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The crossings of Saturn’s ring plane by Earth were observed in
the near infrared on May 22 and August 10, 1995, from the 2.2-m
telescope of the University of Hawaii, the 2-m telescope at Pic du
Midi, France, and with the Adonis adaptive optics camera at the
3.6-m telescope of the European Southern Observatory in Chile.
Images from the Hubble Space Telescope, obtained in August 1995,
are also reanalyzed. The radial brightness profiles of the rings in-
dicate that the outer and usually faint F ring dominates the edge-
on brightness of the system, thus hiding the vertical structure of
the main rings within a few hours around the ring plane cros-
sing. The photometric behaviors of the A, B, and C rings and of
the Cassini Division are analyzed, using a radiative transfer code
which includes the illuminations by the Sun and by the planet.
The F ring is modeled as a physically thick ribbon of height H,
composed of large particles embedded in dust of fractional optical
depth f. The observed profiles, combined with previous results, can
be explained if the F ring is both optically thick (radial optical
depth ∼0.20) and physically thick (H= 21± 4 km). We suggest
that this vertical distribution results from the interactions between
ring particles and shepherding satellites and/or from gravitational
stirring by large bodies. The dust particles dominate the F ring’s
photometric behavior even in backscattered light ( f> 0.80). Con-
straints on the particle properties of the other rings are also derived.
c© 2000 Academic Press
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The crossings of Saturn’s ring plane by Earth and the S
provide a unique opportunity to study the ring vertical structu
During the ring plane crossing (referred to as RPX hereaf
by Earth, the rings are viewed edge-on, thus yielding inform
tion about their global thickness. Previous groundbased ob
vations of Earth RPXs, in December 1966 and in March 19
provided estimates for the “equivalent photometric thickne
of 2.4± 1.3 km (Dollfus 1979) and 1.1+0.9

−0.5 km (Sicardyet al.
1982), respectively.

However, the various contributions entering in these numb
are still uncertain. Also, there is a conflict between theglobal
photometric thickness of the rings and the internal velocity d
persion measurements, which yields a few tens of meters
for thelocal thickness (Espositoet al.1983a). This discrepanc
could stem from different effects: the 1.2-km full amplitude
the Mimas 5:3 bending wave (Shuet al.1983, Lissauer 1985)
consistent with the 1980 observations, and the 300-m war
the Laplace plane due to torques from the Sun and Satu
satellites (Burnset al.1979). Other contributions to the edge-o
ring brightness have been proposed, including the faint ring
G, and E, the spokes observed in the Voyager images of th
ring, and even a tenuous dust halo resulting from the meteor
ring interactions (Ip 1995). A swarm of large ring particles
7
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1–2 km in radius could account for additional contributions
the edge-on brightness (H´enon 1982, Sicardyet al.1982).

The most recent edge-on configurations occurred in 1995
provided the last opportunity before the Cassini mission, star
in 2004. Earth crossed Saturn’s ring plane on May 22, 19
around 6hr UT, and again on August 10, 1995, around 21hr UT; a
third crossing took place on February 12, 1996, near 0hr UT, but
Saturn was then too close to solar conjunction for observat
to be made properly.

The equivalent thickness of the rings derived from the M
and August RPXs was similar to that found from the 1980
servations (Nicholsonet al. 1996, Boshet al. 1997). However,
the high angular resolution of the 1995 observations, obta
through adaptive optics or the Hubble telescope, show tha
radial profiles of the rings keep on increasing up to the radiu
the F ring (∼140,200 km), instead of dropping at the locatio
of the Mimas 5:3 bending wave or at outer edge of the A r
(136,780 km). Thus, it appears that the usually very faint F r
can play a dominant role in the observed profiles, at least wi
a few hours from Earth’s RPX. Therefore, a detailed photom
ric modeling of the various components of Saturn’s rings is
order to explain these profiles.

Besides the three Earth RPXs, a Sun RPX occurred on Nov
ber 19, 1995, yielding a spectacular 2-D view of Saturn’s rin
(Nicholsonet al. 1996). Just outside the A ring, one can s
the narrow F ring prominently visible, its brightness being co
parable to that of the Cassini Division. If one assumes a
F ring, the predicted brightness due to transmitted light c
not reproduce the observed brightness (Nicholsonet al.1996),
indicating that the F ring cannot be considered as a class
narrow and flat ring. The arguments above are qualitative in
ture, and it remains to be seen how the F ring could be thick
bright enough to explain the residual flux observed in the edge
configuration.

In this paper, we collect several sets of observations obta
during the May and August 1995 Earth RPX’s. By analyzing a
modeling the photometric profiles, we constrain the scatte
properties of the particles of the main rings. We show that
photometric thickness of the rings is probably dominated by
F ring, whose physical thickness is estimated. Observations
data reductions are described in Section II. We then presen
scattering model that we have used for the rings (Section
The results are derived in Section IV and discussed in Sectio

II. PHOTOMETRIC DATA

II.1. Data and Image Geometry

The images analyzed here were essentially taken during
August 1995 Earth RPX, but we also have data obtained nea
May 1995 Earth RPX. All these groundbased observations w
made using near-infrared filters (K , K ′), since the scattered ligh

from Saturn is then greatly reduced by methane and molec
hydrogen absorptions. Images have been selected to encom
ET AL.
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the broadest possible distribution of sub-Earth latitudes on
ring plane near the RPX.

The geometry for the illumination of the rings by the Sun
defined by the three following angles:

• The subsolar latitude on the ring plane,B′. During the May
RPX,B′ was about 2.68◦ (withµ′ ≡ sinB′ = 0.047). In August,
the Sun was more grazing, withB′ = 1.5◦ (µ′ = 0.026).
• The sub-Earth latitude on the ring plane,B (withµ≡ sinB).

During the Earth RPX, the sign ofB changes. So, we get two
different configurations of the rings: the dark side is observ
when B and B′ have opposite signs, and the illuminated si
become visible when these two angles have the same sign.
• The phase angle,α, defined as the Sun–rings–Earth ang

The angleα is about 5.55◦ in May and 3.55◦ in August.

In addition, we have to consider the illumination of the rin
by the planet (i.e., the “Saturn shine”); see Section III.2.1
details.

II.1.1. May 1995 Data Set

All the observations presented here were acquired with
1024× 1024 Quick Infrared Camera (QUIRC) at the 2.2-
telescope of the University of Hawaii (Mauna Kea). The sc
is 0.1886 arcsec per pixel, resulting in a field of 193.1×
193.1 arcsec2. A standard broadbandK filter centered at 2.2µm
was used. During the time span of the observations, Earth w
from the northern (lit) side of the rings to the southern (da
side. We analyzed images showing the dark side of the ri
only, on May 22 and 23, 1995 (see Table I). The FWHM of t
point spread function during the first night was between 6 an
pixels (∼1.2–1.5 arcsec). The following night was worse with
typical seeing of 1.8 arcsec.

II.1.2. August 1995 Data Set

During the August RPX, groundbased observations atλ=
2.15µm were carried out with the Adonis (former Come-On+)
adaptive optics system, mounted on the European Southern
servatory (ESO) 3.6-m telescope at La Silla, Chile (Table II
The conditions of observations are detailed in Pouletet al.
(2000). Despite regular seeing conditions, the adaptive op
system reduces the FWHM of the point spread function to ab
0.5 arcsec or less.

Figure 1 shows the east ansa of the rings, which provide
example of a profile taken a dozen hours before the Earth R
We observe a significant brightening due to the sunlight diffus
transmitted through the Cassini Division and the C ring. T
radial profile of the dark side extends up to about 140,000
from Saturn’s center, well outside of the outer edge of the A r
(136,780 km). This fact suggests a dominant contribution of
F ring and/or of a tenuous sheet of material between the F
A rings, at least at the outer parts of the profiles. The ESO d
ular
pass
nearest to the RPX were taken∼11 h before the predicted RPX
time (August 1995 at 10.875± 0.02 UT).
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On August 1
2 of the Hubble
SATURN’S RING THICKNESS

TABLE I
Hawaii Data (Dark Side)

Day Expa Profileb Tc Ansad Be B′ f Calibrationg

May 22, 1995 22.6104 H1 60 E −0.0111 2.6734 Hyperion
22.6180 H2 60 E −0.0113 2.6733 Hyperion
22.6215 H3 60 E −0.0114 2.6732 Hyperion

May 23, 1995 23.5834 H4 60 E −0.0399 2.6591 Hyperion
23.5834 H5 60 W −0.0399 2.6591 Hyperion
23.5882 H6 60 E −0.0401 2.6590 Hyperion
23.5882 H7 60 W −0.0401 2.6590 Hyperion
23.6062 H8 120 E −0.0406 2.6588 Hyperion
23.6064 H9 120 E −0.0406 2.6588 Hyperion
23.6064 H10 120 W −0.0406 2.6588 Hyperion

a Decimal mid-exposure time in UT.
b Name of profile.
c Exposure time in sec.
d Analysed ansa, E means east ansa and W west ansa.
e Sub-Earth latitude on ring plane in deg.

f

a

o

a

d by

in
es,
So,
ess
Subsolar latitude on ring plane in deg.
g Satellite used for photometric calibration (see T

Other groundbased data showing only the lit side were
tained with the 2-m telescope of the Pic du Midi observat
(Pic for short), using the infrared 256× 256 “MOICAM” cam-
era with a pixel size of 0.165 arcsec. Several sets of 15 fra
were recorded in the standardK filters during the nights 11
and 12 August 1995 (Fig. 2). The seeing was roughly the s
during the two nights, some images having a FWHM of 5 p
els (0.8 arcsec) on August 11. Table IIb lists the Pic data u
here.
Note.See Table I for the definitions of column head
ble III for the adopted magnitude).

ob-
ry

mes

me
ix-
sed

for an observing program (ID 5836) by Nicholsonet al.(1996).
A narrowband methane filter, centered at 0.89µm was used
for these images. Clear east–west asymmetries were notice
Nicholsonet al. (1996), the western ansa being∼30% brighter
than the the eastern ansa 1 h or soafter the RPX time. The
data taking during this time (lit side) are only used to obta
approximate photometric properties of the main ring particl
which are then incorporated in the modeling of the dark side.
images of the lit side showing strong asymmetries of brightn
HST data used here
0, 1995, the Wide Field and Planetary Camera
Space Telescope (HST) was targeted at Saturn

TABLE IIa
ESO Data (Dark Side)

Day Exp Profile T Ansa B B′ Calibration

August 9, 1995 9.2448 ESO1 60 W −0.0458 1.5165 Enceladus
9.2455 ESO2 60 W −0.0458 1.5165 Enceladus
9.2766 ESO3 60 W −0.0449 1.5160 Janus
9.2787 ESO4 60 W −0.0448 1.5160 Janus
9.4375 ESO5 60 E −0.0403 1.5136 Tethys

August 10, 1995 10.3013 ESO6 60 E −0.0158 1.5009 Janus
10.3027 ESO7 60 E −0.0158 1.5009 Janus
10.3337 ESO8 60 W −0.0149 1.5004 Tethys
10.3462 ESO9 60 W −0.0145 1.5002 Tethys
10.3490 ESO10 60 W −0.0144 1.5002 Tethys
10.3504 ESO11 60 W −0.0144 1.5002 Tethys
10.3668 ESO12 60 W −0.0139 1.4999 Tethys
10.3696 ESO13 60 W −0.0139 1.4999 Tethys
10.3709 ESO14 60 W −0.0138 1.4999 Tethys
10.3940 ESO15 60 E −0.0132 1.4995 Enceladus
10.3948 ESO16 60 E −0.0131 1.4995 Enceladus
10.4180 ESO17 60 E −0.0125 1.4992 Enceladus
10.4217 ESO18 60 E −0.0124 1.4991 Janus

have been excluded from our analysis. The
are listed in Table IIc.
ers.
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FIG. 1. An adaptive optics image taken in theK ′ band at the European Southern Observatory (ESO) showing thedark side of Saturn’s rings on August 10
1995, at 07:16:30 UT. The boundaries of the main rings are identified by vertical lines. Contrary to the HST images taken a few hours later, we still clealy detect
the transmitted sunlight trough the Cassini Division and the C ring. The image is 10.6× 8.5 arcsec across, north is up, and east is left. The PSF is about 0.5 a
FWHM.

FIG. 2. A composite of images of thelit side of the rings taken on August 13, 1995 from Pic du Midi in theK band. The expected extremities of the A ring a
shown by the two vertical lines. Contrary to Fig. 1, the brightness profile increases inward, from the A ring up to the C ring. No asymmetry of brightnessetween

the two ansae is observed. The flux from the planet has been arbitrary diminished to reduce the contrast with the rings. The image is 51.1× 24.1 arcsec across, the

l

me-
ed
s-

es
dic
seeing is 0.9 arcsec, north is up and east in left.

II.2. Data Reduction

II.2.1. Image Processing

Near infrared data. Although the flux detected from Saturn
its rings and, the satellites is dominated by the reflected sun

in the near-infrared, there is a substantial terrestrial thermal ba
ground signal from the telescope and the sky. This backgro
,
ight

signal was subtracted from single sky exposures taken im
diately prior to or after the ring frames. The sky-subtract
frames were then corrected for pixel sensitivity variations u
ing the flat-field exposures, from which dark-current fram
were subtracted to remove electronic offsets. A specific perio

ck-

und
pattern was also removed by Fourier transforms from the Adonis
images.
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TABLE IIb
PIC Data (Lit Side)

Day Exp Profile T Ansa B B′ Calibration

August 12, 1995 12.0270 PIC1 4.61 W 0.0332 1.4754 SAO1468
12.0580 PIC2 4.61 W 0.0332 1.4754 SAO14684
12.0340 PIC3 4.61 E 0.0337 1.4753 SAO14684

August 13, 1995 13.0085 PIC4 4.61 W 0.0610 1.4609 SAO1468
13.0089 PIC5 4.61 W 0.0610 1.4609 SAO14684
13.0091 PIC6 4.61 W 0.0611 1.4609 SAO14684
13.0158 PIC7 4.61 E 0.0612 1.4608 SAO14684
13.0158 PIC8 4.61 W 0.0612 1.4608 SAO14684
13.0161 PIC9 4.61 E 0.0612 1.4608 SAO14684
13.0164 PIC10 4.61 E 0.0613 1.4608 SAO14684
i
c

l

d

e

ted
itute.
ed

the
ld.
hat

tric
ca-
Note.See Table I for the definitions of column hea

The long exposures necessary for detecting the rings w
sufficient signal-to-noise ratio greatly increase the level of s
tered light from the planet. Strong local gradients of brightn
systematically bias the measurements on the rings. The b
ground is determined from a robust, low-order, polynomia
to each line parallel to the ring plane. Figure 3 shows two tra
verse scans (i.e., perpendicular to the line of the rings) from
ESO6 image before and after subtraction of the backgroun

The deconvolution technique using a PSF was not applie
the adaptive optics images. Direct deconvolution does not y
satisfactory results, so that an iterative procedure based upo
maximum likelihood algorithm was used, in particular to det
moving features in the rings (Pouletet al.2000). However, this
i
y

11.0517 HST22

Note.See Table I for the definitions of column hea
ders.
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HST data. The HST data used in this paper were calibra
data frames provided by the Space Telescope Science Inst
Conventional flatfielding and dark subtraction were perform
during standard pipeline calibration (Birettaet al. 1996). The
photometry was not corrected for small problems such as
charge transfer efficiency or the optical distortion over the fie
The method of subtraction of the background is identical to t
used for the near-infrared images.

II.2.2. Radial Profile Calibrations

For each ring scan, we perform astrometric and photome
calibrations. The edge-on profile defines the north–south lo
lly the HST, Hawaii,
e pointing reference.
table for photometry purposes since the flux is
this procedure.

TABLE IIc
HST Data (Dark and Lit Side)

Day Exp Profile T Ansa B B′

Dark side
August 10, 1995 10.5747 HST1 260 E −8.36× 10−3 1.4984

10.5747 HST2 260 W −8.36× 10−3 1.4984
10.5797 HST3 260 E −8.22× 10−3 1.4983
10.5797 HST4 260 W −8.22× 10−3 1.4983
10.6380 HST5 260 E −6.57× 10−3 1.4975
10.7769 HST6 260 E −2.65× 10−3 1.4954
10.7804 HST7 300 E −2.55× 10−3 1.4954
10.7804 HST8 300 W −2.55× 10−3 1.4954
10.8387 HST9 300 E −9.00× 10−4 1.4945
10.8387 HST10 300 W −9.00× 10−4 1.4945
10.8443 HST11 300 E −7.42× 10−4 1.4944
10.8443 HST12 300 W −7.42× 10−4 1.4944

Lit side
August 10, 1995 10.9873 HST17 300 E 3.30× 10−3 1.4923

10.9873 HST18 300 W 3.30× 10−3 1.4923

August 11, 1995 11.0478 HST19 300 E 5.01× 10−3 1.4914
11.0478 HST20 300 W 5.01× 10−3 1.4914
11.0517 HST21 14 E 5.12× 10−3 1.4914

−3

tion of Saturn’s center. We calibrate radia
and Pic profiles using Saturn’s limb as th
14 W 5.12× 10 1.4914

ders.
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FIG. 3. Transverse scans in the A ring and in the C ring regions from an ESO image before (dotted-dashed line ) and after (continuous line) the subtra
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background. The latter has been determined from a robust low order po
brightness.

However, since the field of the adaptive optics camera is
wide enough to contain both ansae, the pixel coordinates
reference satellite are then used for astrometric calibration.
pixels of each scan are then binned according to the radius

The photometric calibration of groundbased data was a
eved by using the satellites available on the image. The m
nitude of the satellites were calibrated against the UKIRT fa
standard stars FS26, FS29, FS30 (Casali and Hawarden 1
and SAO146846. The calibration was made at an airmass
ilar to that of the satellite images. We ignored color corr
tions between theK and K ′ magnitudes. The resulting mea
magnitudes and associated uncertainties are listed in Tabl
They are scaled to the mean Saturn opposition distance
remain uncorrected for unknown phase effects. Magnitu

derived for Enceladus, Hyperion, and Janus agree with p
vious values (Cruik

Magnitude 9.50± 0.06 9.42± 0.08
lynomial fit. After calibration, the area under the curve is a measure of thn

not
of a
The

hi-
ag-
int
92),
im-
c-
n

III.
but

des

and Dione are redder than the values reported by Cruiksh
(1980).

Figure 3 shows that the background, once subtracted, d
not represent the largest source of uncertainty of the ring brig
ness. The largest uncertainty actually comes from the sate
photometry in the case of groundbased data. Moreover, no
tematic study on the stability and photometric calibration h
been done for adaptive optics data. Lai (1996) indicates tha
is preferable to make relative photometry. However, since
goal is to produce an estimate of the ring thickness, we are m
interested in absolute photometry. In particular, we reduce
uncertainties due to the variations of seeing by using a pho
metric reference in the field.

The absolute photometric calibration for the HST data a

re-discussed in Nicholsonet al. (1996). We use their conversion
shank 1980, Baueret al. 1997). Tethys

TABLE III
Satellite Photometry in K Filter (at Mean Opposition)

Satellite Tethys Dione Enceladus Hyperion Janus

factors to calibrate the data.
11.08± 0.10 12.90± 0.15 13.67± 0.20
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Once this was done, we used the following procedure to
cess the data. First, each ring image is sliced into narrow tr
verse scans, perpendicular to the ring plane. The value o
raw analogic data units (ADU) along the scan is then, after
ibration, a measure of the integrated edge-on brightnessI/F of
the rings, averaged over each pixel. Here isI the intensity re-
ceived from the rings andπF is the incident solar flux receive
at Saturn. Each transverse scan is then fitted by a gaussian c
with two adjustable parameters: the area under the curve an
FWHM. The area yields the “equivalent photometric thickne
Z at the location of the scan,

Z(d, λ) =
∫

I

F
d H km, (1)

where H is the height above the ring plane in km. Hence,Z
would be the physical thickness of the ring if the edge of the la
were a perfectly reflecting Lambert surface illuminated fr
normal incidence (i.e., an edge with a geometric albedo equ
unity). Note that in principleZ does not depend upon the poi
spread function of the instrument, from conservation of ene
In practice, however, the signal-to-noise ratio deteriorates a
signal from the rings is diluted into many pixels, due to t
presence of the background, photon noise, etc. Note also thZ
doesdepend on the wavelength of observation,λ, through the
dependence of the photometric properties of the particles upλ.

By repeating the scans, we eventually obtain the equiva
thicknessZ of the rings as a function of the projected distan
d to Saturn’s center. Practically and for all data sets, the un
tainties due to the background contributions are smaller than
uncertainties associated with the satellite photometry for
tancesd larger than 80,000 km.

III. PHOTOMETRIC MODEL

III.1. Ring Models

We now relate the reflectanceI/F of the rings to the particle
photometric properties and to the ring optical depth,τ . In fact,
the value ofI/F is a sum of contributions from various ringsj
observed at the same projected distanced. So

Z(d) =
∑

j

Z j (d), (2)

each ringlet being defined by its geometrical shape and its op
depth.

We assume that the A and B rings have constant optical de
of 0.6 and 1.5, respectively, independent of the wavelength
of the distance to Saturn’s center (Espositoet al. 1984). Since
the elevation of Earth on the ring plane was very low dur
the observations, these parameters have actually a small
ence, and these approximations result in a substantial savi
computation time. The C ring and the Cassini Division hav

mean optical depthτ ∼ 0.1 (Espositoet al.1984). However, the
presence of diffuse sheets of material with optical depthτ ∼µ
G THICKNESS 153

ro-
ns-
the
al-

urve,
d the
s”

tter
m

al to
t

rgy.
the

he
at

n
lent
ce
cer-
the
is-

tical

pths
and

ng
nflu-
g of

e a

in these two regions could add substantial contributions to
transmitted light. To allow for this possibility, and to explor
the sensitivity of the results to the presence of such material
also solve for the optical depth in these regions.

The profiles of the dark side of the rings indicate that t
contribution of the F ring toZ is important (Nicholsonet al.1996
and Boshet al.1997). Furthermore, we shall see (Section IV.2
that the flux from the F ring as observed on the lit side or
dark side are similar. Except for the possibility of a fortuito
value of the F ring’s optical depth, this means that the resid
flux is probably due to a thick ribbon, rather than to a narr
flat ring.

The optical depth profiles of the F ring derived from th
Voyager photopolarimeter and radio occultation experime
show considerable variations with radial distance and with wa
length (Showalteret al.1992). The azimuthal profiles show like
wise very large variations (Kolvoordet al.1990, Nicholsonet al.
1996). To simplify the scattering calculations as much as po
ble, we idealize the F ring as a ribbon of physical heightH and
width W= Rext− Rint as illustrated in Fig. 4.

Olkin and Bosh (1996) detected a small inclination
0.0063± 0.0016◦ for the F ring. This inclination is likely to
complicate the interpretation of the residual flux. In particul
it is not yet clear whether the discrepancy observed between
two ansae is due to the F ring, and/or to a global warp of the r
plane. Taking into consideration these two phenomena requ
the knowledge of some physical quantities of the F ring (rad
optical depth, physical height) and some geometric characte
tics of the warp. Some of these parameters will be derived fr
our modeling. In addition, we expect that the F ring inclinati
and the eventual warp of the main rings affect more the lit s
profiles than the dark side profiles, which will allow us to deri
the ring thickness. In fact, we will see that these approxim
tions shall not change our conclusions. Consequently, we
not model them.

III.2. Scattering by the Main Rings

III.2.1. Radiative transfer model.We describe the rings
as a plane-parallel, homogeneous, scattering layer. Sinc
detectable discontinuity in the ring brightness is seen dur
the Earth RPX either at the radius corresponding to the o
edge of the A ring or at the radius of the Mimas 5:3 bendi
wave (Nicholsonet al.1996), we neglect the flux from the oute
“vertical” edge of the main rings. Then, there are three differ
sources of light which contribute to the brightness:

• The sunlight directly reflected by the ring plane. This co
tribution is dominant when we observe the lit side.
• The sunlight transmitted through the ring plane. This co

tribution may be dominant in certain tenuous regions of the d
side withτ ∼µ.
• The light scattered by the disk of Saturn, then reflec
and transmitted off the rings (Saturn shine). This contribution is
relevant only on the dark side.
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FIG. 4. The ribbon model of the F ring with physical heightH , radial widthW, inner radiusRint, and outer radiusRext. (Top) The thickness has been magnified

-
s

ted
try
the

een
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compared to the radial dimension. (Bottom) A pole-on view of the model.

We can use the equations of radiative transfer for a plane-par
medium with normal optical depthτ to derive the singly scat
tered reflected light (Chandrasekhar 1960),

I

F
= 1

4

µ′

µ+ µ′ P(α)

{
1− exp

[
−τ
(

1

µ′
+ 1

µ

)]}
, (3)

and the singly scattered transmitted light,

′ { ( ) ( )}

I

F
= 1

4

µ

µ− µ′ P(α) exp − τ
µ
− exp − τ

µ′
, (4)
allelwhereP(α) = ω0× g(α) is the scattering function for particle
of Bond albedoω0 and phase functiong(α).

Figure 5 displays the intensity of singly scattered transmit
sunlight by isotropic particles of albedo unity, in the geome
of the Earth RPXs. The elevation of the Sun being constant,
singly transmitted sunshine depends onτ andB only. This dia-
gram shows that regions with optical depths comprised betw
µ≡ sinB andµ′ ≡ sinB′ are mostly responsible for the singl
transmitted sunlight at small tilt angles. We could then exp
a possible contribution of transmitted light from the zone b

tween the A and the F rings in HST images, becauseµ can be
smaller than the optical depth of this zoneτ ∼ 10−4 (Showalter
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FIG. 5. Singly transmitted sunshine vs the normal optical depthτ for three
sub-Earth latitudesB (µ≡ sinB) on the ring plane, computed for the Augu
RPX geometry.

et al. 1998). If this transmitted light was a significant part
the signal, its contribution would vary with ring location an
with time due to dependence of projected area on distance
Saturn. Such clear trends were not detected. Therefore, we
assume that the residual flux was not due to transmitted l
from this zone, at least very near the RPX exact time. For
Cassini Division, we assumed a constant optical depth. In p
tice, we solve for the optical depth of this region when fitti
the observed profiles.

Multiply scattered light can be estimated by assuming isotr
using Chandrasekhar’s functionsX andY, which are found by
iterations applied to the integral equations (Chandrasek
1960). We solve for the isotropic multiple reflection and tra
mission, respectively, in the limit ofµ→ 0:

I

F
∼ 1

4
ω0[X(µ′)− 1] (5)

I

F
∼ 1

4
ω0

[
Y(µ′)− exp

(
− τ
µ′

)]
. (6)

Note that assuming isotropy for the backscattering Saturn’s r
causes a modest overestimate of multiple scattering.

Light scattered off the planet can yield a significant con
bution to the ring brightness. We use an approximation met
by assuming that Saturn’s clouds scattering function obey
Minnaert law. The Minnaert law does not represent any ph
ical model based on radiative transfer theory, but it provi
an acceptable fit to the data (Karkoschka and Tomasko 1

Westphalet al.1992, Ortizet al.1995). The intensity emitted a
the center of a surface elementd A follows the law (Doneset al.
G THICKNESS 155
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I

F
(d A) = R0 cosk(i ) cosk−1(ε), (7)

wherei is the angle of incidence andε the angle of reflection on
the element of surfaced A, k is the limb-darkening coefficient
and R0 is the reflectance associated with cosi = cosε= 1. By
applying this formula, we obtain the normalized fluxF(d A)/F
reflected byd Aand received by a ring particle located at the pr
jected distanced. The various solutions for the reflected light b
the rings [Eqs. (3) and (5)] and for the transmitted light throu
the rings [Eqs. (4) and (6)] can be used, withµ′ depending
on the element of surfaced Aand on the distanced. To estimate
the brightness resulting from the Saturn shine (I/F)S, we finally
calculate the integral,(

I

F

)
S

=
∫

A

[
I

F(d A)

][
F(d A)

F

]
d A, (8)

requiring that the surface elementd A of Saturn is both illu-
minated by the Sun and is visible from the ring particle. T
limb-darkening of the northern hemisphere of Saturn at 0.89µm
exhibits temporal changes, implying considerable variation
the physical parameters of the tropospheric clouds (Ortizet al.
1995). Moreover, no studies in the near infrared have been d
so far. For all data, we take a valuek averaged over the latitudes
namelyk= 1 (Ortizet al.1995), which corresponds to Lambert
law. For the HST narrowband methane filter centered at a wa
length of 0.89µm, the geometric albedo of the planet is equ
to p∼ 0.1 (Karkoschka 1998); this givesR0= p(k+ 1

2)∼ 0.15.
For theK andK ′ bands, we use the albedo (p∼ 0.05) given by
Clark and McCord (1979).

III.2.2. Phase function and single scattering albedo.Part of
the photometric data were modeled using the two parameterω0

andg(α), which are known within reasonable bounds. Extens
works have been done by Doneset al. (1993) and Doyleet al.
(1989) to model the visible (0.50µm) photometric properties o
the A and B rings, respectively. These studies show that rou
surface, macroscopic particles (1 cm–10 m) are responsible
the bulk of the ring reflectivity. As the A and B rings seem
contain very little free micrometric dust, the same property
probably true for the Cassini division and the C ring (Coo
1991).

In practice, the photometric properties of the main rings
modeled by theproductof the single scattering albedoω0 by the
phase functiong(α) from the lit side profiles. For macroscopi
particles,ω0 is the spherical albedo of the particle taken as
whole, ignoring diffraction. Since these large particles are pr
ably covered by a layer of smaller particles, the large part
albedo actually is related to the spherical albedo of the parti
composing the regolith. For instance, Van de Hulst (1974)
t rivedω0 as a function of the properties of the grains covering the
macroscopic particle, using a semi-infinite atmosphere model.
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Original ring radial profiles (from 0.3 to 0.9µm) have been ob-
tained from HST images (Pouletet al.1999). They show that the
rings are quite red, implying a strongly wavelength-depend
albedoω0. We find averaged geometric albedos of 0.44± 0.06
for the A ring, 0.64± 0.08 for the B ring, 0.12± 0.06 for the C
ring, and 0.22± 0.05 for the Cassini Division, i.e., about 20%
larger than the geometric albedos at 0.5µm. These albedos
correspond to a surface made of contaminated water ice.
geometric albedo at 0.89µm of the B ring corresponds to a sin
gle scattering albedo of∼0.55 by assuming the phase functio
independent of wavelength (see below a discussion about
hypothesis).

Since the single scattering albedo at 0.89µm is relatively well
constrained, this facilitates the determination ofg(α). Unfortu-
nately, there are more uncertainties for the 2.2-µm data. We use
then the spectrumω0(λ) of Saturn’s main rings from Clarket al.
(1986) normalized to the B ring albedo at theV band.

The scattering behavior of the main rings determined at vis
wavelength from Voyager images is similar to that of most
mosphereless satellites, e.g., the moon of the galilean sate
(Doneset al.1993). However, as the albedo, the particle ph
functiong(α) may also vary with wavelength. This issue is d
cussed by Cuzzi and Estrada (1998). There is no evidenc
wavelength-dependence for ring particle phase function, at
over the visual spectral region. On the other hand, recent and
liminary analysis of HST images of Saturn’s rings and Voya
images shows that the main rings are more strongly backsca
ing at shorter wavelengths (UV and blue) than at longer wa
lengths (red and near-IR) (referee’s communication). In
case, the range of phase angle (3.55◦ and 5.55◦) is too small
to derive precisely the phase function. However, we are ab
measure the productω0× g(α). Thus, fixing the more accurat
parameter (here,ω0), we adjust the value of the phase fun
tion to match the observed reflectivities of the lit side profil
This method gives a first approximation of the phase funct
that is unknown at the studied wavelengths. Moreover, this
lows us to incorporate the derived values ofω0× g(α) in our
modeling of the dark side, which diminishes the number of
rameters in this stage. To compare our results with prev
works, a power-law phase function is used (Ockertet al.1987),

g(α) = cn(π − α)n, (9)

wheren is a positive constant andcn is a constant which nor
malizes the integral of the phase function over 4π steradians.
Large values ofn correspond to steeper backscattering ph
functions.

III.3. Scattering by the F Ring

III.3.1. Radiative transfer model.As discussed earlier, th
observed profiles require a proper modeling of the F ring sca
ing properties. We recall that the F ring is modeled as a physic

thick ribbon of heightH and radial widthW (Fig. 4). We neglect
multiple scattering and assume that the F ring is viewed ed
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on. Adopting the same notation as in Section III.2 and in Fig.
we obtain the intensity reflected by the F ring at the project
distanced from Saturn’s center,

I

F
= P(α)

8
{1− exp[−2τt(d,W)]}, (10)

whereτt(d,W) is the transverse (integrated along the line
sight) optical depth associated with the integrated physical wid
L(d) of the ring. The quantityτt(d,W) can be expressed as a
function of the radial optical depthτF (alongW) of the F ring as

τt(d,W) = ρτF
L(d)

W
. (11)

The factorρ depends on whether the far arm of the F ring is ful
obscured (ρ= 1) or fully visible behind the closest F ring’s arm
and the main rings (ρ= 2). This ring model tends to become
optically opaque near the extremities because of the effec
mutual shade between the particles. The intensity approac
its maximum ford= Rint, whereτt= ρτF[1+ (2Rint/W)]1/2.
Since RintÀW, the line-of-sight optical depthτtÀ 1, and so
the sensitivity ofI/F to W is very small. From now, we take
W= 50± 5 km, which defines the width of the strandFγ , the
brightest component of the F ring (Murrayet al.1997).

III.3.2. Phase function and albedo.We divide the F ring
particles into two populations: small particles with sizes com
parable to the wavelength, and macroscopic particles of mu
larger sizes. The large particles can dominate the intensity
low phase angles, while providing a negligible contribution
high phase. We model the phase functionglarge with the same
empirical function as defined for the main rings (Eq. (9)). Th
fractional contributionf of the dust to the F ring optical depth
in the Voyager images is larger than about 90% (Showalteret al.
1992).

Although its phase function shows a strong forward-scatteri
property, the dust can also contribute to the backscattered lig
For small spherical particles of given size and refractive inde
we can derive the phase functiongdustand albedoωdustfrom Mie
theory. We assume that the size distribution of this populati
obeys a power-law variation with an indexq=−4, close to the
value derived by Showalteret al.(1992). During the RPX events,
the intensity scattered in Mie scattering reaches a maximum
the size parameterx= 2πr/λ comprised between 10 and 50
(Throop and Esposito 1998). This range corresponds to pa
cles radius 3<∼ r <∼ 20µm (resp. 1<∼ r <∼ 7µm) atλ= 2.2µm
(resp.λ= 0.89µm). To take into account the effects of particle
with small radiusr , we have considered a population with lowe
and upper cutoffs in size of 0.1 and 20µm (corresponding to
0.3<∼ x<∼ 60 atλ= 2.2µm).

The composition of the F ring particles is presently unknow
and we assume here a water ice composition. To allow for
presence of contaminants, we also introduce an imaginary co√

ge-
ponent of the index, equal to 10−3 −1 (Throop and Esposito
1998). While the phase functions of pure water ice and of slightly
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SATURN’S RIN

FIG. 6. The scattering functionP(α) (Eq. (12)) of the F ring vs two pa
rameters of our F ring model: the dust fractionf and the exponentn describing
the large particle phase function (Eq. (9)). Here, we takeα= 0o. The Mie the-
ory provides the single albedoωdust and the phase functiongdust for spherical
particles with the refractive index of pure water ice at 2.2µm, and we use Van
de Hulst’s theory to derive the Bond albedoωlarge.

contaminated water ice are almost similar, any contaminan
fluences the average albedo. The choice of the albedo fo
large particles,ωlarge, is also critical because its governs t
fraction of large particle in the F ring. Assuming that large p
ticles are covered by dust, the single scattering albedo of
particles is derived from Van de Hulst’s theory. Finally, the sc
tering functionP(α) of a mixture of dust and large particles
given by

P(α) = f ωdustgdust(α)+ (1− f )ωlargeglarge(α). (12)

Figure 6 displays the dependence ofP(α) on f and n, from
which it follows that the contribution of the F ring is high
sensitive to the dust fractionf via P(α).

Combining (1), (9), (10), (11), and (12), we deduce the F r
photometric thickness:

Z(d) = [ f ωdustgdust(α)+ (1− f )ωlargecn(π − α)n]

× H

8

{
1− exp

[
−2
ρτFL(d)

W

]}
. (13)

The observations provideZ(d), and the model of the F rin
is described in the right-hand side of the equation above.
model has four free parameters: the radial optical depth,τF, the
fraction of dust, f , the power-law index of the large partic
phase function,n, and the physical height of the F ring,H . As
stated above, the contribution of the F ring is highly sensitiv
the dust fractionf .

IV. ANALYSIS
The geometry of each image (emission angle, incidence a
and distance from Saturn’s center) and convolution by the se
G THICKNESS 157
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are taken into account in each model, so that the thicknesZ
values may be directly compared with the observations.

IV.1. Expected Contributions to the Ring Thickness

To give some preliminary indications of the expected brig
ness of the rings in different geometries, we have perform
light scattering calculations for the geometries of images HS
(Table IIc) and ESO1 (Table IIa). The photometric thickne
was computed atd= 100,000 km for various value ofτ . Oth-
erwise, we assume a phase function withn= 1.8 and an albedo
ω0= 0.55 for the B ring particles andn= 3 for the F ring par-
ticles, with a dust fractionf = 0.80 and a physical thickness
H = 20 km. Only one ansa is taken into account (ρ= 1). The
values used here come from the fits of the observed profiles
the next sections). The results are shown in Fig. 7.

Very close to the RPX (geometry of HST7 image), the r
flected light from the F ring overwhelms all other contribution
for radial optical depthsτF> 0.05. For optical depths lower than
0.05, the observed brightness is dominated by the singly tra
mitted sunlight, but only for locally thin parts of the main ring
For τ >0.16, the Saturn shine dominates all contributions, e
cept that of the F ring. Figure 7 also shows that the contribut
of the F ring approaches a constant value for radial optical dep
τF larger than a few tenths.

For a larger value of|B| (bottom panel, geometry of ESO1 im
age), the Saturn shine and transmitted sunlight increase rela
to the F ring component which stays constant. However, it
pears that the F ring and transmitted sunlight through the Cas
Division and C ring are still important and that all other term
can be yet neglected. The Saturn shine and transmitted ligh
creasing with|B|, we expect these components to dominate
ring’s brightness for larger values of|B|. We do not have avail-
able data more a few days away from the RPX. A set of H
images resulting from an observing program by M. Tomas
and E. Karkoschka (Program ID 6030) and taken on Augus
1995, shows that the brightening due to the sunlight transmi
through the translucent C ring and Cassini Division domina
clearly the inner sections of profiles. However, our calculatio
show that the Saturn shine always remains lower than the F
brightness during the period of the dark side between May
August RPXs, so that the F ring should still dominate in t
outer sections for all the values ofB (0◦< B< 0.6◦). This is
quite plausible because the August 6 flux outside the Cas
Division remains very low.

It remains to be seen whether the F ring may be opaque eno
to dominate the edge-on ring brightness. Figure 8 shows th
ring contribution toZ vs d, for various radial optical depthsτF

and forρ= 2, using the model described by Eq. (13). The inn
sections of the profiles are more sensitive to the radial opt
depth than the outer ones. We see that the profiles tend to bec
flatter for increasing radial optical depths. In practice, we so
for τF for each observed profile.
ngle
eing

It is well known that the F ring is not azimuthally symmetric:
its brightness can vary by a factor 2 or more. For instance, several
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FIG. 7. (Top) Contributions of the sunlight, the Saturn shine, and the F ring to the photometric thicknessZ as a function of optical depthτ in the viewing
geometry of image HST7 (Table IIc). Here, the optical depth of the F ring is theradial optical depthτF (integrated along the radial widthW, see Fig. 4). The

contributions of the sunlight and the Saturn shine are calculated by taking into account the projected surface of the B ring atd= 100,000 km. (Bottom) The same
as above, but in the viewing geometry of image ESO1. Apart from the F ring contribution which stays constant, all the other contributions increase.
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FIG. 8. Contributions of the F ring toZ as a function of the distanced, for various radial optical depths. Both contributions of the near and far ansae are

into account here (which corresponds to takingρ= 2 in Eq. (11)). The value ofτF has to be multiplied by 2 if only one ansa is detected, in order to have the same
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condensations of matter orbiting close to the F ring have b
detected in the images. They could be explained by a conce
tion of matter which corresponds to a local increase of the ra
optical depthτF. So, it would be perhaps preferable to makeτF

azimuth dependent. This work was done in Pouletet al.(2000).
Here, we prefer to keepτF azimuth independent, without con
sidering in the fits the parts which show local bumps (clump
matter) or local dips (gaps of matter). Consequently, the der
valueτF must be considered as a mean value, not affecte
local longitudinal variations. The large longitudinal variatio
(a few tens of degrees in length) influence our modeling,
they are part of the errors onτF.

On the lit face, the singly scattered sunlight totally domina
the intensity reflected by the rings, so that the reflectivity
approximately equal the product of particle albedo and ph
function. Indeed, the intensity of the reflected sunlight by sin
diffusion does not depend on the optical depth becauseτ/µ is
large (Eq. (3)). In this case, we use the data to determine
photometric properties of the main rings.

IV.2. Modeling of the Lit Side
IV.2.1. IR data. The observations of the lit side (Table IIb
are sensitive only to the main rings, so that we use them to c
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strain the phase function of the large particles, with the val
of albedos derived in Section III.2.2. By fitting theoretical pr
files to the observations, we determine the exponentn of the
phase function of large particles for given fixed albedos of e
ring.

There are no significant variations of brightness between
rings. For a single-scattering albedo of 0.50, the best fit is
tained forn= 1.65+0.20

−0.10. Conversely, assumingn= 3, ω0 must
be equal to 0.28± 0.03, a value consistent with the Bond albe
determined by the normalized spectrum of Saturn’s main ri
(see Section III.2.2.). This latter combination of parameters
be our preferred one.

IV.2.2. HST data. We now apply the same procedure as b
fore with a better knowledge of the single scattering albedo
the main rings. The higher spatial resolution of HST images
lows us to separate more easily the contribution of the differ
rings. The signal does not drop at the outer edge of the A r
but continues up to the radius of the F ring. The fits to the profi
showing the lit side (profiles HST17 to HST22; see Table I
give the relation between the albedo and the large particle p
function as shown in Table IV. All the single scattering albed
)
on-
used here are taken from Nicholson and Dones (1991). These
values are forλ= 0.5 µm, but considering that the geometric
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TABLE IV
Possible Ranges of n and ω0 for the Main Ring Particlesa

Location ω0 n

Ring A 0.4–0.6 2.8–1.8
Ring B 0.4–0.6 2.45–1.5
Ring C 0.12–0.3 2.3–0.5
Cassini division 0.2–0.4 2.8–1.25

a From the fits of HST profiles of the lit side atλ= 0.89µm, see
text.

albedos at 0.89µm are only 20% larger than those at 0.5µm,
we think that the large range of values tabulated by Nichol
and Dones (1991) are appropriated for our study.

The derived values ofn are not consistent with the valu
n∼ 3 derived from Voyager images (Doyleet al. 1989, Dones
et al.1993). This suggests that the main rings are less stro
backscattering at longer wavelengths (near-IR) than at sh
wavelengths. This result could be due to the particular geom
of observations with very grazing light. However, as mention
in Section III.2.2, similar property has been detected in us
conditions (open rings). Further observations would be nee
to confirm this phenomenon, for which we do not have an
planation at the moment.

Note finally that the geometric albedo is surprisingly lo
p∼ 0.4 fromω0∼ 0.55 andn∼ 1.8. The ring albedo varies b
30% within phase angles of 0–6◦ and with ring tilt (Franklin and
Cook 1965, Lumme and Irvine 1976). Published ring spect
by Karkoschka (1994) at 2.7◦ phase angle, i.e., with phase ang
similar to that of our observations, gives a full-disk albedo eq
to 0.45. This value is close to our measurements.

IV.3. Modeling of the Dark Side in May and August

In later calculations, the photometric properties (ω0 andn) of
the main rings particles have been fixed at constant value
determined above. We fit 10 Hawaii profiles (Table I), 18 E
profiles (Table IIa), and 12 HST profiles (Table IIc), all showi
the dark side. Remember that the F ring contribution depe
on four variables: (1) the fraction of dustf , (2) the exponentn
defining the large particle phase function, (3) the physical he
H of the F ring, and (4) the radial optical depthτF.

IV.3.1. Contribution of the Cassini Division.The contribu-
tion of this gap can be more important (Figs. 1 and 7) t
the F ring contribution, but it is spatially confined neard∼
120,000 km. We match the bumps of the profiles at this lo
tion by fitting the optical depth of the Cassini Division. Ea
observed bump represents an average over the light tran
ted by the different parts of Cassini Division. The May d
can detect regions with a normal optical depth of 0.09± 0.01,
while the August images reveal material with an optical dept

0.050± 0.006. Note that onlyB′ varies between the two obse
vations (Tables I and IIa). The lower value obtained in Aug
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stems from the fact that a smaller ofµ′ allows one to detect a
smallerτ .

As one gets closer to the RPX time, the profiles become
sentially featureless with respect tod. Only the first HST im-
ages in our set (∼7 h before the crossing) show an increase
flux at the location of the Cassini Division, and also at the
ner part of the C ring. The profiles at these locations are
regular and smooth, contrary to what is observed at Haw
and ESO. For the latter images,B is larger and the resolution
worse than for the HST images. This implies that only a sm
part of these regions must scatter the solar light. We derive
optical depth of 0.014± 0.01 for the inner C ring, consisten
with the optical depth of certain zones near and inward of
Maxwell and Colombo gaps (Espositoet al.1983b). However,
the strong fluctuations of the profiles (due to clumps, subtract
of the background, cosmic rays) result in large relative unc
tainties.

Some zones in the Cassini Division, with a mean optical de
of 0.037± 0.01, also scatter light. These values confirm th
there are some regions in the Cassini Division and in the C r
with optical depth lower than 0.10.

IV.3.2. Radial optical depthτF. Using the HST data alone
the best fits to the profiles give a radial optical depth ofτF=
0.16± 0.05 for the F ring, assumingρ= 2 (or 0.32± 0.1 as-
sumingρ= 1, see Eq. (11)). The new objects detected in t
HST profiles (Nicholsonet al. 1996), orbiting near or in the F
ring, are visible even if they orbit on the far arm of the F ring. Th
suggests that the two arms contribute to the photometric th
ness. We find higher but consistent values using the Hawaii d
(τF= 0.19± 0.05, ρ= 2) and the ESO data (τF= 0.27± 0.10,
ρ= 2).

The derivation ofτF combined with the physical widthW=
50± 5 km (Murrayet al.1997) allow us to compute the equiv
alent depthD= ∫ τ (a)da= 8± 3 km at 0.89µm. Our result
differs from the valueD= 4.33± 0.13 km at 0.264µm inferred
by Showalteret al. (1992) from Voyager data. This could in
dicate a red color for the F ring, but Pouletet al. (1999) mea-
sured a blue–neutral color between 0.3 and 0.7µm. However,
we think that the HST value is consistent with the Voyag
value. First, the values are almost consistent within the err
bars.1 In addition, the radial profile of the optical opacity a
0.264µm corresponds to a scan in a particular region of t
F ring. Then, we expect the opacity to vary with longitud
which could explain the difference between the two estimatio
of D.

We have explored the contribution of the tenuous shee
material between the F ring and the outer edge of the A ri
Nicholsonet al.(1996) have already claimed that such mater
cannot be the major source of the residual flux. Our model
confirms also this fact. Indeed, since the parameterW modifies
r-
ust

1 D at 0.89µm becomes more consistent with the valueD= 5.0± 0.3 km at
0.5µm (Showalteret al.1992).
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FIG. 9. The photometric thicknessZ as a function of distanced, for two images taken by HST (see Table IIc) showing the dark side of the rings. (Top) P
derived from HST7 image; (bottom) profile derived from HST9 image. The top (respectively bottom) profile is modified by the object 1995/S 5 (resy
Pandora) at about 88,000 km (respectively 84,000 km). The dashed curves represent the best-fit model obtained for all the HST profiles. The sets oeters
used for each ring are indicated in the boxes. For the F ring,τF denotes theradial optical depth (here the two ansae are taken into account), while for the

rings, it corresponds to thenormaloptical depth. The choice of parameters for the F ring corresponds to a potential solution in the space of parameters (H, f, n).
Supplementary constraints on these parameters are introduced in Section IV.3.4.
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very little the retrieved profiles (Section III.3.1), we can estim
the normal optical depth of the sheetτsheet= τFH/W in order
to match the photometric profiles. TakingWsheet= 3400 km (the
distance between the A and the F rings defining the Pioneer g
τF= 0.2, andH = 20 km (derived below), we getτsheet

>∼ 10−3.
This value is incompatible with the upper limit of 10−4 quoted
by Showalteret al. (1998).

IV.3.3. Preliminary solutions for H, n, f . Figure 9 shows
an example of fits to some HST profiles, assuming that th
ring particles are made of slightly contaminated water ice.

indicate the parameters (ω0, n, τ ) used for the main ring com-
ponents and the combination of parameters (f , n, H ) used for
te

ap),

e F
e

the F ring. For any composition approaching pure water ice,
value ofn decreases.

The various fits yield the possible values ofn as a function of
the physical heightH for different fractions of dustf (Fig. 10).
We have tested dust fractionsf between 0 and 98%,2 and phys-
ical heightsH between 1.0 and 40.0 km. If the large particl
have surface properties similar to that of the main ring pa
cles (i.e.,n< 4), this implies thatH is larger than 2.0 km. One
can see that whatever the wavelength of observation and
2 The casef ∼ 100%, which is straightforward because independent ofn,
implies unrealistic values ofH between 50 and 100 km.
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FIG. 10. Relation between the power-law indexn of the phase function of the large particles in the F ring vs the physical heightH of the F ring, and for

various dust fractionsf . Each curve fits the photometric profilesZ observed atλ= 0.89µm. The composition of particles are assumed to be pure water ice. We
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plot also the values ofn for the particles of theε uranian ring (Karkoschka 19

composition of the particles are, the values ofn remain unre-
alistically large (n> 4) for dust fraction larger than 50% an
physical height smaller than 2–3 km.

Two extreme scenarios can explain the edge-on brightne
the F ring, and so the edge-on residual flux of the whole sys
First, if we suppose that large bodies dominate the scatte
properties of the F ring, then these bodies have to be distrib
vertically over more than 2 km. The Voyager radio occultat
experiments provide direct evidence that some large bodies
be present in a F ring core (Showalteret al.1992). However, this
core is very narrow (width< 1 km), so it is difficult to understand
how it may have such a large vertical distribution.

By contrast, an envelope of micrometer-sized particles
dominate the F ring brightness (f > 0.5), and so explain the
edge-on residual flux of Saturn’s rings. In this case, this enve
(assumed to be∼50 km wide) must have a vertical scale larg
than 5 km. In this case, we agree with the conclusion of Show
et al.(1992), who claim that small particles dominate the rin
scattering behavior even in backscattering light.

Finally, we note that the taking into consideration the incli
tion of the F ring will not change our conclusions, because

main ring contributions are almost insignificant. By contras
warp of the main rings could diminish the F ring contributio
7), Neptune’s arcs (Ferrari and Brahic 1994), and the main rings (this study

d
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em.
ring
uted
on

ust

can

ope
er
lter
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a-
the

by obscuring parts of the far arm of the F ring. The main ri
should be then visible in these sections. Except for the po
bility of fortuitous values of comparable brightness, we wou
expect the profiles to vary with distances; but this is not the ca

IV.3.4. Further modeling of the F ring thickness.In the pre-
vious section, we have examined various solutions for the
rameters describing the F ring particles: the dust fractionf , the
power-law indexn of the macroscopic particle phase functio
and the physical heightH . All these parameters influence th
photometric thickness, and the effect of one of them can
compensated by the others.

We now deriveH . We reduce the number of free paramete
by fixing the value ofn. The phase function of large particle
is based on the behavior of icy satellites and of the main r
particles. Hence, by takingn= 3± 1, we deduce from Fig. 10 the
relationH ( f ), which is plotted in Fig. 11. The knowledge of th
F ring normal optical depth (τN= 0.074 derived from Model 1
of Showalteret al.1992), combined to our determination of th
radial optical depth,τF, yieldsH , throughH =W(τN/τF). This
expression can be rephrased in term of equivalent depthD as
t, a
n
H = D/τF. We indicate in Fig. 11 the regions corresponding to
different range of widthsW.
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FIG. 11. The relationH ( f ) obtained from Fig. 10, by fixing the valuen= 3± 1. We also plot the curve corresponding to the case of contaminated wate
(thick line). Thus, fixing the widthW, we can read the respective heightsH which verify the relationH =WτN/τF, whereτN is the normal optical depth of the

F ring. Considering a F ring envelope of widthW= 45–55 km, our model indicates a vertical thickness of about 20–22 km, composed by at least 80% of dust
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It appears that the valueW= 50± 5 km is obtained for a
physical heightH = 21± 4 km. Note that the correspondin
values of dust fraction is thenf = 0.80± 0.03 (respectively
f = 0.90± 0.02) for contaminated water ice (respectively pu
water ice). They are similar to the values obtained by Showa
et al. (1992).

Use of the normal optical depthτN= 0.074 measured from th
photopolarimeter (PPS) experiment for our purpose could h
important limitations, because we cannot be sure that the lo
tude of the PPS is typical of the ring as a whole. So we cons
two other models of profiles (Model 2 and 4 of Showalteret al.
1992) which fit the Voyager data almost as well as the Mod
measured from the PPS profile. The relationH = D/τF implies
H = 25± 5 km for Model 2 andH = 28± 6 km for Model 4.
Hence,H = 21± 4 km may be a lower limit, although it remain
our preferred value, because Model 1 represents the best
the Voyager data (Showalteret al.1992).

IV.4. Evolution of the Ring Brightness

The profiles from ESO and PIC images allow us to follow

evolution of the ring brightness with time over 4 days spann
the exact time of the August RPX (Fig. 12). We perform a line
g

re
lter

ave
ngi-
ider

l 1

s
fit to

he

least squares fit of the data from the before and after the cross
As expected, the precrossing slope is slightly negative beca
the brightness is decreasing slowly as all the components ex
for that of the F ring become less visible. We extrapolate the fi
the exact time of Earth’s transit to find that the minimum sign
is not zero. We recall that this thickness doest not represent
actual physical thickness of the rings, but that it is caused
the F ring. The postcrossing slope is positive and much lar
than the precrossing slope since the lit side of Saturn’s rin
becomes more and more visible. Our data are not accurate
numerous enough to detect a difference of brightness betw
east and west ansa. However, we obtain a good represent
of the evolution ofZ atd= 100,000 km before and after Earth’
transit. The values that we use for the parameters discussed a
aren= 3, ω0= 0.28 for the main rings,τF= 0.27, H = 20 km,
f = 0.9, andn= 3 for the F ring. We can note, on the othe
hand, that the intersections of the linear fits from before a
after the crossing with the exact time of RPX do not give t
same brightness. This discrepancy may be due to the fact
the homogenous plane parallel scattering layers assuming fo
main rings are not a satisfactory model at very low tilt angle
ing
ar
This could thus explain why the geometric albedos derived from
HST images of the lit side are so low (see Section IV.2.2.).
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FIG. 12. (Top) The equivalent photometric thicknessZ of the main rings
vs time during the 10 August 1995 RPX in the near-IR.Z was scanned a
d= 100,000 km, but averaged over 96,000 to 104,000 km to improve the si
to-noise ratio. The results are derived from ESO (before RPX) and PIC (
RPX) observations. Linear least-squares fits to the data from before and af
transit are shown as solid line. By fixing the photometric properties of the r
(see text), we model the evolution ofZ, which is shown as the dotted lines. Th
vertical dashed line indicates the crossing mean time (Nicholsonet al. 1996).
(Bottom) The same as above, but with a modified vertical scale to show
photometric evolution of the unlit profiles.

V. CONCLUSION AND FUTURE WORKS

The edge-on brightness of Saturn’s rings is due to diffe
components, but the observed profiles and their basic evolu
with time can be explained by a physically thick F ring with
ribbon structure (Fig. 4).

This ribbon is characterized by its physical height,H , dust
fraction, f , phase function of large particles via the expone
n (Eq. (9)), and radial optical depth,τF (Eq. (11)). The Earth
RPX alone providesτF (Section III.3.2) and a lower limit for
H (Section III.3.3). Taking into account the normal optic
depth and the width of the main strand of the F ring, as
rived from the Voyager data (Showalteret al. 1992, Murray
et al.1997), we can constrain more stringently the vertical str

ture of the F ring. We then infer a physical thickness ofH =
21± 4 km.
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Kolvoord and Burns (1992) have demonstrated that a slig
inclined satellite can excite the F ring’s particles in an obse
able fashion. The maximum1i (kick in inclination) from a ring
particle–satellite encounter can reach 5× 10−3 degrees, yield-
ing an out-of-plane displacement of more than 10 km. Olkin a
Bosh (1996) detected an inclination of the F ring equivalen
a displacement of 15± 4 km, which is close to our derivation
It remains to be seen at that point how these displacements
explain an effective thickness of the same order, in particu
against the damping effect of frequent collisions.

Our best fits indicate that the dust dominates the scatte
properties of the F ring, even at small phase angles. Howe
these observations also provide evidence that a fraction of a
10–20% of larger bodies must be present in the region of
F ring. As stressed by Showalteret al. (1992), these bodies ar
present at least in the narrow core of the F ring. Pouletet al.
(2000), on the other hand, propose a dynamical model for
origin of the F ring clumps. In this model, parent bodies (hund
meters to kilometer in size) collide, ejecting regolith, which a
later swept up by other parent bodies. These ejecta clouds
also have typical heights of 20 km or so.

Finally, Salo (1987) estimates that gravitational encount
can maintain an equilibrium thickness for the F ring of the
der of several times the radii of the largest particles. A rou
estimation of the radiiR of the largest bodies located at radi
distancea is given by

R∼ H

5

(
aR

a

)3/2

, (14)

whereaR is the Roche radius. For the F ring (H ∼ 20 km), R
could reach a few kilometers, a value consistent with the larg
values derived by Pouletet al. (2000).

Our light-scattering model does not go beyond the class
assumptions, which treat the main rings as a homogeneous
plane parallel slab, many particle thick, essentially vanish
behind a ribbon-like F ring near the RPX. This model expla
reasonably well the profiles observed very close to the R
but a more complete modeling of the F ring can be envisage
adding different effects such as the inclination, the shadow ef
from the main rings, or the presence of several 3-D braids. A
further theoretical studies are needed to address the pres
of large bodies and transient clumps in the F ring. The h
resolution and temporal coverage of the Cassini orbiter co
greatly help resolving some of these issues.
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