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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 Planetar
(WFPC2) to obtain several hundred high resolution images from 1996 to 2004, spanning the full range of ring tilt and solar pha
accessible from the Earth. Using these multiwavelength observations and HST archival data, we have measured the photometric p
spokes in the B ring, visible in a substantial number of images. We determined the spoke particle size distribution by fitting the wa
dependent extinction efficiency of a prominent, isolated spoke, using a Mie scattering model. Following Doyle and Grün (1990, I
168–190), we assumed that the spoke particles were sub-micron size spheres of pure water ice, with a Hansen–Hovenier size
(Hansen and Hovenier, 1974, J. Atmos. Sci. 31, 1137–1160). The WFPC2 wavelength coverage is broader than that of the Vo
resulting in tighter constraints on the nature of spoke particles. The effective particle size wasreff = 0.57± 0.05 µm, and the size distributio
was quite narrow with a variance ofb = 0.09±0.03, very similar to the results of Doyle and Grün (1990, Icarus 85, 168–190), and con
with predictions of plasma cloud models for spoke production from meteoritic impacts (Goertz and Morfill, 1983, Icarus 53, 2
Goertz, 1984, Adv. Space Res. 4, 137–141). In all, we identified 36 spokes or spoke complexes, predominantly on the morning (
The photometric contrast of the spokes is strongly dependent on effective ring opening angle,Beff. Spokes were clearly visible on the nor
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.
spokes were both less abundant and fainter as the rings opened up, and no spokes were detected after 18 October 1998 (Beff = −15.43◦),
when a single faint spoke was seen on the morning ansa. The high resolution and photometric quality of the WFPC2 images en
set a detection limit of� 1% in fractional brightness contrast for spokes for the post-1998 observations. We compare the observ
of spoke contrast withBeff to radiative transfer calculations based on three models of the distribution of spoke material. In the fi
spoke “haze” is uniformly mixed with macroscopic B ring particles. No variation in spoke contrast is predicted for single-scattering
case, and only a modest decrease in contrast withBeff is predicted when multiple scattering is taken into account. In the second mod
spoke dust occupies an extended layer that is thicker than the B ring, which gives virtually identical results to a third case, when
layer lies exclusively above the ring. Multiple-scattering Monte Carlo calculations for these two extended haze models match th
spoke contrast exceptionally well. We compute the predicted spoke contrast for a wide variety of viewing geometries, including forw
backscattering. Based on these results, spokes should be easily detectable during the Cassini mission when the rings are viewed
small (|B| � 10◦) ring opening angles.
 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Spokes, the wispy ephemeral features in Saturn’s B r
were first seen clearly in Voyager 1 images taken during
flyby of the Saturn system in 1980(Collins et al., 1980). Al-
though groundbased observers had reported seeing stre
the A ring as early as 1873(Alexander, 1962)and had even
computed a rotational period for features seen in the B
in the 1970s(Robinson, 1980), the B ring’s vast panoram
of spokes seen in the Voyager images was unexpecte
response to this and other ring discoveries, the Voyag
observing strategy was altered to be able to take a close
better look at the ring system(Smith et al., 1982), resulting
in extensive coverage of spokes during the 1981 flyby.

The picture that has emerged from the Voyager ob
vations is that spokes are made up of fine dust partic
interacting with Saturn’s magnetic field, and triggered
meteoritic impacts with the rings(Goertz and Morfill, 1983).
Other mechanisms have also been proposed, such as
toionization of dust particles that would then be charg
and lifted out of the ring plane, and magnetic field-align
currents aligning small particles(Gold, 1980; Bastin, 1981
Hill and Mendis, 1981; Carbary et al., 1982; Davydov, 19
Mendis et al., 1984; Connerney, 1986; Tagger et al., 19.
The fact that spokes were darker than the rings at v
ble wavelengths as Voyager 1 approached Saturn (back
tered light), but brighter than the rings when the spacec
turned to look more into the Sun (forward scattered lig
after close encounter, suggested that the spokes were
of very small, roughly micron-sized particles(Smith et al.,
1981). Doyle et al. (1989)concluded from radiative trans
fer modeling that spoke-free B ring regions contained v
little free submicron dust. Subsequently,Doyle and Grün
(1990) used Voyager multicolor broadband photometry
seven spokes to constrain spoke particle sizes. They fo
a relatively narrow size distribution, with a peak at effect
radiusreff = 0.6±0.2 µm. This is consistent with theoretic
calculations ofGoertz and Morfill (1983)andGoertz (1984),
who developed a model for spoke formation from a plas
cloud produced by a meteoritic impact. The probability
capture of at least one charge by a dust grain increases
the particle cross-section, but large grains are too mas
to levitate quickly off the rings. This sets lower and upp
bounds on the spoke particle size, centered onreff = 0.5 µm.
On the other hand,Meyer-Vernet (1984)identified a num-
ber of complicating electromagnetic effects, such as s
destruction of grains and the electrostatic attraction betw
the spoke grain and the much larger parent ring particle
Doyle, 1987, for a review). An accurate determination of t
spoke particle size distribution provides an important c
straint on models of spoke production and evolution.

Here, we report on an extensive set of observati
of spokes taken with the Hubble Space Telescope (H
Spokes had remained virtually unobserved since the 1
and 1981 Voyager flybys until 1994, when the HST’s W
Field and Planetary Camera (WFPC2) first targeted
in

-

-

e

urn (Beebe, HST program ID 5776).1 In 1996, we began
a long-term program using WFPC2 to observe the rin
atmosphere, and satellites at each opposition over a full
urn season. Our observations began just after the most r
ring plane crossing (RPX) epoch in 1995 (the onset of so
ern spring on Saturn). They extended through March 20
shortly after southern summer, when the rings had reac
their most open extent as seen from the Sun and Earth
just prior to the Cassini orbital tour. The superb image qu
ity of the HST has enabled us to detect spokes in m
WFPC2 images and to measure their contrast relativ
the nearby spoke-free regions. When the rings were ne
edge-on, spokes were abundant and clearly visible on
north side of the rings (prior to RPX) and on the south (a
RPX). As the rings opened up, the spoke contrast decrea
and eventually spokes became undetectable. The photo
ric precision and uniformity of the observations enabled
to set stringent detection limits on the maximum spoke
tical depth as the ring opening angle varied over the co
of a full Saturn season. In Section2, we describe our obse
vations and present our measurements of spoke contra
Section3, we determine the particle size distribution for
single well-isolated spoke by measuring the wavelength
pendence of the extinction efficiency. We discuss our sp
detection limits in Section4, and compare the observatio
with radiative transfer calculations for three models of
distribution of spoke material. In the final section, we su
marize our results.

2. Observations

For this investigation of Saturn’s B ring spokes, our p
mary observations are from our 1996–2004 WFPC2 p
gram to observe the rings over the full range of ring
and phase angles accessible from the Earth. During m
of our allocated HST orbits (or “visits”), we imaged th
east (morning) and west (evening)2 ring ansae separate
in the high-resolution PC chip, in each of the five WFP
wideband UBVRI filters (F336W, F439W, F555W, F675W
and F814W), and occasionally in the F255W, F785LP,
F1042M filters. Exposures were separated by about t
minutes. For completeness, we searched the entire HST
archive for WFPC2 images of spokes on the illuminated f
of Saturn’s rings.Table 1summarizes the full set of obse
vations used in this paper. For each data set, identifie
HST program ID number, we list the date of each visit,
ring plane opening angle as viewed from the Earth (B) and

1 A visual detection of spokes using the Pic du Midi 1-m telescope
reported bySheehan and O’Meara (1993), and spokes were observed
CCD images taken in November and December, 1994 from Pic du
(Colas et al., 1995).

2 We adopt the astronomical convention for east and west as mea
from Earth in the plane of the sky, relative to Saturn’s center.
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re no spo
Table 1
HST observations

Prog.
ID

Date B (◦) B ′ (◦) Beff (◦) α (◦) # spokes −�(I/F )
(I/F )B

a −�(I/F )
(I/F )B

a

E W E W

5776 1994 Dec 1 7.89 5.18 6.25 5.84 3 2 0.097 b

6806 1996 Sep 30 −4.31 −4.73 −4.51 0.46 3 3 0.120 0.078
6806 1996 Oct 14 −3.82 −4.93 −4.30 1.93 5 3 0.161 0.052
6806 1997 Jan 10 −3.72 −6.25 −4.66 5.67 1 1 0.134 0.089
7427 1997 Sep 22 −10.59 −10.01 −10.29 2.00 0 1 b 0.079
7427 1997 Oct 1 −10.28 −10.15 −10.21 0.98 2 0 0.044 b

7427 1997 Oct 6 −10.12 −10.22 −10.17 0.50 6 2 0.054 0.042
7427 1997 Oct 10 −9.99 −10.28 −10.13 0.30 2 0 0.032 b

7427 1998 Jan 1 −8.88 −11.47 −10.01 6.02 1 0 0.013 b

7427 1998 Jul 28 −16.67 −14.38 −26.72 6.26 0 0 (0.012) (0.012)
7427 1998 Oct 13 −15.57 −15.42 −26.72 1.20 0 0 (0.009) (0.009)
7427 1998 Oct 18 −15.43 −15.47 −15.45 0.69 1 0 0.027 (0.009)
7427 1998 Oct 24 −15.25 −15.56 −26.71 0.32 0 0 (0.008) (0.008)
8398 1999 Aug 25 −21.05 −19.36 −26.71 6.11 0 0 (0.011) (0.011)
8398 1999 Nov 3 −19.98 −20.16 −26.71 0.43 0 0 (0.008) (0.008)
8398 1999 Nov 7 −19.90 −20.20 −25.75 0.30 0 0 (0.008) (0.008)
8660 2000 Aug 4 −24.19 −22.92 −25.61 6.10 0 0 (0.011) (0.011)
8660 2000 Nov 20 −23.56 −23.83 −25.59 0.27 0 0 (0.008) (0.008)
8660 2000 Nov 24 −23.50 −23.85 −23.68 0.59 0 0 (0.008) (0.008)
8660 2000 Dec 6 −23.33 −23.96 −23.64 1.99 0 c (0.009) c

8802 2001 Sep 8 −26.16 −25.71 −25.93 6.37 0 0 (0.011) (0.011)
8802 2001 Nov 28 −25.90 −26.07 −25.99 0.62 0 0 (0.008) (0.008)
8802 2002 Jan 31 −25.76 −26.29 −26.03 5.58 0 0 (0.010) (0.010)
9341 2002 Sep 21 −26.37 −26.73 −26.55 6.38 0 0 (0.011) (0.010)
9341 2002 Nov 30 −26.47 −26.72 −26.59 2.01 0 0 (0.009) (0.009)
9341 2002 Dec 9 −26.52 −26.72 −26.62 1.00 0 0 (0.009) (0.009)
9341 2002 Dec 14 −26.55 −26.71 −26.63 0.40 0 0 (0.008) (0.008)
9341 2002 Dec 16 −26.56 −26.71 −26.64 0.23 0 0 (0.008) (0.008)
9341 2002 Dec 17 −26.57 −26.71 −26.64 0.15 0 0 (0.007) (0.007)
9809 2003 Aug 25 −25.41 −26.17 −25.79 5.05 0 0 (0.010) (0.010)
9809 2003 Dec 5 −25.11 −25.75 −25.42 3.05 0 0 (0.009) (0.009)
9809 2003 Dec 31 −25.53 −25.61 −25.57 0.08 0 0 (0.007) (0.007)
9809 2004 Jan 1 −25.54 −25.61 −25.58 0.10 0 0 (0.007) (0.007)
9809 2004 Jan 5 −25.60 −25.59 −25.60 0.50 0 0 (0.008) (0.008)

a The normalized contrast of the darkest spoke observed with the F555W filter on each date. Entries in parentheses detection limits, in cases whekes
were visible.

b Accurate photometry was not possible on spokes in these images.
c No west ansa images were taken on this date.
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the Sun (B ′), and the solar phase angleα, as well as othe
quantities to be defined later.

We used standard pipeline-processed images for
analysis. The geometric and photometric calibrations of
PC images, and details about individual observations, ar
scribed in detail byCuzzi et al. (2002), Poulet et al. (2002),
andFrench et al. (2003). Briefly summarized, we correcte
each image for geometric distortion using theTrauger et
al. (1995) transformation, and determined the global
ordinates of Saturn’s center and the absolute ring p
radius scale by fitting the Encke Division in each ima
We converted from data number (DN) to reflectivityI/F

by integrating in wavelength over the product of the so
spectrum and the detector and filter response, as desc
by Nicholson et al. (1996). The remarkable quality of th
WFPC2 images is evident inFig. 1, which shows a spok
complex near elongation on the morning (east) ansa, t
on 30 September 1996, with a ring opening angleB of only
-

d

−4.31◦. The spoke region, magnified in the inset box
unsharp-masked to accentuate the contrast. InFig. 2, both
the east and west ansae are reprojected to show the
shape of the spokes. Since even the diffraction-limited H
images have finite resolution, the strong foreshortenin
the rings at this viewing angle changes the radial resolu
as a function of longitude relative to elongation. In this fi
ure, the morning and evening (east and west) ansae F5
images of 30 September 1996 were stretched in the no
south direction by 1/sin|B| to give a bird’s-eye view of the
rings. The top row shows the images with linear contrast,
the bottom row shows them unsharp-masked. The orig
unstretched images are shown at left in each panel. N
that the Encke and Cassini Divisions are well-resolve
elongation, but the radial resolution degrades rapidly a
from elongation. The unsharp masked morning ansa im
(lower left) clearly reveal several spoke complexes. On



HST observations of spokes in Saturn’s B ring 511
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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) ans
30 September 1996. The highlighted region, magnified in the lower left, has been unsharp-masked to accentuate the contrast.

Fig. 2. The true shape of the spokes shown inFig. 1 is most easily seen by reprojecting the image, as shown in the left column. The morning ansa im
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 panel is unshap-masked.
Also included, in the right column, is the corresponding F555W image from the evening (west) ansa (data set ID u3ica402t). Faint spokes are vise as
well.
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evening (west) ansa, spokes are also present, although
muted in contrast.

2.1. Measuring spoke contrast

To characterize spoke particle properties, we meas
the spoke brightnesses relative to the nearby rings. We d
the normalized spoke contrast as

(1)
�(I/F)

(I/F )B
= (I/F )spoke− (I/F )B

(I/F )B
,

ewhere(I/F )spokeis the reflectivity of the spoke and(I/F )B

is the reflectivity of spoke-free B ring at the same orbital
dius. At the solar phase angles accessible from the E
(I/F )spoke< (I/F)B, in which case spokes are darker th
the B ring and the spoke contrast is< 0. Ideally, we would
use a second, spoke-free image of the rings, taken with
same viewing geometry and filter, as a measure of the sp
free (I/F )B. Unfortunately, such multiple images were n
taken in the early years of our HST program, and we h
adopted two other strategies to measure the backgrou
ring brightness. One is to reflect the image about the l
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, and
F547M e
, images are
Fig. 3. Images of spokes, reprojected onto a rectangular coordinate system with radius increasing upward from 100,000 to 116,000 km in each striporbital
longitude increasing to the right, centered on elongation, and compressed by a factor of 1.75 relative to the vertical axis. The 1 December 1994ast
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
data set IDs u2kr0105t, u3ic0403t, u3ic0203t, u3ic0103t, u46a0209r (west ansa), and u46a7203r.
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axis of the rings to produce a mirror image. Then, fo
spoke in the trailing east quadrant, we could use the lea
east quadrant in the mirror image as a comparison reg
which would be affected in exactly the same way as
spoke region by diffraction and longitudinally variable rad
resolution. Of course, this requires that the mirrored reg
is spoke-free. In cases where spokes are present in bo
leading and trailing quadrants, we have used the leadin
trailing quadrant on the opposite ansa (if such images
ist) as a comparison region, when either of these regio
spoke-free.

We reprojected all of our images onto a rectangular c
dinate system of radiusr and ring longitudeθ , measured in
a prograde direction from the sub-observer point on the
ring. To preserve photometric accuracy, we subdivided e
image pixel into 20× 20 subpixels and mapped them in
bins of radial extentdr = 100 km and longitudinal width
dθ = 0.1◦. (At r = 100,000 km,r dθ = 175 km. Note that a
PC image has a scale of 0.0455′′/px � 300 km at Saturn, s
that our transformation preserves the resolution of the o
nal images.) This reprojection puts all images on a comm
scale, making it easy to subtract one from another, or to
verse and subtract a mirror image from the image itsel
also makes it possible to correct for Keplerian shear betw
successive exposures by evolving each image back to a
,

e

-

mon epoch, using the known radial dependence of the or
mean motion.

Figure 3 shows (r, θ) reprojections of representativ
spokes in the outer B ring from 1994–1998, with the
fective ring opening angleBeff between+6.25◦ in 1994 and
−15.45◦ in 1998, where

(2)sinBeff = 2 sinB sinB ′

sinB + sinB ′ .

Table 1 lists Beff for all of our observations. The vertic
axis of each strip extends upward fromr = 100,000 km to
r = 116,000 km. The horizontal axis is centered at elon
tion, compressed by a factor of 1.75 relative to the vert
axis. Note the abundance of high contrast spokes in the
four images, all taken at lowBeff. At larger ring opening
angles, spokes were fainter and rarer. The last spoke
tected in our HST images was observed on 18 October 1
(Beff = −15.45◦). No other spokes were visible in the su
sequent 5.5 years.

2.2. Corrections for orbital motion

During each HST visit, we cycled through a variety
filters for each ansa. Although most exposures were q
short, WFPC2 requires three minutes to change filters
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n reprojected
nd loca
101t,
Fig. 4. A prominent, isolated spoke was observed on the east ansa on 10 June 1997 in six broadband filters. The successive images have bee
and then corrected for differential orbital motion by evolving each image to the epoch of the earliest (F336W) exposure. Notice that the shape ation
of the spoke change very little in these evolved projections, which span a total of∼ 15 minutes. From top to bottom, the images are data set IDs u3ic0
u3ic0102t, u3ic0103t, u3ic0104t, u3ic0105t, and u3ic0106p.
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prepare for the next image, so that typically 15–20 minu
elapsed between the first and last image of a set. O
this interval, the spoke appears to move, through a c
bination of Keplerian shear and any intrinsic ring-relat
motion. Grün et al. (1992)measured the angular veloci
of spoke edges from high-resolution Voyager image p
taken 24 minutes apart (comparable to the total duratio
our HST image sets). They found that deviations from
plerian orbital motion were quite small, and typically le
than 5× 10−6 rad/s, or about 600 km in the azimuth
direction during 24 minutes, compared with∼ 30,000 km
of orbital motion during the same interval. Since a sin
PC pixel at elongation has a longitudinal extent of ab
300 km/sin|B| � 600 km, any differences between actu
spoke motion and Keplerian motion in our HST imag
would be evident only at the subpixel level, and we c
safely ignore them.

As an illustration of the effectiveness of correcting
orbital motion,Fig. 4shows a sequence of six spoke imag
taken on 10 January 1997, evolved to the epoch of the
exposure in the set, taken in the F336W filter. Notice that
prominent spoke at the left is in the same location of e
evolved image. The “sutures” at the right show the radia
variable longitude shift introduced to correct for Kepleri
shear.

3. Spoke particle sizes

The most extensive prior color analysis of Voyager i
ages of spokes was performed byDoyle and Grün (1990),
who estimated the particle size distribution of the spo
from their wavelength-dependent extinction efficiency. T
Voyager clear filter observations over a range of phase an
had previously been modeled using a Henyey–Green
phase function and indicated a particle sizereff � 0.15 µm
(Doyle et al., 1989). Four-color photometry of spokes
backscatter, modeled with a Mie phase function, gavereff �
0.63 µm. A third set of spokes, viewed in forward sc
ter, indicatedreff > 0.59 µm. The sign of the slope of ex
tinction efficiencyQeff with size parameterx = 2πreff/λ,
whereλ is the wavelength of observation, suggested
the effective size of spoke particles was about 0.6 µm,
the steepness of the slope indicated that the size dist
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tion could be rather narrow(Doyle, 1987; Doyle and Grün
1990).

The robustness of these conclusions was restricted
marily by the limited wavelength coverage of the Voya
blue-sensitive vidicon imaging system. InDoyle and Grün’s
(1990)models, all of the measurements were on the s
wavelength side of the peak of the Mie scattering efficie
curve. The broad wavelength coverage and high photom
accuracy of WFPC2 have enabled us to extend their resu
the near-IR. We have measured the wavelength depend
of the contrast of a single dark, isolated spoke observe
the morning (east) ansa on 10 January 1997 in six fi
(F336W, F439W, F555W, F675W, F814W, and F785L).
account for orbital motion over the 15-minute duration of
observations, we evolved the images to a common epoc
described previously and illustrated inFig. 4. We measured
the average(I/F )spoke near the darkest part of the spok
and(I/F )B from the spoke-free ring brightness in the opp
site quadrant of the east ansa, at the same relative long
from elongation. We assume that the B ring material it
in the spoke region has the same photometric propertie
the adjacent spoke-free B ring.Doyle and Grün (1990)dis-
cuss the minor effects that result from taking into acco
possible differences between the two. The results are sh
in Fig. 5. In the top panel, the spoke and B ring reflecti
ties are plotted separately. The overall ring spectrum is q
red (Cuzzi et al., 2002), and the spoke is darker than t
B ring at all wavelengths. In the bottom panel, we plot
measured spoke contrast magnitude|�(I/F)/(I/F )B| as a
function of the Mie size parameter,x = 2πreff/λ, assuming
reff = 0.57 µm (see below). There is a clear peaked shap
the spoke contrast.

For ease of comparison, we followDoyle and Grün’s
(1990)approach in modeling the extinction efficiency. W
assume that the spoke particles are lossless Mie scatt
water ice spheres with a real component of the refractive
dex equal to 1.33 and a Hansen–Hovenier size distribu
given by

(3)n(r) = Cr(1−3b)/be−r/reffb,

whereC is a constant,r is the particle radius,reff is the effec-
tive radius of the distribution, andb is the effective varianc
(seeDoyle and Grün, 1990, Eq. (10), et seq.). The overa
particle optical depth is defined by

(4)τdust=
rmax∫

rmin

n(r)πr2Qe(r,λ) dr,

wheren(r) dr is the number of particles per unit area,
given by Eq.(3), andQe(r,λ) is the wavelength-depende
extinction efficiency due to both scattering and absorptio

Using a grid search, we determinedreff andb that gave
the best fit to the observed wavelength-dependent spoke
trast inFig. 5. We assumed that the spoke contrast is pro
tional to τdust at each wavelength, and that the constanC

in Eq. (3) could be freely adjusted to give the best ma
e

s

e

s

g

-

(a)

(b)

Fig. 5. Photometry of the large, isolated spoke observed on 10 January
shown inFig. 4. In the upper panel, theI/F of the spoke and of a compa
rable spoke-free region are shown as a function of the effective wavele
of six broadband WFPC2 filters (F336W, F439W, F555W, F675W, F81
and F785L). The wavelength coverage of the Voyager spoke observati
much more limited(Doyle and Grün, 1990), as shown by the range dema
cated by arrows. The lower panel shows the corresponding spoke co
magnitude as a function of Mie particle size parameter. The best fi
scaled Mie scattering efficiency for lossless icy spherical particles is o
plotted on the observations. For comparison, the Mie extinction efficie
curve for icy spheres is also shown.

Table 2
Spoke photometry

Filter λeff
(nm)

(I/F )spoke (I/F )B −�(I/F )/(I/F )B Size
parameter

F336W 334.3 0.1907 0.2101 0.0905 10.69
F439W 430.3 0.3247 0.3655 0.1064 8.31
F555W 539.2 0.4064 0.4605 0.1189 6.63
F675W 669.7 0.4507 0.5083 0.1136 5.34
F814W 794.2 0.4704 0.5234 0.0994 4.50
F785LP 864.7 0.4726 0.5242 0.0984 4.13

to the measurements, which are given inTable 2. We find
reff = 0.57± 0.05 µm andb = 0.09± 0.03, the values use
for the smooth curve overplotted on the observations.
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comparison, we also show the Mie scattering function fo
monodispersion. The characteristic fringes of the extinc
curve are largely suppressed by averaging over the p
cle size distribution. Our results confirmDoyle and Grün’s
(1990)finding: the effective spoke particle size is of ord
0.6 µm and the size distribution is rather narrow, exte
ing over much less than a decade aboutreff. As shown in
Fig. 5, the Voyager data were restricted to wavelengths
low 600 nm and to a size parameter range 0.8 < logx < 1.1
(6.3 < x < 12.6). In contrast, the HST observations nice
sample both sides of the peak in the scattering efficie
curve.

Our quoted uncertainties inreff andb reflect the variation
in fitted values resulting from assuming different regions
define the spoke boundary. We explored a number of di
ent approaches, such as choosing the darkest region o
spoke, identifying a “region of interest” that defined a co
tour boundary of the spoke, and using a variety of photom
ric apertures. The primary challenge was to find a unifo
spoke-free region for all filters, taking account of the m
tion of the spoke between exposures. For most high-con
spokes, the rings were so highly populated with spokes
a convincingly spoke-free region was difficult to find. T
spoke used for this photometric study was exceptional, b
dark and isolated, with a spoke-free region for compariso
the opposite quadrant on the same ansa.

We have assumed that the spoke particles are los
scatterers. For absorbing particles, the amplitude of
fringes in the extinction efficiency curve is reduced, and
high-frequency structure is suppressed. AsDoyle and Grün
(1990) show, the scattering extinction is much larger th
the absorption extinction for plausible compositions, an
refractive index of ice of 1.33+ 0.1i (i.e., with a very large
and strongly wavelength-dependent imaginary compon
would be required to mimic the effects of a very narr
size distribution. To determine the sensitivity of our resu
to absorption, we fitted the spoke contrast measuremen
Fig. 5 to models of lossy ice particles with imaginary pa
of the index of refraction of 0.01i, 0.05i, and 0.1i, and we
determined the characteristics of the best-fitting Hans
Hovenier size distribution for each case. The effective p
ticle size was almost unchanged: we foundreff = 0.568,
0.550, and 0.536 µm, respectively, for these cases. On
other hand, since absorption and a broad particle size d
bution both act to flatten the extinction efficiency curve,
fitted particle size distribution was narrower as the partic
became more absorbing. We foundb = 0.08, 0.03, and 0.01
for the three cases. Thus, our conclusions about the effe
spoke particle radius and narrow size distribution hold e
for absorbing particles.

The spoke particles appear to have sizes comparab
the icy grains that comprise Saturn’s tenuous E ring, the o
known ring believed to have a narrow size distribution. T
E ring’s blue spectrum implies that the ring particles ha
radii of about∼ 1 µm (Showalter et al., 1991; Nicholso
et al., 1996). For both spokes and the E ring, impacts o
e

t

s

the B ring and onto Saturn’s mid-sized moons, respectiv
probably liberate grains with a wide range of sizes, but o
particles near a particular size can stray far from wh
they are produced. However, the physics involved is dif
ent in the two cases(Goertz, 1984; Horanyi et al., 1992
Hamilton and Burns, 1994). We emphasize that the “dus
in the spokes is not the meteoritic material fragmented
vaporized on impact, but is predominantly water ice fr
the B ring itself. As pointed out býCuk et al. (2000), the for-
mation rate of spokes is consistent with the impact rate
10-kg meteoroids, whereas the mass of material in a sp
is orders of magnitudes larger(Grün et al., 1983).

4. Spoke contrast, detection limits, and haze models

We took a census of spokes in all of our images
measuring the spoke contrast of each recognizably dis
spoke in the F555W images for each HST visit. We
fined (I/F )spoke to be the darkest pixel in a given spok
and (I/F )B to be the typical spoke-free B ring reflectivi
at the same orbital radius. The results are shown inFig. 6.
In Table 1, we list the number of spokes seen on each d
separately for the east and west ansae. In all, we ident
36 spokes or spoke complexes. We also tabulate the
trast of the darkest spoke in each visit, for each ansa
cases where no spokes were visible, we indicate a de
tion limit given by 0.005/(I/F )B (� 1% in spoke contrast)
where 0.005= −�(I/F) for the faintest spoke we coul
convincingly detect. Generally, spokes were both darker
more abundant on the morning (east) ansa, as was the
for Voyager spokes as well(Porco and Danielson, 1982).

The abundance of detectable spokes decreased sh
with increased ring opening angle in our HST images.
understand why spokes become harder to detect as the
open up, we have performed multiple-scattering calculat
for three plausible distributions of spoke material: (1)
spoke dust is uniformly mixed with the B ring itself; (2) th
dust occupies an extended, uniform haze layer, thicker
and centered on the edge-on B ring; and (3) spoke dus
entirely above the B ring in a uniform haze layer. We d
scribe the results of each of these calculations in turn.

We begin by assuming that the spoke material is
bedded within the B ring itself, which is implicit inDoyle
and Grün’s (1990)radiative transfer development. For th
case, we have used classical multiple-scattering (“d
bling”) models of the B ring, in which the thickness of th
layer containing the ring particles is many times the s
of the macroscopic particles. In reality, the ring partic
have a broad size distribution extending from radii of
to 20 m(French and Nicholson, 2000), and the ring thick-
ness is probably only a few times the size of the larg
particles(Cuzzi et al., 1979; Salo and Karjalainen, 200.
Nonetheless, classical models provide a reasonable po
departure for comparison with our observations. We a
assume that the only difference between spoke and
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Fig. 6. (a) A census of spokes detected in HST images from 1994 to 2
The normalized F555W contrast of each spoke is plotted as a functi
effective ring opening angle|Beff|. Spokes are generally darker and mo
numerous on the east (morning) ansa (filled circles) than the west (eve
ansa (open circles). Points annotated by ‘N’ were observed in wide-
images with the F547M filter on the north face of the rings in 1994, prio
the most recent ring plane crossing epoch. Inverted triangles denote
tion limits in cases where no spokes were seen. When the spoke pa
are uniformly mixed with the B ring itself, single-scattering (SS) calcu
tions for spoke optical depthτdust= 0.1 (dashed line) predict no variatio
in spoke contrast with changing ring opening angle. When multiple s
tering (MS) is taken into account, the spoke contrast decreases with|Beff|
(solid line), although not as rapidly as suggested by the observation
indicate an absence of detected spokes for|Beff| > 16◦. (b) Comparison of
observations with Monte Carlo simulations of spoke material distribute
an extended haze layer withτdust= 0.04 that is twice the vertical thicknes
of the B ring (thin lines), and for aτdust= 0.01 haze layer lying completel
above the B ring (thick lines). Single scattering results are shown da
which are well-matched by the simple (1− e−2τdust/sinBeff ) behavior ex-
pected for a classical haze layer, shown as open squares. Multiple sca
results are shown as solid lines, which match the envelope of spoke o
vations quite well.

spoke regions is that the former contain microscopic p
cles having the same spatial distribution as the macrosc
particles. By contrast,Doyle et al. (1989)and Doyle and
-
s

t

g
-

Grün (1990)assumed that macroscopic particles in sp
and non-spoke regions also have different albedos and p
functions.

In Fig. 6a, we plot the model results obtained when
took the difference between two doubling calculations,
in which f = 10% of the optical depth of the B ring wa
comprised of spoke particles, and a second with no sp
particles. We assumedB = B ′ in steps of 1◦ up to 27◦ and a
solar phase angle of 1◦, which is the median phase angle f
our observations. For these calculations we took the s
particles to be lossless spheres of water ice with a refra
index 1.33+ 0i. The doubling calculations were perform
with the code described byShowalter et al. (1992)andDones
et al. (1993). The large particles in the B ring were assum
to have a backscattering phase function like that of
galilean satellite Callisto(Domingue and Verbiscer, 1997
and a Bond albedo of 0.649, which is appropriate for
F555W filter. The spoke particles had a Hansen–Hove
size distribution withreff = 0.57 µm andb = 0.09, as we
found in Section3. We assumed a single-scattering albe
of 1 and a forward-scattering phase function, calculated
Michael Mishchenko’s Mie code spher.f (http://www.giss.
nasa.gov/~crmim/brf/), with a Henyey–Greenstein asymm
try parameter,g, of 0.824. In the case in whichf = 10%
is assumed, the effective albedo of the ring particles
(1− f ) × 0.649+ f × 1= 0.684.

In Fig. 6a, the horizontal dashed line shows the expec
fractional change inI/F when only single scattering is co
sidered. In this case it can be shown that if the spoke
ticles are highly forward-scattering (or have small albed
which is not the case here),|�(I/F)/(I/F )B| → f . In fact,
we find that the fractional decrease is 9.7%, indepen
of tilt angle, so|�(I/F)/(I/F )B| is indeed nearly equa
to f . When multiple scattering is included (solid curve),
contrast is smaller, because some of the multiply-scatt
light is scattered back in the direction of the observer. M
tiple scattering is larger in the case in which dust is pres
both because the effective albedo of the rings is larger
because light is scattered deeper into the ring layer. M
ple scattering also increases more rapidly with tilt angle
|Beff| � 15◦ when dust is present. The predicted contrast
creases from 7.9% at|Beff| = 1◦ to 3.7% at|Beff| = 15◦, and
then remains nearly constant at larger ring opening an
reaching 3.5% at|Beff| = 27◦. Our numerical results ca
be fit to within 10% by the expression�(I/F)/(I/F )B =
−0.023−0.061/

√|Beff|, where hereBeff is measured in de
grees. This decline with tilt angle is much shallower than
measured trend of spoke contrast with tilt angle. We h
also performed multiple-scattering calculations in which
spoke particles were assumed to be lossy (imaginary in
of refraction as large as 0.1), or in which the spoke pa
cles had an isotropic phase function, as would be expe
if the spoke particles were tiny Rayleigh scatterers or la
composite particles. In no case did the embedded haze
models predict the contrast between spoke and non-s
regions to vary as rapidly with tilt angle as we observ

http://www.giss.nasa.gov/~crmim/brf/
http://www.giss.nasa.gov/~crmim/brf/
http://www.giss.nasa.gov/~crmim/brf/
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The embedded haze model cannot account for the obse
trend.

Next, we determined the predicted spoke contrast fo
extended haze layer, thicker than the B ring itself, using
method described bySalo and Karjalainen (2003)andSalo
et al. (2004), based on following a large number of photo
through a ring composed of discrete finite sized partic
The particle field, with periodic planar boundaries, is illum
nated by a parallel beam of photons, and the path of e
individual photon is followed in detail from one intersecti
with a particle surface to the next scattering, until the p
ton escapes the particle field; the new direction after e
scattering is obtained via Monte Carlo sampling of the p
ticle phase function. The brightness at a chosen obser
direction is obtained by adding together the contribution
all individual scatterings which are visible from this dire
tion. Compared to a direct Monte Carlo estimate based
tabulating just the directions of emerging photons, this
direct method gives significantly reduced variance of
results.

In the current Monte Carlo models, the particle field
composed of both macroscopic ring particles and dust
ticles (10,000 in each component), with each of the
components characterized by different phase functions
single scattering albedos as described above for the
bedded haze layer models. The optical depth and ver
extent of both components can be varied. Note that usin
nite sized particles automatically implies shadowing effe
which are absent in classical radiative calculations. In o
to make a fair comparison to classical calculations, a sm
volume filling factorD is used: we assumeD = 0.001 for
the ring particles (and about 3× 10−6 for the dust), so tha
the width of the opposition peak∼ D is narrower than the
adoptedα = 1◦. Due to the smallD the Monte Carlo calcu
lations are very CPU-intensive, since the photons can tr
large physical distances between scatterings. In this c
even with 10,000 particles the planar extent of the part
field is much smaller than its vertical extent (about 60 a
1300 particle diameters, respectively). Therefore, espec
for low elevation angles, the photon paths typically need
be followed through a large number of periodic copies of
original particle field.

In Fig. 6b, we show the results for two representat
Monte Carlo simulations. In the first case, the homogene
spoke dust layer (withτdust= 0.04) is centered on, but twic
as thick vertically, as the B ring layer of macroscopic ri
particles (withτ = 2.0). The predicted effect of ring til
on spoke contrast, including multiple scattering, is sho
as a thin solid line. (The minor undulations in the profi
are the result of photon statistics in the Monte Carlo s
ulations.) The overall trend matches the upper envelop
the measured spokes at low ring opening angles, as
as the detection limits at largerBeff. For comparison, the
single-scattering results are also shown (thin dashed l
Multiple-scattering reduces the spoke contrast especiall
fectively at large ring opening angles.
d

-

,

l

To isolate the effect of an extended haze layer in fron
the B ring, we next restricted the spoke material to the up
one-fourth of the previous case. That is, the haze layer
a total optical depth ofτdust= 0.01, with a physical thick-
ness one-half that of the B ring, which lay directly bene
it. The results are shown as the thick lines; they are nearl
distinguishable from the previous Monte Carlo case for
full extended haze layer. As expected, the single-scatte
results are matched almost perfectly by the classical exp
sion, 1− e−2τdust/|sinBeff|. Collectively, the strong tilt effec
on spoke contrast can be accounted for as a result of v
ing viewing and illumination geometry of an extended la
of dust that lies above the ring itself. A relatively low op
cal depth (τdust≈ 0.01) is sufficient to produce the observ
contrast. Spoke material within or beneath the B ring its
has little additional effect.

The variation of spoke contrast with ring tilt is strong
dependent on whether the spoke dust extends above
main ring or not. To illustrate the effect of vertical inhom
geneity of the spoke and main ring particles,Fig. 7 shows
three panels of the main rings in cross-section: (a) with
spoke dust, (b) with spoke dust distributed homogeneo
among the cm–m size main ring particles, and (c) with sp
dust distributed in a thicker layer than the main ring p
ticles. By reciprocity, thereflectanceof the layer (usually
denotedR or S)—but not itsI/F—is invariant to exchang
of source and viewer, even for a vertically inhomogene
layer(Hovenier, 1969; Hansen and Travis, 1974). Our spoke
contrasts are normalized by the backgroundI/F (Eq. (1)),
and thus are analogous to reflectance. In all cases, the
cle mix traversed by the incoming and outgoing rays de
mines the average scattering behavior of the observed p
of ring. In the homogeneous case (b), all lines of sight see
same fractional mix of small and large particles regard
of their elevation angle. As the elevation angle increases
degree of multiple scattering of the reflected light increa
which washes out the contrast between spoke and non-s
areas (compare the dashed and solid lines inFig. 6a). How-
ever, the difference is small because the effective scatte
properties of the layer are not changing with elevation an

On the other hand, as shown in the inhomogeneous
(c), if the micron-sized grains are distributed in a thick
layer than the main ring particles, the lines of sight A–B (a
B–A) sample a far larger abundance of spoke particles
ative to main ring particles, relatively speaking, than lin
of sight C–D and D–C. This greatly increases the cont
between spoke- and non-spoke regions relative to that ex
ited by the uniformly mixed layer (compare the solid lines
Fig. 6b with those inFig. 6a). That is, the low optical dept
spoke dust is an increasingly dominant contributor to s
tered light as the elevation angle decreases, whether the
elevation angle characterizes the illumination, the view
or both. It is the dust above, rather than within, the ring t
produces the strong tilt effect.

While more modeling is needed, we speculate that
width of the effect in elevation angle is related to the an
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(c) with
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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, anda
vertically extended layer of spoke material. Arrows represent lines of sight from the Sun to the observer (or vice versa, by symmetry), after scatteng from a
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 encounters ande early
(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 obsers and
the early Cassini (mid-2004) observations. See text for additional discussion.
the
ex-
icle
pok
f it.
hy-
ixed

ld
ller
can

like
r’s
rse,
lar width of the spoke particle phase function. That is, if
elevation angle is larger than the typical diffraction lobe
tent of a spoke particle, all the light scattered by that part
goes into the ring and, conversely, on emergence, the s
cloud is as likely to scatter light into the detector as out o
Ultimately this might be another testable aspect of our
pothesis. Previous models which assumed uniformly m
e

dust(Doyle and Grün, 1990)suggested that spoke dust cou
have optical depth of a few percent; we find that a sma
fraction (about a percent), but inhomogeneously mixed,
match both the detections and non-detections.

The Voyager epoch was characterized by geometry
A–B, in which the Sun had low elevation and the viewe
elevation varied through a large range. From HST, of cou
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Fig. 8. Contours of spoke contrast,�(I/F )/(I/F )B, as a function of ring
opening angleB (plotted logarithmically) and azimuth differenceφ − φ0
between the observer and the source of illumination, for two solar
dence angles,B ′ = 5◦ (top) andB ′ = 25◦ (bottom). For grazing illumi-
nation geometry (B ′ = 5◦), spokes have high contrast in both backsca
(0 � φ − φ0 
 90◦), where they are darker than the surrounding B r
(i.e., the contrast is negative) and in forward scatter (90◦ 
 φ −φ0 � 180◦)
where spokes are much brighter than the B ring. Contour intervals are l
for negative contrasts and exponential for positive contrasts. ForB′ = 25◦,
the predicted contrast is more muted in both forward- and backscatter

the elevations of the Sun and the viewer are closely tied,
spokes were never seen in C–D or D–C geometries. Du
most of the Cassini mission, the Sun has moderately hig
evation angle so the only geometry in which one might h
to see spokes is when the spacecraft is in a fairly low
vation angle (B–A). We can quantify this with predictio
from our Monte Carlo results, which are applicable over
full range of possible illumination and viewing geometrie
Figure 8shows the predicted variations in the spoke cont
as a function of the viewing elevationB and the azimuth dif-
ference of the observer with respect to illumination (φ −φ0)
for two different illumination angles,B ′ = 5◦ andB ′ = 25◦.
The latter corresponds to the current (2004) geometry, w
the more shallow illumination approximates the geome
during the Voyager flybys. The solar phase angleα is related
to the azimuth difference (φ − φ0), B, andB ′ by

(5)cos(α) = µµ0 +
√(

1− µ2
)(

1− µ2
0

) × cos(φ − φ0),

where µ = 1/|sinB| and µ0 = 1/|sinB ′| (Hansen and
Travis, 1974). The solid contours indicate the domain whe
spokes are viewed in backscatter, and appear dark ag
their surroundings, while the dashed contours indicate
forward scattering domain where spokes are expected to
pear bright. For these calculations, the extended haze m
was identical to theτdust= 0.04 case inFig. 6b, except that
D = 0.1 was used instead ofD = 0.001, in order to speed u
the calculations. This is effectively identical to a haze la
with τdust= 0.01 directly above the main ring.

In the top panel ofFig. 8, the predicted spoke con
trast is substantial (−0.04) for ring tilts of B < 10◦ and
φ − φ0 < 90◦. At this grazing geometry in forward sca
tering, spokes are extremely bright compared to the B r
even for quite large ring opening angles (B ∼ 20◦). These
results are consistent with Voyager and pre-1998 HST
servations. In the lower panel, the reduced spoke con
with increasingB ′ is clearly evident. For typical spoke op
tical depths (τdust ∼ 0.01) andB ′ = 25◦, spoke contrast in
backscatter will reach−0.04 only forB < 4◦ (i.e., for quite
grazing viewing geometry). If the Cassini detection limit
comparable to our HST value of 0.01, then spokes shoul
detectable in backscatter forB < 10◦ and in forward scatte
at even larger opening angles.

The details of these calculations depend, of course
the assumed phase functions of the ring and dust parti
The expected wealth of spoke measurements from Cas
complemented by the HST data, should make it possib
determine the spoke particle properties much more preci

5. Conclusions

From a decade of multiwavelength HST observatio
spanning the full range of ring tilt and solar phase ang
visible from the Earth, we have detected 36 spokes or sp
complexes in Saturn’s B ring. From the wavelength dep
dence of the spoke contrast, we find that the particle
distribution for a prominent, isolated spoke is quite narr
with an effective particle sizereff = 0.57 ± 0.05 µm. The
photometric contrast of the spokes varies quite marke
with Beff: at grazing incidence (and viewing) angle, spok
were prominent, but no spokes were seen between late
tober 1998 (Beff = −15.43◦) and March 2004, by which
time the rings had reached their maximum opening an
(Beff = −26.7◦). This effect is well-matched both qualita
tively and quantitatively by multiple-scattering calculatio
for spoke particles in an extended haze layer above th
ring, with optical depthτdust= 0.01. The results are near
identical for a haze layer twice as thick as the B ring with
tal optical depthτdust= 0.04. It is the amount of dustabove
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the ring that controls the contrast of spokes. When the s
particles are uniformly mixed with the B ring, multiple sca
tering results predict a diminished contrast as the rings o
but this model cannot account for the complete absenc
spokes with fractional contrast� 1% for |Beff| > 16◦. Ad-
ditionally, the uniform haze model requires a substanti
larger haze optical depth (τdust≈ 0.1) to match the observe
spoke contrast at low ring opening angles.

We conclude that the absence of spoke detection
the post-1998 HST observations, and in the Cassini ob
vations during approach to Saturn (mid-2004), can be
tributed to illumination and viewing geometry. Earth-bou
observers restricted toB ∼ B ′ will likely have to wait for the
rings to close down before spokes are again visible. On
other hand, spokes should be easily detected, albeit r
foreshortened, by Cassini instruments in both forward-
backscatter when the spacecraft approaches ring plane c
ing. Over the course of the Cassini orbital tour, spo
should gradually become more visible with the approac
Saturn equinox. Seasonal effects may play a role as w
Cuzzi and Durisen (1990)proposed that spokes are produc
by the highest speed impacts onto the rings, whose rate c
vary due to Saturn’s obliquity as the planet orbits the Su

These HST observations, the highest quality long-t
Earth-based spoke measurements, provide an impo
backdrop to the Cassini mission. They sample the full ra
of solar incidence angles over a full Saturn season (so
ern spring to summer), for more than twice the duration
the nominal Cassini orbital tour. The Cassini orbiter’s mu
spectral, high resolution images of spokes taken over a
range of solar phase, incidence, and emission angles s
add enormously to our detailed understanding of the ori
evolution, and physical characteristics of spokes(Porco et
al., 2004).
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