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ABSTRACT

In chis brief oveniew, the state of our current know ledge of the properties
of the ring system as a whole. and of the particles individually, is assessed.
More derailed review papers are cited for farther discussion and attention
is primarily devoted to recent results and possibilities for exploration of
the ring system by a Sawurn orbiter. In particular, the infrared and
microware properties of the ring system are discussed. The behavior of the
ring brightness is not well understood in the critical transition spectral
region from ~ 100 um to ~1 cm. Also, the dynamical behavior of the ring
svstem is discussed. Recent theorerical studies show that ongoing dy-
namical effets continually affect che ring structure in azimuth (possibly
producing the A ring brightness asymmetry) and in the vertical direction
(possibly preveaung the rings from flattening to 2 monolayer).

Orbital spacecratt-based studies of the rings will offer several unique
advantages and impact important cosmogonical questions. Bistatic radar
studies and millimeter-wavelength spectrometry/radiometry will give us
the particle size and composition limits needed to resolve the question of
the density of the rings, and provide important boundary conditions on the
state of Saturn’s protoplanecary nebula near the time of planetary
formation.

Detailed study of the radial structuie of rhe rings near resonance “gaps”
will shed light on the whole question of ring formation and in a larger
sense on planetacy formation as influenced by dynamical effeces. The
recent discovery of the rings of Uranus further motivates such dynamical
studies. Topics which would benefit from further study, either from
spacecraft or frem Earth, are noted.
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I, INTRODUCTION

Due tc their great beauty and uniqucness, the rings of Saturn have been studied
as much or perhaps more in the past than Saturn itself, Their scientific importance is
in fact also quite great, Trappel within the Roche limit or Saturn by the gravitational
perturbations of the satellite Mimas, the ring particles have been unable either to
escape or to accrete into a large body, Thus, if the rings formed in their current
place, they represent a practically untouched remnant of the protoplanetary nebula, a
direct condensate unaffected by thermal, chemical, or impact metamecrphosis, How-
ever, it is also possible that the rings formed through tidal breakup of a pre-existing
comet or satellite. Knowledge of the size distribution and bulk composition of these
particles coild permit final discrimination between these two origin hypotheses. For
instance, {he existence or absence of kilometer-sized '"particles' would permit or
disprove the breakup hypothesis. Even the bulk composition of the particles has not
been definitely established, Current work indicates that cosmogonically plentiful ices
could compose the bulk of the ring material. However, fairly pure metal may not as
yet be ruled out, Thus, study of the rings could provide valuable constraints on
theories of Solar Svstem crigin and evolution. In Section II the global structure of the
rings (radial, vertical, azimuthal) is reviewed. In Section III current knowledge of
particle size and composition is discussed. Tn Section IV likely advances due to
Pioneer, Voyager, and interim Earth-based studies are mentioned. In Se~tion V,
important scientific questions will be presented which are appropriate for study by
SOPz. This brief paper will only touch the surface of existing research on Saturn's
rings. For further background, the reader is referred to review papers by Bobrov
(1970) Cook, Franklin, and Palluconi (1973), and Pollack (1975).

II. OVERALL PHYSICAL STRUCTURE OF THE RING SYSTEM

Radial Structure

The ring system exhibits obvious radial structure which has evolved a particular
nomenclature, Currently accepted values for, and uncertainties in, ring element
boundaries are give1 along with standard nomenclature in Table 1, Below we discuss



Table 1.

Ring Element Bounduries {After Cook et al, 1973)

Arxc sec at 9,3338 AU

9. 22" 20,17 (est)

16,87 =0, 1" {est}

13.21 =0.1" (esl)

Boundaries
Plaretary {Eguatorial}

Riug Reg:on Radius tkm; Radii*
A Outer 137,400 = 790 (est) 2,29 1
A Inner 121, 8C0 = TJ9 2.03
Cascini
Division: Width 4,800 - 7C. s.08 9.7
B Outer 114,000 = [00 1.95
B Inner 81,800 = 700 1.33
C Inner 72,600 = 1,400 1.21 10.5 =0.2"

R, = 8.65" =0.02 at 3.538¢

¢

6 x }LO4 km (Dollfus 1970)

‘Cook etal. 1373)

the radial strocture in sonie Jderail and then review currently accepted values for

optical depth of the rings r.. visible wavelengths as a functicn of radial distance,

1. Aechanisms governing radial structure,

The most iikelr explanation for the radial structure of the ring: is that

it arises from ine effecis of gravitationally induced nerturbations in ring

particle orbits which lie near commensurability vith Mimas, one of

Sawmrn's smalier satellites (see, z.g., Trazkiin and Colombo, 1970).

The perturtation characteriz’'ag commen=urability increases the eccen-

tricity of the "resonant” particie until a collicion removes the paiticle

from the resor ... orbit.

1nus such commensurste orbits are unstclle.

This simple explana.ion serves very woll to explain the inner and outer

houndaries .f thc ~ing system,

Given that only empty space exists bevond

the resonance in either case, the collisicn which removes the particle

from its unstable orbit is most likoly to be with another particle within the

rings and in such a ¢ase tne final orbit will be more likely within the ring

hounas .y wan beyond the ring boundary, In this way the resonances are

scen () present atl ivast partially effective barriers to mass flow, The

inner edge ¢S the B ring. itner edge of Cassini's divisi~n, and the cuter
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edge of the A ring vepresent such unstable orbits with periods equal to
1/3, 1/2, and 2/3 of the period of Mimas, respectively. The real radial
brightness distribution is, of course, more complex (see Figure 1).
However, the picture is more complex regarding the widths of the
resonances.

Gaps within the rings

It has been recently realized (Greenberg and Franklin 1977) that the above
mechanism will "clear out" only a region of radial ~xtent €30 x~, riuch
less than the observed width of the Cassini division (see Table 1,
Particles moving under the resonance, but more thar ~ 30 km distant from
it, do so "in rhase’ in their orbits and do not collide. Several machanisms
have been proposed to explain tl‘xe observed width, Goldreich and
Tremaine (1978) suggest that a density wave, induced at the resonances,.
travels outward and decreases the angular momentum of particles in a
range which agrees well with the width of Cassini's division. Cook (1575)
suggests th-t the system is evolving radially outwards, due possibly to
magnetic or gaseous drag. High-quality observations near the edges of

all the resonances and within Cassini's division will be necessary to supply
further constraints on these hypotheses.

Optical depths in the rings
The optical depth, To provides an important boundary condition relating
particle volume densities to particle sizes, By definition,

Ty = ,[fn(r,z)vrrzdrdz

where r is particle radius and n(r, z) is volume density. The normal
optical depth of the rings, Ty varies significartly with radial distance
from the planet, Values of To have been obtained by two general methods:

- To/cos @
transvission of light through the rings (I, =1 . e o/ ), where 9
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DISTANCE FROM SATURN (MIMAS =1.0C)
35 .45 .55 65 Ng-

T - I Y

1 e 1.1
12°.60 16".30 16™.80 18".90
c 8 A

Figare 1.  Brightwess of the ~1ug system a5 a functron of radial drstarie from the cemter of Saturn
az 10 AU (Dellfas 1970,

is the angle from the ring normal, and reflection of light from the rings.
The former method is more direct as fewer assumptions about the ring
structure, particle albedos, and phase functions are required. Howe" 2r,
most quoted values have been obtained from the atter method, in which a
simple scattering-layer moudel is used to calculate reflected brightness.
Using the variation of brightness with tilt angle, one solves for both a
particle albedo and local optical depth. Uncertainties in the optical depths
8o obtained may be quite large and the values themselves may be system-
atically low (Pollack, 1975; Cuzzi and Pollack 1978), Best current values
for optical depth as a function of radial position are given in Figure 2
along with their sources and likely uncertainties. The optical depth of the
Cassini Division is highly uncertain due to the many difficult and important
cerrections which must be applied to observations (smearing, scattered
light, etc.) These values are azimuthal averages. Azimuthal variations
are discussed below.
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Vertical and Azimuthal Structure

The vertical and azimuthal structure are related in that they both deal vith the
local "internal" structure of the rings; that is, whether the iings are one particle thick
(a2 "monolayer') or are many rarticles thick,

Perhaps the most signilicant observation co 'straining this question is the phase
effect of the rings (see Figure 3). The net . .crease in brightness (about a factor of
two) over 6° of observable pkase is similar in magnitude to the lunar opposition
brightening., Both arise from the fact that shadowing of particles in the lit surface by
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cach other ceases rapidly as the directions to Sun and Earth become coincident at zero
degrees phase angle. Detailed analyses of the effect for the rings (Irvine 1966,
Bobrov 1970, Kawata and Irvine 1974) vield a volume density of particles ~10™2 to 10
in a many-particle thick ring (see Figure 4), far lower than the lunar soil volume

3

density (Hameen-Anttila and Vaaraniemi 1975) aad characterizing a layer containing
particles which are separated by many times their own radius.

Until recently, dynamical arguments (Jeffreys 1947) indicated that inter-
particle collisions would cause the rings to flatten and spread to a monolayer. This
would require the opposition effect to arise from surface microstruciure. However,

L BLUE <7 T .
30 S - Figure 3. Phaw carte tor Satarn's B rixg show sag rclatize brignemess.
. m wagnitnde umiti. av 2 fumtow o phaw amgic. 1w dgree. From
8E s ‘ Frarélm and Conk (19651,

AM, magnitudes

.2 3 a5 e
Ay

-

- T
Q- - -
= .
2 -
g’ 4 e e — - -
o = o
g . o Figarc 4 Theoresnal curies for firss-order vatter:ng ¥ 2 mans -
-~ o O‘: 05 Particicshuk ring v nth optaal depth uniny, and a ring 010t angle
3 R R X
u 0.02: of 237 T curtas ave labeded By the saine of ving tolume densiiy
P:—-: ¢.0042 From Katiata and Irimme ({974
z. 0.002:
T
3
f
" R Y SR,
3 4 5 6 7

owASE ANGL £, deg

79



recent studies of ecergy sources within the ring system (differential rotation, Mimas)
indicate that a finite thickness may be maintained (Brah:c, 1977; Goldreich and
Tremaine, 1978a; Cuzzi efal, 1978). The characteristic thickness is on the order of a
few times the size of the largest particles. Should the rings also include a substantial
number of much smaller particles, they would be "many particles thick." We return

to this in Section MlI. In addition, other natural high-albedo surfaces (e.g., the Galilean
satellites) show much less dramatic opposition effects (see Figure 5) tha- Jo the rings.
The oppositicn effect for these objects, due to surface microstructure, is probably
smaller due to particle transparency and multiple scattering. These, as well as other
such observations, such as the color dependence of the opposition effect and of polari-
zation, favor the many-particle-thick hypothesis slightly over the monolayer

hypothkesis (Pollack 1975).

The absolute chickness of the rings has not been observetionally established,
Observations at the time when the rings appeared edge on (Focas and Dollfus, 1969;
Kiladze, 1969; Bobrov, 1970) have been recently re-analyzed (Lumme and Irvine, 1977)
with the restult that they appear to give only an upper limit of 3 km iull thickness. The
true thickness characterizing macroscopic particles is almost certainly two orders of
magnitude smaller, :if the rings are of the age of the solar system (Brahic, 1977;
Goldreich & Tremaine, 1978a; Cuzzi etal, 1978). However, radiation pressure could
cause micron-sized particles to have vertical excursions as large as a kilometer
(Vaaraniemi, 1973).

The rings present an interesting environment for horizontal structural varia-
tions as well. Gravitational perturbations by Sat'rn's satellites will theoretically
produce a ripple, or wave, with largest components due to Titan, the Sur. Tethys and
Mimas. Orbiting particles will aitain vertical excursions as large as ~10 m or so,
adjacent particles moving coherently in "roller-coaster'” fashion (Burns etal., 1978).

In addition it has been recently confirmed b; several groups (Lumme and
Irvine 1976; Reitsema, Beebe, and Smith, 1976) that Saturn's A ring exhibits azimuthal
variations in brightness (see Figure 6). The amplitude of the effect is ~10% at
maximum ring opening (26°) and increases slightly (to 15%) as the rings close to 16°
(Lumme et al.. 1977). The "sign" of the effect (bright quadrants precede conjunctions)
is not related to the position of the Sun or Earth, but the amplitude of the effect
decreases at opposition (Lumme et al. , 1977). The effect is not shown by the B ring.
Two classes of hypotheses have been advanced to account for the effect. One class
invokes some use of large, synchronously rotating bodies which are either elungated or
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asymmetrically reflective {Lumme and Irvine 1976, Reitsema et al., 1973). The other
class invokes transient, gravitationally induced, "clumping™ of swarms of small
particles in trailing "wakes" (e.g., Colombo, et al., 1977). The predominance of
very large (mary-meter) particles in th= rings is not in good agreement with micro-
wave results discussed in Section Ill. Therefore some variant of the "clumping"

hypothesis is favored.

Summary

The radial structure of the rings is determined primarily by ortital resonances
with Mimas. The widih of the Cassini Division is not completely understood, but mav
reflect the presence of a density wave driven by Mimas, The large opposition effect
of the rings and other optical effects continue to favor the hypothesis that the rings are
many particles thick, although some contribution from surface microstructure
undoubtedly does exist. Dynamical arguments, including likely sources of particle
random motions, are now apparently consistent with the many-particle-thick idea as
well. However, the true ''thickness' may in fact be no more than some tens of meters.
A monolayer hvpothesis would imply that the individual "particles™ are 1>any meters in

size anc. at least in the A ring, in synchionous rotation,

III. RING PARTICLE PROPERTIES

A full treatment of the great quantity of material dealing with particle
preperties such as narrowband and broadband geometric albedo, phase function,
surface vs. bulk compo-ition. ard particle size is bevond the scope of this summary,
In this article onl:- a brief roview of known or inferred particle properties is given,
The reader is referrcd :» review articles by Cook, Franklin, and Palluconi (1973,

and Pollack (1975) for {uller details ot the observations and their significance.

Particle Albedos and Temperatures

1. Albedos.
The particic albedos (;T)O) must be obtained simultaneously with ring optical

depths by snlving tne multiple scattering problem and matching data such
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as the phase variation, tilt variation, and absolute value of the ring
reflectivity. Many authors have approached this problem, usually by
assuming isotropic scattering. The most sophisticated recent analyses,
which include the use of both isotropic and anisotropic scattering phase
functions, indicate that isotropic scattering is not consistent with the data
(Kawata and Irvine, 1974, 1975; Esposite and Lumme, 1977). Particle
albedos obtained in these analyses are shown for the brightest parts of the
A and B riugs in Table 2. The best-fit phace function is somewhat, but not
strongly, backscattering, with derived values of the phase integral g
ranging from ~ 0.9 to 1.6 (Lumme and Irvine, 1976; Esposito and Lumme,
1977). This value represents a surface intermediate between a Lambert
surface and the lunar surface in degree of backscattering, similar to the
characteristics of typical snowbanks (Veverka, 1970). The large range of
allowed values of g and 50 is Jdue in part to the very small range of
observable phase angles.

Particle temperatures.

Thermal balance calculations giving the physical temperature of the ring
particles are quite complex in the case of the rings because of: (a) The
gradient in insolation with optical depth in the rings and the associated
diffuse radiation; (b) Heating of particles by the infrared emission of other
particles; and (c) Heating of particles by emission from Saturn. In addition,
the variation of (a) with ring tilt angle must be considered. These calcula-
tions have been carried out by Kawata and Irvine (1975), fcr likely upper
and lower limits of bolometric Bond albeco AB =0, 54 and 0, 38 respec-
tively. In addition to the uncertainties in Bond albedos at blue and visual
wavelengths mentioned above, the large un_ertainty in albedo from
0.7-1.1 pm wavelengths leaves the holometric Bond albedo quite uncertain.
The results (see Figure 7) are grossly consistent with tl.ermal infirared
observations (see Table 3 ar-t Mcrrisor, 1976) but, for the more realistic
case AB~O. 5, calculated temperatures are somewhnat lower than recent
observations, More study and better observations of the ~* gs over a wider
range of wavelengths and phase angles (i.e. from an orbiter) could help

graatly tc resclve this apparent discrejancy.
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Table 2. Albedos at the Brightest Part of Each Ring Element

Ring

Element Meun Radius/RE A p q @, Source
A 2.10 vV 1.1 0.57* 0.63 Cook et al,
1973
vV  0.48-0.61 1.57 ¢.75-0.95 Esposito &
Lumme, 1977
vV 0.72+0.05 1.0-1.5 0.5-1.0 Lumme &
Irvine, 1976
V - —-—- 0.75 Kawata &
Irvine, 1976
Vv 0.64 +£0.04 1.0-1.5 0.8-1.0 Lumme &
Irvine, 1976
B 1.85 vV 1.1 0.57* 0.63 Cook et al.,
1973
VvV  0.31-0.61 1.57 80-0. 95 Esposito &
Lumme, 1977
B 0.86 0.57* 0.49 Cook et al.,
1973
B --- —- 0.48 Kawata &

Irvine, 1975

*Assumed value

Spectral Observations and Compositional Implications

Water ice was first identified in the rings by Pilcher et al. (1970), and Kuiper
et al. (1970) using 1-3 pm spectroscopy (see Figure 8). The shapes of the spectral
features in this region vary both with temperature (Kieffer 1974, Fink and Larson
1975) and particle size (Pollack et al. , 1973). Pollack et al.. 1973, used this effect to infer
the grain size of the ice particles doing the absorbing to be ~ 30-40 um (see Figure 9).
As discussed in secticn C below, this is probably the size of individual grains on the
surfaces of much larger particles. The variation of ring reflectivity over the entire
visible-near IR range, however, (Lebofsky et al., 1970), is not consistent with a pure
water ice composition, which would have constant reflectivity in the 0.3-1.0 um
region. In fact, the spectral reflectivity of the rings (see Figure 10) closely resem-
bles that of Jupite 's innermost (and highly reddened) satellite Io (Johnson and McCord,
1970) in overall behavior. The spectra of the A and B rirgs are quite similar. This
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Table 3. Observations of the Brightness Temperature of the B Ring in the
Thermal Infrared*

Year A, RIN TB (B ring), K  Tilt Angle, B Observers
1964 10 <85 ~9° Low (1965)
1965 21 <64 ~4° 1 1° Low (unpublished)
1969 12 86 £+ 3 17° Allen & Murdock (1971)
1971 20 90 + 3 25° Murphy et al. (1972)
1971 11 <85 11 Armstrong et al. (1972)
1971-72 45-80 85 £ 7 255° Armstrong et al. (1972)
65-110 §9+5 255° Wright {1976) recalib.
1972 20 9 + 2 26° Murphy (1973)
1973 20 96 + 3 26° Morrison (1974)
1973 11 92 £ 3 26° Morrison (1974)
1973 35 92-97 26° Nolt et al (1974)
1973 ~33 912 26° Rieke (1975)
1974 ~11 94 + 2 26° Rieke (1975)
1974 ~22 91,5+ 1 26° Rieke (1975)
1975 3¢ 91 + 3 24, 5° Nolt et al. (1977)
1976 45-80 84 + 4 21,8° Ward (1978)
65-110 74 +4
1957 22.7 R6 £ 2 16° Nolt et al. (1978)

*Corrected to heliocentric distance of 9.0 AU

reddening cffect is not understood, but could be due to trace impurities (sulfur?
phosphorus? Axel dust?) and/or the effect of charged particle bombardment on the
ice lattice (Pollack, 1975). An even stronger reddening is seen in the spectrum of
Titan (see Figure 11). The existence of water ice comes as no surprise due to its
abundance and stability compared to methane and ammonia ice in the outer solar
system. Hydrate clathrates of methane or ammonia with water ice are also possible
(Milier, 1961). Their existence has not yet been established observationally, as
near-IR spectra (Smythe, 1975) Jdo not distinguish water ice from clathrates. Spectra

at longer wavelengths, however, (Bertie et al, 1973) could be quite useful.
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The above observations sample only the surface layers of the ring particles,
and do not constrain the bulk particle composition. Observations at microwave wave-
lengths sample depths of centimeters to meters, giving a better idea of the bulk
composition. However, particle size effects may be significant at tkese longer wave-
lengths. Therefore, we discuss these two aspects simultaneousl; below.



Particle Size Distribution and Composition as Constrained by Microwave
Observaticns

The brigitness temperature of the rings at wavelgugths >0, 86 cm is
210 = 3 K, significontly lower than their physical temperature of 96 K or so. 7This
result comes from current model analysis (Cuzzi aud Poliack, 1978) of published inter-
ferometric (high resolution) observaticns (Briggs, 1974; Cuzzi and Dent, 1975; Janssen
and Oisen, 1974). Recent interferometer maps of the rings (Muhleman et ol , 1976,
Schloerb, 1977) are in agreemment with this low, but non-zere, ring brightness. The
low temperature is due to an emissivity effect, as the optical depth of the rings at
centimeter-decimeter wavelengths is comparable to its value at visible wavelengths
based both on the above observations and on the high radar reflectivity of the rings
(Goldstein and Morris, 1973; Goldstein et al., 1977). In fact, for the high reflectivity
implied by the radar observations, it is not dif .cult to show that most, if not all, of
the microw~ve brightness of the rings is scattered radiation from the planet, and oot
"emission" at all. At longer wavelengths, the rings seem colder (Berge and
Muhleman, 1973; Briggs, 1974; Jaffee. 1977) and perhaps less optically thick.

Two possibilities exist for the low emissivities. First, the bultk material of
the particles could have an intrinsically low emissivity. To match the observations
by this "compositional" means alone for particles much l.rger than the wavelength in
sige, nearly pure metallic particles or particles possessing dielesti’c loss nrders of
magnitude lower than the least lossy of naturally occurring materials {ces) would be
required. Seconﬂ, as pointed out by Pollack et el (1973) particles of size comparable
to a wavelength may have extremely low emissivity, and yet high scattering efficfeacy,
in the presence of a realistic value of dielectric loss such as possessed by ices.

Using radio brightness limits and the observed radar reflectivity at two waveleogths,
3.5 and 12.6 cm, Pollack (1975) and Cuzzi and Pollack (1978a, 1978b) have set coa-
straints on the possible particle size distribution and composition using realistic
scattering models. First, silicates are excluded except possibly as a minor (<10% by
mass) coustituent of the particles. Second, water ice (or clathrate) particles with
radii distributed following a power law distribution n (r) = nor_s foriem< r%
several meters could satisfy the observatious if diatributed fa a many-particle-thick
layer (see Section I). The upper limit oa r kere depends on the value of dielectric
loss for the ice at 10v K and is not known to better than a factor of three or so
(Whalley and Labbe, 1969), Third, an optical depth 31.5 at visibie wavelengths in the
thickest part of the B ring is indicated. Fourth, metallic particles 'arger thac a
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centimeter in radius are still a possibility. Fifth, very large (many-meter) particles
of very low deusity ('210'1 £ cm_s) with subsurface scatterers of the composition and
sizes discussed above could also satisfy the existing observations based on analogy
with the high radar reflectivity and depolarization characterizing the Galilean satel-
lites (Campbell et al., 1977; Ostro and Pettengill, 1977). Some of the results leading
to these constraints are shown in Figures 12-14, and these res:lts are summarized
in Table 4. The important aspects of the radar observations are their high absolute
value and depolarization, and apnarens wavelength independerce.

Another point of interest is tha: the radial variation of radar reflectivity is in
fairly good agreement with tie radial variation of visible depth (Pettengill et o, 1977).
A corollary of the microwave resulis is that the fraction of the rings (by surface area)
composed of rarticles smaller than a centimeter or so must be quite small. This
result is ia good agreemen. with the results of analysis of eclipse cooling of the par-
ticles by Aumann and kieffer (1973) and observations by Morrison (1974) that the
particle size ie greuter than about 1.5 cm. These results are aiso in agreement with
the likely structure cf the ring as discussed in Section ! and with the expected life-
time of small narticles against Pcynting-Robertson drag. However, one should not
be surprised to find some small particles (<< 1 cm in sige) in the rings, possibly
being continually produced in collisions.

The rings are largely unobserved in the intecesting trausition wavelength
range between 100 um and 1 cm within which the tempeature drops from~ 90 K to
~10 K. Far-infrared ¢bservations {about 10-400 pm) over the last ten years
gppeared to show a clear countrikiction from the rings at their physicali temperature
(see ‘fable 5). In ydditicn, observarions of Saturn relative to Jupiter at ~1 mm wave-
l=ngth (Low. 1966; Rather ef ai., 1975) appeared io show some ring contribution at a
brightness temperature of 30-40 K. However, recent observations are not in agree-
ment with these results. From a scau of Saturn at 400 micrometers, it appears
that the brightness of the rings is less than 0. 35 of the disk brightness (Werner,
private communicaticn). Also Werner et al (1978) see nc evidence for excess flux
due to the rings (in an unresolved observation comparing total fhux with Jupiter) at
1 mm wavelength. These important short wavelength observations will become more
difficult as the solid angle of the rings decreases further in coming years, but will be
essential to understanding the composition and size distribution of the ring particles.
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Figure 12. Conpariser of sbseried
radar reflectsvity wuth the calinlated
reflectit ity of a many-partule-thick Layer
uwuth a relatively narrow sive distriba-
tion. The parameters x, and FIB
charadterize scattering by monspherical
rartecles and ave faerly 1yprcal values for
rowgh (x, = 31 and smooth (xy = 8)
partides respetvely. From Cazzi and
Pollack (1978).

Figare 13. Comparuon of ebserved
radar reflativity with the calalated
reflectirity of a many-pavirclc-thak ring
layer composed of nx partiles uith a4
broad (power law; size distribation.
From Cazz: and Pollack 119781

figare 14, Comparnsen of observed
radar reflectiinty uwnh the calialated
reflectizaty of a many-pavircle-thuk ring
lver wompuied of silicate particles. From
Cuzzt and Poliak 1 197 8).
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Table 4.

Acceptability of Ring Models of Different Structure,

Composition, and Particle Size

Perticle Composition

Model Structure

Ice

Rock

Metal

Extended layer:

A: a<<A (a<1lcm)

B: a3
tharrow size distribution)

C: a>>A (@>1m)
(narrow size distribution)

D: Power law (a > 1 ¢cm)
n@) = noa'3

Monolayer:

A: a<<A (@< lcm)

B: a®A @ >1lcm)

C: a>A (@>1m)
(marrow size distribution)

D: Power law (8 > 1 cm)
n@) = noa‘3

No, due to low net
reflectivity and strong
A-~dependence
Possible ‘

@ =6+ 1cm only)

No, due to low net
reflectivity

Possible

No, due to low net
reflectivity and strong
A-dependence

Unlikely, due to low
depolarization

Possible (multiple
internal scattering)

Unlikely, due to low
depolarization

No, due to low net
reflectivity and strong
A-dependence

No, due to low net
reflectivity

No, due to low net
reflectivity

No, due to low net
reflectivity

No, due to low net
reflectivity and strong
A-dependence

Unlikely, due to low
depolarization

No, due to low net
reflectivity

No, due to low net
reflectivity

No, due to strong
A-dependence

Possible
Poassible

Pussible

No, due to strong
A-dependence

Unlikely, due to low
depolarization

Unlikely, due to low
expected depolarization

No, due to low net
reflectivity




Table 5. Far Infrared Observations of Saturn and Its Rings:
Variation of Net Flux Coming from Disk Using Values of
Disk Tg Derived on Two Different Assumptions
Fl: Tpg obtained assuming no flux from rings.
F2: Tpg obtained assuming rings & disk of equal temperature

Date Tilt §$sﬂik; (F1 ‘da‘e)> <F2 ‘da‘e)> Source

/

Angle (Disk) \Fl (1968)/ \F, (1968)

Dec. 1968 -11° 1.0 1.0 1.0 Aumann et al.
(1-350 ym) (1969)
Winter 1975-76  -21° 1.6
(40-300 um) 1.5+ 0.3 1.0 0.1 Loewenstein et al.
(100-400 pm)P 1.8+ 0.1 0,93+ 0.03 (1977)
Oct. 1971 -24° 1.8 1.7+ 0.1 1.0z 0.1 Armstrong et al.
(30-300 pm) (1972) and
(125-300 um)? 2.0+ 0.1 0.97: 0.03 Wright (1976)
Winter 1973-74  -26° 1.9 1.9: 1b 0.9+ 0.1  Hudson et al.
(300-500 pm)P (1974)

a) approximate correction for ring blockage by planet included.
b) Rayleigh-Jeans limit assumed in scaling temperature to flux.

Summary

The albedos of the ring particles are somewhat uncertain, but quite high
(Go 3> 0. 8) at blue and visible wavelengths. The scattering phase function is fairly
backscattering, but not as highly backscattering as that of the lunar surface. These
properties are similar to those of typical saowbanks. Particle temperatures calcu-
lated for a range of values for the bolometric albedo consistent with the above results
decrease with ring tilt angle as observed, but seem slightly low (5-10 K) with respect
to observations in the thermal IR. Water ice (and possibly clathrate hydrates)
apparently coustitutes the major part of the ring material, although ice-coated metal
may not be ruled out on the basis of existing infrared, radio, or radar observations.
Metal may, however, be regarded as unlikely both on grounds of cosmic
abundance and on grounds of its high density. I the ring particles were of metal,
the Roche limit would lie well within the rings and accretion could proceed. Aiso, the
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net ring mass based on the observed volume density would very likely be so large as
to cause a noticeable discrepancy in the location of Cassini's division (see Section II).
It appears that the particles must be larger than a centimeter or so in size.

A very broad size distribution, possibly n (r) = uor'3

» I8 consistent with 3ll existing
data if the largest particles are several meters in radius. Such a situation would
explain the probable ring "many-particle'" thickness and azimuthal variations

Section II) as well, in terms of dispersion of the numerous small particles by the few
large ones. Another possibility is that the "particles' are much larger, with internal

scatterers of centimeter-to-meter size fixed in a low-deunsity matrix.

IV. NEAR-TERM INFORMATION EXPECTED (1978 — 1984)
Earth-based Studies

1. Further investigations of the opposition effect and the azimuthal
brightness variations with decreasing ring tilt angle and at longer (red,
IR) wavelengths. These will hopefully constrain the particle albedo more
closely, impacting the question of the "infrared discrepancy."

2. An interferometric observation of the ring brightness at 3 mm wavelength
may be possible in the near future, but in general critical short
microwave-wavelength observations (100 um - 1 cm) will become more
difficult as the rings close up. Hopefully, laboratory measurements of
the microwave (and infrared) dielectric properties of ices and clathrates
at low temperatures will be obtained, as these will eventually be critical

for final analyses of ring particle size and composition.

3. Continuation of radar backscatter observations of the rings as they close
up may allow us to discriminate between monolayer and many-particle-
thick models.
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Pioneer and Vovager

1. Pioneer 11 will "probe' the region exterior to ring A for particles, but
due to the low value of ring tilt angle, may not provide much other
information.

2. Voyager will encounter Saturn at a ring tilt angle of 5 degrees. The Vovager
Radio Science experiments (Eshleman et af., 1978; Tyler, 1978) will obtain
high-quality information on ring optical depths for regioas with low
(To < 1) optical depths. Parts of the B ring may still be opaque. Good
radial resolution will be obtained (~100 km) giving new information on
dynamics and radial structure. Proper use of the two Voyager spacecraft
in different modes (one in direct occultation, one in large-angle bistatic
reflection) will provide information on particle sizes spanning the whole
range of interest. Oblique scattering angles are desirakble both in studving
particles between 1 cm and several ineters in size, and in obtaining
interesting polarization results, which bear directly on particle shape.

3. Vovager IRIS experiments will obtain independent ""mean’ size information
from observations of eclipse cooling of the particles. Speciral observa-
tions from 0.3-50 pm will provide useful information on composition and
temperature of the particles observed. Photography may reveal the
existence of extremely large "parent' bodies with sizes on the order of
a kilometer or more.

i. Determination of the ring mass with an accuracy of ~10-6 .\Is will be
possible. This measurement will probably discriminate between ices and
metal as major material constituents. HlHowever, if the rings are of ice,

their mass may very well be less than the above detection limit.

o
V. POTENTIAL USES OF SOP” FOR STUDY OF THE RINGS

Composition Determinations and Relevance to Studies of Solar
System Formation

As mentioned in Section 1, the origin of the rings is still not well-established.

However, indications are that very large (> 1 km) particles are, at best, a rarity in

the rings. As internal strength would limit the size of fragments produced by Roche
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breakup of a larger satellite to a value at least this large (Harris, 1975; Greenberg
et al, 1977), this may be taken as at least an indication that the ring material is a
direct condensate from the proto-planetary nebula. Because the ring particles have
not been chemically or thermally altered by atmospheric or tectonic processes, they
provide a valuable boundary condition on conditions in the protoplanetary nebula.

For instance, Lewis (1973).and Miller (1973) have suggested that methane and
ammonia hydrates are stable at temperatures around or below 90 K. Thus, one would
expect them to exist currently, if they ever formed. Pollack et al. (1977) have shown
that the early high-luminosity phase of proto-Saturn may have kept the region of the
rings too warm for anything but pure water ice to form there, and then only very
close to the end of the accretion period. Thus, determination of the clathrate »s ice
composition will provide an important constraint on the formation history of Saturn
and the outer solar system in general. This may well be accomplished by an IRIS-
type experiment operating out to long wavelengths (~1-100 pm) where spectral dis-
crimination of clathrates appears to be possible (Bertie et al., 1973). Some evidence
for spectral structure in the 10 and 20 uym region has been inferred in observations by
Morrison (1974). Laboratory work is needed to determine critical wavelength
intervals and sensitivity required. In addition, trace silicate impurities which may
be admixed in the ice may be representative of the composition of the original inter-
stellar grains, and may be present in sufficient amounts to be detectable by an IRIS
experiment. Hydrated silicates appear to be likely constituents of the Galilean
satellites (Pollack et al.,, 1973) and observable even from the ground. High-resolution
spectra at visible wavelengths would help resolve the source of the "'reddening' which
seems to characterize all outer solar system objects. Organic photo-products have
been suggested for this ""Axel dust' on Titan, but the rings have no atmosphere in
which to form such products.

Both in ice vs clathrates and ice vs silicate, compositional gradients may
exist with distance from Saturn at a level which might be detectable only with sub-

stantial integration time, requiring repeated observations from an orbiter.

Particle Size Distribution and the Evolution of the Rings

A detailed knowledge of the particle size distribution, possibly a function of
distance from the planet, may tell us a good deal about the evolution of rings.
Smaller particles will be affected more by drag effects and will drift inwards. Also
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particles undergoing the most collisions (the smaller, more numerous particles)

will diffuse inwards and outwards the most rapidly. Thus, information may be gained
as to whether the rings originated in one place and diffused radially, or remain in
much the same location in which they were formed. The exact form of the size dis-
tribution may be compared with distributions characterizing meteorites and with
theoretical studies of accretion/comminution processes (Greenberg et al, 1978) to
give us a greater understanding of the accretion process itself.

These studies would he best accomplished using bistatic radar reflectivity
and polarization studies over as large a range of view angles as possible. This
implies observations from a fairly inclined orbit (~10-20°) with respect to the ring
plane. Such an inclined orbit would also improve our chances of obtaining a ring
mass as separable from the higher gravitational harmonics of Saturn itself. A full
knowledge of the diffuse scattering properties of the rings (see Figure 15) would pro-
vide an excellent constraint on the distribution of particle sizes from less than one
centimeter to several meters radius. Studies of the polarization would allow infer-
ences as to particle shape and irregularity to be made, giving qualitative information
on the collisional processes shaping the particles. Repeated ring occultations at a
time when the rings are fairly open (~20 degrees in 1984) will give us full knowledge
of the optical depth in the thickest regions of the rings which will be necessary for
understanding of the intensity and polarization results. Coherent radio occulta-
tions also provide a good means of detecting small (<<1 cm radius) particles, by
the phase shift of the coherent signal.

Radiometry at short microwave wavelengths (100 um-1 mm) would be of great
value in establishing limits on the size of the largest particles. These maximum sizes
might also vary with radial distance. Current values of ring brightness temperature
at millimeter wavelengths are not in agreement; however, model calculations (Cuzzi
and Pollack 1978) indicate that brightness temperatures of 30-50 K could be expected,
if the particles are composed of ice. Better knowledge of the critical transition
zone between 100 pm and several millimeters wavelength will be essential to better
knowledge of the particle sizes and compesitions. Improved knowledge of the phase
effect at visible wavelengths would lead to good determination of the volume density
of the rings critical for proper analysis of the microwave scattering behavior. The
volume density may vary with radial distance, especially near the resonances, pro-

viding indirect information on tiie dynamics of resonances and ring thickness.
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Figure 15. The angular distribution of
diffusely scattered and transmitted radia-
tzon tm the plane of incidence. The inci-
dent plane wave has anit flux normal to
itself. Curves a and a': total and singly
scattered intensities reflected by a semi-
infinite layer of isotropic scatterers with
Tig = 1. Curves b and b': total an..
vingly scattered intensities diffusely re-
flected and transmitted by a typical ring
model composed of centimeter-to-meter-
sized particles in a many-particle-thick
rving layer. From Cuzzi and Pollack
(1378).

The ring system as a dynamics laboratory: The recent discovery of the rings

of Uranus shows that ring systems are more common than had been thought, and vary

greatly in nature. These two systems afford us a great opportunity to study large-

scale gravitational perturbations which could lead to a better knowledge of the accre-

tion processes forming resonant pairs of satellites, and even planats themselves

(Goldreich and Nicholson, 1978), as well as large-scale dynamical effects influencing

galactic structure. For instance, the exact shape and optical depth of the gaps in the

rings will allow tests to be made of density wave theory in differentially rotating disks

(Goldreich and Tremaine, 1578). Knowledge of the "strengthe' of the Mimas resonances

as barriers to mass motion (from theory), studies of the optical depth variations

across the resonances, and the "spreading rate" of the rings as determined by velocity

dispersion (thickness) may be compared with observations of radial diffusion of par-

ticles as evidenced by radial variations in composition on particle size distribution.

More detailed study of local ring irregularities such as the non-axisymmetric dis-

turbances in ring A and the physical thickness of the rings, even from 3B.s orbital

distance, appears to be difficult as these are probably tens of meters in size,

requiring angular resolution less than 0.1 arc sec,
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Summary

Several points of interest are noted vis-a-vis use i SOP2 to study the rings
and the relevance of these studies to solar system formation. Studies of particle
composition and size distribution, and their variations with distance from the planet,
could provide several useful constraints on conditions prevailing in the proto-
planetary nebula. These are best accomplished from inclined orbit (10-20°) with
visible photometry at several wavelengths (or spectroscopy), an IRIS experiment
operating from 1-50 pym (100 pm ?) wavelength, a multiband radiometer operating
from ~100 pm to several millimeters wavelength, and extensive bistatic radar
mapping. Studies of the dynamics of particles in the rings will greatly improve our
theoretical understanding of the gravitational processes that influenced, and migit
have initiated, planetary accretion and evoiution. These will arise from extensive

photography of the rings and repeated radio occultations of an orbiter by the riags.
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DISCUSSION

J. CALDWELL: I would liiie to show a Figure A taken from Caldwell, J. (1975)
Ultraviolet observations of small bodies in the Solar System (Icarus 25, 384- 398) and
compare it with one of Jeff's (see Figure 9)
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This figure shows OAO data that extend the reflectivity measurements of the rings below
3000 A to practically 2006 A. The precipitous drop in reflectivity implied by McCord and
his colleagues stops avcund 3000 .

The reftectivitv in the 2000-3)00 A region is flat and is consistent with water
frost. B also aspears to me that the wtal specirum would be coasistent with two
component . | don't know whether they are spatially separated or mixed togetber.

The ultraviolet reflectivity of the rings does not look like that of the Galilean
satellites, which continue to decrease noticeably all the way down to 2000 x, at least
for those for which measurements zre pessible (Callisto, Ganymede, and Europa).

L. TRAFTON: Although the rings are brighter than Titan, tne relative
reflectivitics from 5000 A down to at least 3000 & are ver, similar. So what.ver makes
up the Gust on Titan, may be the same stuff which helps to color tke riugs.

B. SMITY: Uuring the recent Iapetus eclipse we did cuufirm the existence os
the Encke division or minimum, so we have a little more than Golifus’s visual
observation to go on.
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Also, with regard to ring thickness seen at the time the Earth goes through
the ring plane, its true that the rings never completely disappear, vut the model that
Cook has developad has turned up edges near the resonance divisions. Thus the rings
can be very thin u«nd still appear thicker when seen edge oa.

J. CUZZI: Yes, however it is uncertain whether Cook's inclination resorance,
which produces the "turned-up' edges, lies in a region containing particles, or in
iact within an empty region near the ring edge.

D. MORRiSON: In your upper limit on the amouxt of silicates that can be
included in the particles and still be consistent with the radar measu.cements, [
presume thzt it refers to the centimeter or perhaps the 10-cm particies. H you had
a silicate core in some of the large objects, could you tell the differenc?

J. CUZZL: Probably not. The meter-sized and larger objects in the power
law distribution countribute relatively little to the radar signal, so iteir properties
do not constrain the model.

D. MORRISON: So, in fact, a comporent of a relatively small numbe~ or
nieter-sized objects made of anything wotld be consistent with ¢xastiug data,

J. CUZYL: Yes, as long as their wtzl surface area, o- optical depth, is less

thar a few percent of that of the entire ring systen..
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