of the Cassini mission, the Sun has moderately high el-photometric contrast of the spokes varies quite markedly
evation angle so the only geometry in which one might hope with Beg: at grazing incidence (and viewing) angle, spokes
to see spokes is when the spacecraft is in a fairly low ele- were prominent, but no spokes were seen between late Oc-
vation angle (B—A). We can quantify this with predictions tober 1998 Bef = —15.43°) and March 2004, by which
from our Monte Carlo results, which are applicable over the time the rings had reached their maximum opening angle
full range of possible illumination and viewing geometries. (Besf = —26.7°). This effect is well-matched both qualita-
Figure 8shows the predicted variations in the spoke contrast tively and quantitatively by multiple-scattering calculations
as a function of the viewing elevatidhand the azimuth dif-  for spoke particles in an extended haze layer above the B

5. Conclusions

ference of the observer with respect to illuminatign«{ ¢o)
for two different illumination anglesB’ = 5° and B’ = 25°.
The latter corresponds to the current (2004) geometry, while tal optical depthrgysi= 0.04. It is the amount of dustbove

ring, with optical depthrgysi= 0.01. The results are nearly
identical for a haze layer twice as thick as the B ring with to-



520 C.A. McGhee et al. / Icarus 173 (2005) 508-521

the ring that controls the contrast of spokes. When the spokeBastin, J.A., 1981. Note on the rings of Saturn. Moon Planets 24, 467.
particles are uniformly mixed with the B ring, multiple scat- Carbary, J.F., Bythrow, P.F,, Mitchell, D.G., 1982. The spokes in Saturn's
tering results predict a diminished contrast as the rings open, __"ings—a new approach. Geophys. Res. Let. 9, 420-422.

. Colas, F., Frappa, E., Gomez, J., Laques, P., Lecacheaux, J., Tagger, M.,
but this model cannot account for the complete absence of ™ oo "« "1 cire. 6129,

sppkes with frac'FionaI contrast 1% for |Beff| > 16°. Ad" Collins, S.A., Cook, A.F., Cuzzi, J.N., Danielson, G.E., Hunt, G.E., John-
ditionally, the uniform haze model requires a substantially  son, T.V,, Morrison, D., Owen, T., Pollack, J.B., Smith, B.A., Terrile,
larger haze optical depthdst~ 0.1) to match the observed R.J., 1980. First Voyager view of the rings of Saturn. Nature 288, 439—
spoke contrast at low ring opening angles. 442.

. . _Connerney, J.E.P., 1986. Magnetic connection for Saturn’s rings and at-
We conclude that the absence of spoke detections in mosphere. Geophys. Res, Lett, 13, 773-776.

thel post-1998 HST observations, and n the Cassini obser-¢yx M., Bums, J.A., Cuzzi, J.N., Sugita, S., 2000. Will Cassini detect me-
vations during approach to Saturn (mid-2004), can be at-  teors in Saturn's rings? Bull. Am. Astron. Soc. 32, 1087. Abstract.
tributed to illumination and viewing geometry. Earth-bound Cuzzi, J.N., Durisen, R.H., 1990. Bombardment of planetary rings by
observers restricted ® ~ B’ will likely have to wait for the Imeteorg‘ilds‘,g?gesnoei'al formulation and effects of Oort cloud projectiles.
; S carus 84, 467-501.
rmhgs tl‘? close dolan biforf spokes ?re agan VISIblle' 'On tEeCuzzi, J.N., Durisen, R.H., Burns, J.A., Hamill, P., 1979. The vertical struc-
other hand, spokes s OUd be easily d.EteCtEd’ albeit rather ture and thickness of Saturn’s rings. Icarus 38, 54—68.
foreshortened, by Cassini instruments in both forward- and cuzzi, 3.N., French, R.G., Dones, L., 2002. HST multicolor (255-1042 nm)
backscatter when the spacecraft approaches ring plane cross- photometry of Saturn’s main rings. |. Radial profiles, phase and tilt vari-
ing. Over the course of the Cassini orbital tour, spokes  ations, and regional spectra. Icarus 158, 199-223. o
should gradually become more visible with the approach of Davydov, V.D., ;L982. Arguments for the ordergd 0r|e_ntat|0n of part_|cles in
Saturn equinox. Seasonal effects ma lav a role as well: the Saturn rings and for spokes as a manifestation of magnetic anom-
a . a ke y play ’ alies. Kosmicheskie Issledovaniia 20, 460-471. In Russian.
Cuzzi and Durisen (199@roposed that spokes are produced pomingue, D., Verbiscer, A., 1997. Re-analysis of the solar phase curves of
by the highest speed impacts onto the rings, whose rate could the icy galilean satellites. Icarus 128, 49-74.
vary due to Saturn’s obliquity as the planet orbits the Sun. Dones, L., Cuzzi, J.N., Showalter, M.R., 1993. Voyager photometry of Sat-
These HST observations, the highest quality long-term _ Urn's Aring. Icarus 105, 184-215.

h . oyle, L.R., 1987. Voyager imaging photometry and radiative transfer mod-
Earth-based spoke measurements, prowde an |mportanP eling of the spoke-like features in Saturn’s outer B ring. PhD disserta-

backdrop tq the Cassini mission. They sample the full range  jon. Heidelberg University, Germany.

of solar incidence angles over a full Saturn season (south-Doyle, L.R., Dones, L., Cuzzi, J.N., 1989. Radiative transfer modeling of
ern spring to summer), for more than twice the duration of ~ Saturn’s outer B ring. Icarus 80, 104-135.

the nominal Cassini orbital tour. The Cassini orbiter's multi- Doyle, L.R., Griin, E., 1990. Radiative transfer modeling constraints on the

. L . size of spoke particles in Saturn’s rings. Icarus 85, 168—190.
spectral, hlgh resolution Images of spokes taken over a WIdeFrench, R.G., Nicholson, P.D., 2000. Saturn’s rings Il. Particle sizes inferred

range of solar phase, incidence, and emission angles should o stellar occultation data. Icarus 145, 502—523.
add enormously to our detailed understanding of the origin, French, R.G., McGhee, C.A., Dones, L., Lissauer, J.J., 2003. Saturn’s
evolution, and physical characteristics of spok@erco et wayward shepherds: the peregrinations of Prometheus and Pandora.
al., 2004) Icarus 162, 143-170.
Goertz, C.K., 1984. Formation of Saturn’s spokes. In: COSPAR topical
meeting on dust in space and comets, Graz, Austria, June 25-July 7,
1984, Adv. Space Res. 4, 137-141.
Acknowledgments Goertz, C.K., Morfill, G., 1983. A model for the formation of spokes in
Saturn’s rings. Icarus 53, 219-229.
We thank Michael Mishchenko for the use of his Mie Gold, T., 1980. Electric origin of spokes seen in Saturn’s rings. In: Meeting

scattering code. Amy Simon-Miller and an anonymous ref- on Planetary Exploration, November 1980. Royal Soc. London, Lon-
eree provided prompt and useful reviews. Our results are 90" England.

. . Grin, E., Mofrfill, G.E., Terrile, R.J., Johnson, T.V., Schwehm, G., 1983.
based on observations with the NASA/ESA Hubble Space The evolution of spokes in Saturn’s B ring. Icarus 54, 227-252.

Telescope, obtained at the Space Telescope Science Instituteriin, E., Goertz, C.K., Morfill, G.E., Havnes, O., 1992. Statistics of Sat-
(STScl), which is operated by the Association of Universi- urn’s spokes. Icarus 99, 191-201.
ties for Research in Astronomy, Inc. under NASA contract Hamilton, D.P., Burns, J.A., 1994. Origin of Saturn’s E ring: self-sustained,
No. NAS5-26555. This work was supported in part by STSc| _hatrally. Science 264, 550-553.

.. Hansen, J.E., Travis, L.D., 1974. Light scattering in planetary atmospheres.
Grants GO-06806.01-95A and GO-08660.01A, by NASA's ¢ 11 o'c oo ™l 6" 577610,

Planetary Geology and Geophysics program under Grantsyjy, j.R., Mendis, D.A., 1981. On the braids and spokes in Saturn’s ring
NAG5-4046, NAG5-10197, NAG5-9141, and RTOP 344- system. Moon Planets 24, 431-436.
30-50-01 and RTOP 344-30-51-02, and by the Academy of Hovenier, J., 1969. Symmetry relationships for scattering of polarized light
Finland. in a slab of randomly oriented particles. J. Atmos. Sci. 26, 488—499.
Horanyi, M., Burns, J.A., Hamilton, D.P., 1992. The dynamics of Saturn’s
E ring particles. Icarus 97, 248-259.
Mendis, D.A., Hill, J.R., Ip, W.-H., Goertz, C.K., Griin, E., 1984. Electrody-
References namic processes in the ring system of Saturn. In: Gehrels, T., Matthews,
M.S. (Eds.), Saturn. Univ. of Arizona Press, Tucson, pp. 546-589.
Alexander, A.F.0., 1962. The Planet Saturn: A History of Observation, The- Meyer-Vernet, N., 1984. Some constraints on particles in Saturn’s spokes.
ory, and Discovery. Macmillan, New York. Icarus 57, 422-431.



HST observations of spokes in Saturn’s B ring 521

Nicholson, P.D., Showalter, M.R., Dones, L., French, R.G., Larson, S.M., Showalter, M.R., Pollack, J.B., Ockert, M.E., Doyle, L.R., Dalton, J.B.,
Lissauer, J.J., McGhee, C.A., Seitzer, P., Sicardy, B., Danielson, G.E., 1992. A photometric study of Saturn’s F ring. Icarus 100, 394-411.
1996. Observations of Saturn’s ring-plane crossings in August and No- Smith, B.A., Soderblom, L., Beebe, R.F., Boyce, J.M., Briggs, G., Bunker,

vember 1995. Science 272, 509-515. A., Collins, S.A., Hansen, C., Johnson, T.V., Mitchell, J.L., Terrile,
Porco, C.C., Danielson, G.E., 1982. The periodic variation of spokes in Sat- R.J., Carr, M.H., Cook, A.F., Cuzzi, J.N., Pollack, J.B., Danielson,
urn’s rings. Astron. J. 97, 826—833. G.E., Ingersoll, A.P., Davies, M.E., Hunt, G.E., Masursky, H., Shoe-

Porco, C.C., 19 colleagues, 2004. Cassini Imaging Science: instrument  maker, E.M., Morrison, D., Owen, T., Sagan, C., Veverka, J., Strom, R.,
characteristics and capabilities and anticipated scientific investigations Suomi, V.E., 1981. Encounter with Saturn—\Voyager 1 imaging science

at Saturn. Space Sci. Rev. In press. results. Science 212, 163-191.
Poulet, F., Cuzzi, J.N., French, R.G., Dones, L., 2002. A study of Saturn’s Smith, B.A., Soderblom, L., Batson, R.M., Bridges, P.M., Inge, J.L., Ma-
ring phase curves from HST observations. Icarus 158, 224-248. sursky, H., Shoemaker, E., Beebe, R.F., Boyce, J., Briggs, G., Bunker,
Robinson, L.J., 1980. Closing in on Saturn. Sky Telescope 60, 481. A., Collins, S.A., Hansen, C., Johnson, T.V,, Mitchell, J.L., Terrile,
Salo, H., Karjalainen, R., 2003. Photometric modeling of Saturn’s rings. I. R.J., Cook, A.F,, Cuzzi, J.N., Pollack, J.B., Danielson, G.E., Ingersoll,
Monte Carlo method and the effect of nonzero volume filling factor. A.P., Davies, M.E., Hunt, G.E., Morrison, D., Owen, T., Sagan, C.,
Icarus 164, 428-460. Veverka, J., Strom, R., Suomi, V.E., 1982. A new look at the Saturn

Salo, H., Karjalainen, R., French, R., 2004. Photometric modeling of Sat-  system—the Voyager 2 images. Science 215, 504-537.
urn’s rings. Il. Azimuthal asymmetry in reflected and transmitted light. Tagger, M., Henriksen, R.N., Pellat, R., 1991. On the nature of the spokes

Icarus 170, 70-90. in Saturn’s rings. Icarus 91, 297-314.
Sheehan, W., O'Meara, S.J., 1993. Exotic worlds. Sky Telescope 85, 20— Trauger, J.T., Vaughan, A.H., Evans, R.W., Moody, D.C., 1995. Geome-
24. try of the WFPC2 focal plane. In: Koratkar, A., Leitherer, C. (Eds.),

Showalter, M.R., Cuzzi, J.N., Larson, S.M., 1991. Structure and particle ~ Calibrating Hubble Space Telescope: Post Servicing Mission. Space
properties of Saturn’s E ring. Icarus 94, 451-473. Telescope Science Institute, Baltimore, pp. 379-385.



	HST observations of spokes in Saturn's B ring
	Introduction
	Observations
	Measuring spoke contrast
	Corrections for orbital motion

	Spoke particle sizes
	Spoke contrast, detection limits, and haze models
	Conclusions
	Acknowledgments
	References


