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ABSTRACT
We conducted a detailed study and comparative analysis of the Voyager UVS
and PPS stellar occupations of the Uranian ring system. The primary objective of this
study was the determination of the constraints on the sizes of the ring particles. The
Voyager UVS and PPS occultations probed the e and 5 rings at significantly shorter
wavelengths (0.11

Jim and

0.27 |Xm, respectively) and at substantially different view

ing geometries than a large number of existing Earth-based occultations. These differ
ences combine to produce a unique mutual sensitivity among the UVS, PPS and Earthbased observations to the particle properties of the rings. Our results yield slight, but
significant differences between PPS and UVS optical depths. We interpret these differ
ences as wavelength dependent scattering due to a population of small particles in the
mm to cm size range in e and 8 rings. The size distribution of particles in e and 5 rings
were found to be similar, the main difference being the total number of particles. In
contrast to studies at longer wavelengths, our results imply a relatively steep particle
size distribution characterized by a power law of index 3 or greater.
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CHAPTER I
INTRODUCTION

1.1 Historical background
Planetary rings have been a source of wonder and a stimulus to astronomical
thought for many centuries. Galileo, Huygens, and Maxwell are among those who
have pondered the rings of Saturn, which were believed to be unique in the solar sys
tem until the relatively recent discovery of rings around Uranus, Jupiter and Neptune.
The detection of these new ring systems sparked renewed interest in the study of
planetary rings. The significant differences between these four systems adds to the
challenge of understanding ring phenomena. Understanding ring systems may conse
quently shed more light on the origin of the solar system itself, since it is believed that
the many of processes of planet and satellite formation are still at work in planetary
rings.
While detailed characteristics and behavior of rings have yet to be fully under
stood, the existence of rings of dispersed matter around planets is known to be a conse
quence of the Roche limit and mutual collisions between ring particles. Tidal forces
can break up large orbiting bodies (~>10 km) and deter smaller bodies from combin
ing in to a larger satellite. From Earth, Saturn's rings (Figure 1.1) have the appearance
of smooth, broad, homogenous bands.
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FIGURE 1.1 This view of Saturn and its brighter rings was taken by Voyager 2 on 13 August 1981
at a distance of 12.7 million km. The spatial resolution is 235 km, comparable to the better images
to be obtained by Space Telescope, from Planetary Rings p.708.

Closer, inspection by Voyager however has revealed a wealth of detail in which
mutual collisions between orbiting bodies and the gravitational influences of large sat
ellites produce typically a "lumpy", broken disk in the planet's equatorial plane. Ring
systems can also be composed of a set of narrow, sharp edged ringlets. Such ringlets
may be elliptical, inclined, and even azimuthally confined as we have learned at Ura
nus, Neptune, and Saturn.
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1.2 The Uranian Ring System
The exciting discovery of the Uranus ring system Fig. 1.2 displaced Saturn from
its unique status as the ringed planet. High speed photoelectric photometry of star occultations made the detection possible. A Uranus occultation of the reasonably bright
star, SAO 158687 was predicted. Teams of observers from all over the globe flocked to
areas where the event would be most visible in hopes of observing an eclipse by Ura
nus' atmosphere. Observers got a double reward when they saw both the occultation of
Uranus and secondary occultations by its rings.

FIGURE 1.2 The Uranian rings in backscattered light. This mosaic is composed of 2 Voyager
images taken through the broadband clear filter (effective wavelength of 0.48 nm) from a distance
of approximately 1.1 x 106 km, from Uranus p.331.
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Subsequent ground based observations of stellar occultations gradually revealed
a very accurate picture of the radial structure, width, optical depths, and kinematics of
Uranus' rings. From these occultations, nine rings were identified (6,5,4,a,(3/n .y.S.e),
(Figure 1.3). Six of these are inclined a few hundredths of a degree to Uranus' equato
rial plane. The y and rj rings are nearly circular, with eccentricities less than 10"4.

1986U7
1986U1R

FIGURE 13 The highest phase angle image of the Uranian ring system taken at 172.5° phase,
which was used to constrain the area-weighted dust traction for each ring, from Ockert et al.
1987.
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While the e ring is not inclined, it has the largest eccentricity (7.94xl0"3) of all
the rings. The width of the e ring along with the widths of a and P varies linearly as a
function of orbital radius or true anomaly, such that the e ring, for example is ~20 km
wide at periapse and ~100 km wide at apoapse. The rj ring has a broad diffuse (55 km)
exterior with a dense core of only a few kilometers in width. The remaining rings have
widths between 2 and 12 km. Nicholson et al. (1982) and French et al. (1982, 1986,
1988) have successfully fitted a keplerian model with 5 orbital elements to the occultation data for each ring.
A major challenge for understanding Uranus rings is characterizing the mecha
nism of ring confinement and the underlying causes for the observed structural variety.
One aspect not explained by Earth-based observations was the narrow, sharp-edged
structure of the rings. Since collisions between ring particles would normally cause the
rings to spread, this sharpness suggests an efficient confinement mechanism is in oper
ation. A number of theories have been put forward to describe a feasible confinement
mechanism. Orbital resonances with known satellites could produce such a ring struc
ture, but ground-based data showed no correspondence between known satellite reso
nances and the rings. In addition the energy and angular momentum exchange between
the known satellites and the rings was apparendy not enough to confine them, (Nichol
son 1978, Askres 1977). However, more refined measurements from the Voyager 2 flyby discovered two small satellites, Cordelia and Ophelia with radii diameters of 26 and
30 km, respectively, which orbit interior and exterior to the e ring and which posses
proper resonances to help explain the confinement of e ring. Fig. 1.4. (Porco and Goldreich 1987 and French et al. 1987 and 1988).
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1986U8

1986UT

FIGURE 1.4 Shepherd Satellites in the Uranian rings. The two satellites designated 1986U7
(Cordelia) and 1986U8 (Ophelia) are on either side of the e ring. Resonances from these satellites
are near the E ring edges and may be responsible for confining the ring, from Science 233 (1986).

An alternate theory proposed by Dermott et al. (1977, 1979, 1980) said the parti
cles of each ring are held in horseshoe orbits about its Lagrangian equilibrium points
by a small satellite. While a form of this model explains the motion of co-orbital satel
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lites around Saturn, it fails to explain the confinement of Uranus' rings, (see Askres
1977, Goldreich and Nicholson, 1977).
The presently accepted model describes the narrow rings as being confined by a
pair of "shepherd satellites" located interior and exterior to the ring which keep it from
spreading. This model was quantitatively studied by Goldreich and Tremaine (1979,
1980,1981) and further explored by Henon (1981), and Borderies et al. (1983). The
satellites are presumed to have eccentric and inclined orbits, which force the eccentric
ities and inclinations of the rings. This model attributes the exchange of orbital angular
momentum between the shepard satellites and the rings with maintaining the sharp
ring edges and helping to confine the rings.
The passage of Voyager 2 through the Uranian system in January 1986 (Stone
and Miner 1986) provided a wealth of new information about the rings. Images made
during the approach phase confirmed the overall characteristics of the rings as inferred
from ground-based observations, as well as revealing previously unseen features. The
new rings, 1986U1R (X ring) and 1986U2R were discovered, as well as nearly a hun
dred new low optical depth ring like features within the main ring system. In addition
to Cordelia and Ophelia (1986U7 and 1986U8), 8 new satellites were discovered with
in Miranda's orbit. Analysis of the Voyager images continues to reveal new details
about Uranus and its rings. A very large thermal hydrogen exospheric corona sur
rounds Uranus and leads to a short orbital lifetime for small ring particles through the
mechanism of gas drag (Broadfoot et al. 1986 and Herbert et al. 1987). Radio and stel
lar occultations at six different longitudes give optical depth values between 0.4 to 8
for the classical rings. The very low albedo of the ring particles is confirmed by the
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Voyager images. There is a significant variability in opacity with respect to longitude
shown in several of the main rings (Colwell et al. 1989, Gresh et al. 1989). Compara
tive radio opacities suggest that the ring particles are larger than those of Saturn (Gresh
et al. 1989). Uranus' rings exhibit a variety of structures governed by several different
mechanisms including mutual inelastic satellite-ring interactions, self gravitation of
particles, and particle mass distribution. But for now there is not an encompassing
model which can account for all of these mechanisms. A variety of models must be
used which contain assumptions that are sometimes inconsistent with other models.
Some models assume the rings are like a fluid medium. Many theories use the idealiza
tion that the particles are all the same size, rather than the more realistic distribution of
particles of various sizes. Other models consider the particle collisions as elastic, like
billiard balls, (Brahic 1977, Stewart, et al. 1984), or inelastic such as the particles in
ever changing snow drifts (Weidenschilling et al. 1984).
Much of the work on the dynamics of Uranus rings has been based on the math
ematical techniques developed to describe galactic dynamics. There are considerable
similarities between the dynamics of planetary ring systems and those of galaxies and
stellar accretion disks. Thus, many astronomers with background in the latter applied
their techniques to the study of planetary ring systems. But it is not entirely clear that
these methods are properly applicable to planetary rings. New approaches are now
testing the validity of these assumptions and techniques.
What ground-based observations can reveal about the rings is limited. For ex
ample, little has been learned regarding particle sizes and composition. Spectroscopic
measurements are also limited because the large distance between Uranus and the sun
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creates low temperatures, and thus a ring thermal emission is greater than the reflected
sunlight only for wavelengths greater than 11 microns. Also the large distance between
Earth and Uranus render radar and radio observations practically useless.
The Voyager 2 images of the rings in forward scattered light clearly revealed a
very tenuous dust sheet spanning the entire ring system (Smith et al. 1986). Because of
their limited spatial resolution (a 10 km per line pair), the Voyager images provide
only weak constraints on the internal structure of the ring. Nevertheless, they have
been used to constrain the visual photometric properties of the ring material, showing
that while the ring particles are dark, their single-scattering and normalized reflectance
albedos are not outside the range set by laboratory studies of dark materials and other
dark objects in the solar system. The low albedo and the relatively neutral color of the
s ring suggest that the dark material is similar to C-type asteroidal material, believed to
be organic rich opaque minerals mixed with hydrated silicates. The study of such dark
material, its origin, and spatial distribution has important implications for understand
ing the early chemical composition and evolution of the solar system (Ockert et al.
1987). Of great significance for our understanding of the kinematics and structure of
the rings were a series of high resolution occultation measurements made during the
Voyager encounter.
A stellar occultation of a Sagittarius (Figure 1.5) and [3 Perseii (Algol) was ob
served by both the Photopolarimeter (PPS) and Ultraviolet Spectrometer (UVS) in
struments, at effective wavelengths of 2700 A and 1100 A, respectively (Lane et al.
1986; Holberg et al. 1987). In addition the Radio Science SubSystem (RSS) at radar
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wavelengths of 3.6 cm (X-band) and 13 cm (S-band), (Tyler et al. 1986) probed the
rings as Voyager 2 passed behind Uranus as seen from the Earth.

FIGURE 1.5 Stellar occultation of a Sgr. by e ring. A Voyager wide angle camera image obtained
just prior to the UVS/PPS occultation. a Sgr. is the bright star in the center of image the e ring can
be seen arching from left to right.
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The event geometry for the Voyager a Sgr. and (3 Per. occultations are discussed
in chapter 2 of this thesis. Both occultations occurred during the period of the Voyager
2 closest approach to Uranus on January 24 1986 and were observed simultaneously
by the UVS and PPS instruments. The near-grazing azimuthal occultation of a Sgr.
occupation spanned only the e and 5 rings but resulted in unusually small projected ra
dial velocities of 0.3 - 1.0 km s"1. The profiles of these two rings were viewed at a
good signal-to-noise ratios and at radial resolutions of 3-10 m for the PPS and 100-300
meters for UVS. For the UVS, however, the p Per. occultation was largely compro
mised by high trapped radiation noise in the inner core of the Uranian magnetosphere;
Only the 8 ring emersion event was detected. In the remainder of this thesis only the CT
Sgr. data are discussed. Also detected in the CT Sgr. data is the occultation profile of the
Uranian ring 1986U1R (A, ring) first discovered in Voyager images (Smith et al. 1986).
13 Aim of Study and Organization of Thesis
It is the aim of this thesis to extend our understanding of the distributions of par
ticle sizes within the Uranian rings. We accomplish this task through a careful compar
ison of the UVS and PPS occultation data which were simultaneously obtained at two
different wavelengths, 1100 A and 2700 A respectively. The subtle differences in these
two data sets were used to help define a range of particle size distributions for the e
and 5 rings.
Incident radiation of different wavelengths is affected differently by particles of
various sizes; hence, the analysis of the two occultation experiments should enable us
to develope a model that is consistent with the observation, thereby resulting in a par
ticle size distribution that spans the entire radial length of the rings. Model for the par-
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tide size distribution for the Saturn' ring system has been established by Marouf et al.
(1983) and Zebker et al. (1985) to explain the observations at eight locations in the
rings using RSS data at two different wavelengths of 3.6 and 13.4 cm. For Uranian
ring system, however, the type of analysis of the radio occultation data which yielded
information on particle sizes at Saturn was not possible. Here we seek to provide a
constraint on the particle sizes in the 8 and 6 ring through a careful study of the PPS
and UVS occultation data.
The thesis has been organized in the following manner for the systematic pre
sentation of the study:
Detailed presentation of the two occultation experiments by Voyager 2 space
craft are provided in Chapter

n, along

with the geometry of occultation for the two

data sets used for the analysis.
The theory of light scattering as applied to particles of the rings is developed in
Chapter HI, with the emphasis on Babinet's principle and its application in planetary
ring systems.
Chapter IV outlines the methods used to correct and reduce the data.
Chapter V is the discussion of the results of our analysis.
Chapter VI is the conclusions and suggestions for further investigations.
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CHAPTER II
THE VOYAGER IIUVS AND PPS STELLAR OCCULTATION

The data analyzed in this thesis is comprised of two independent sets of ring occultation data. Each represents the a Sgr. occultation events recorded by a different in
strument onboard the Voyager 2 spacecraft This chapter describes the occultation
geometry and other characteristics of each data set and a comparison between the UVS
and PPS data sets.

2.1 Description of Occultation Geometries
Voyager 2 weighs about 815 kilogram, and carries a multitude of sophisticated
scientific instruments. For more details about the spacecraft and mission to Uranus, the
interested reader is referred to Science (1986) and Morrison (1982). Stellar occultations of the Uranian ring system involving the bright stars a Sgr. and P Per. (Algol)
were observed as part of the Voyager 2 investigations of Uranus. These observations
were conducted simultaneously by both the UVS and PPS instruments.
The best UVS results were obtained from the a Sgr. observation and sampled
the region of the ring system containing the 8 and 5 rings only. Although some useful
data were obtained from the P Per. observation, high radiation noise present in the in
ner core of the Uranian magnetosphere precludes the use of all but the P Per., e ring
emersion event In Fig. 2.1 we illustrate the viewing geometry for the CT Sgr. occulta
tion, as seen from the spacecraft 12 hr prior to closest approach. Useful geometrical
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quantities associated with the a Sgr. ring occultation are given in Table II of Holberg
et al. (1987).

P Per
0^ Lon^llml*

RSS

FIGURE 2.1: Geometry of the Voyager stellar and radio occultations, as projected onto the ring
plane, and viewed from the north rotational pole of Uranus. The two stellar occultations observed
by the UVS and PPS instruments are identified by the star names, while the dual-frequency radio
occultation cuts are designated RSS. The location of zero longitude (ascending node of the ring
plane on the Earth's equator) and the direction to the E ring's periapse are shown for reference
from French et al. 1986 and courtesy of M. Cooke.
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2.2 UVS Data Set
The Voyager 2 UVS (Broadfoot et al. 1977 and 1981) is an objective-grating
spectrometer covering the 500 to 1700

A

wavelength region with a dispersion of

9.26 A per channel (Figure 2.2). UVS stellar-occultation observations of Saturn's rings
similar to those discussed here are described in Holberg et al. (1982) and (Holberg
(1982).
In its occultation mode, the UVS obtains a complete stellar spectrum every 0.32
second. The entire detector array is scanned every 320 |ls and counts in each channel
are summed into a buffer. This buffer is read out sequentially, in a channel-by-channel
mode, over a Hms of 0.32 s, and each channel reset to zero. Examples of unattenuated
count-rate spectra of a Sgr and p Per are shown in Fig.4.1 of this thesis.
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FIGURE 2.2: Schematic drawing of the Ultraviolet Spectrometer from Broadfoot et al., 1977.
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UVS data typically consist of an extended time series of spectra, often 1000's of
individual spectra. During an observation, the spacecraft is subject to small quasi-periodic attitude control motions. The net effect of these spacecraft motion is to move the
instrumental 0.1° x 0.87° FOV with respect to the target Because the UVS is an ob
jective grating spectrometer these motions cause off axis spectra to experience vignett
ing due to the mechanical collimator, which defines the FOV as well as a slight
wavelength shift. Information derived from the spacecraft altitude control error signals
allow an independent determination of the target motion in the spectrometer image
plane. This knowledge permits a precise determination of the photon signal as a func
tion of time. Due to the coupling between the microchannel plate and diode array in
the UVS detector, one photon event yields, on average, ~2.5 instrumental counts.

23 PPS Data Set
The Voyager 2 PPS instrument consists of a 15 cm diameter Cassegrain tele
scope, a single photomultiplier detector and three interventing wheels that contain se
lectable apertures, wavelength filters and polarization filters (Figure 2.3). During
stellar occultation events such as these at Uranus the PPS is configured with a circular
field of view 1.0 0 in diameter and a filter having a 250A wide band pass centered on
2650A. Stellar counts are sampled every 0.01 s. In this mode all the data samples are
spaced at fixed, regular intervals. The instrument is described in more detail in Lillie et
al. (1977).
The one degree aperture was selected to minimize the effects of the 'limit cycle
motion' of the spacecraft described above. This motion results in a point source wan
dering about 0.07 0 in the PPS field of view over a 20 to 30 minute measurement peri
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od. A linear polarizer set at 45° was also present in the optical path in front of the
detector. It could not be removed because the intense Jovian magnetospheric radiation
had damaged the logic circuit controlling the polarizer wheel. The polarizer acts as an
attenuation element for unpolarized starlight with the transmission of about 30% at
0.265 mm. The short integration intervals and rapid sampling of the PPS allow high
resolution measurements when the projected speed of the occulted star in the ring
plane is low and the star is sufficiently bright Lane et al.1989).
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2.4 Comparison of UVS and PPS Data Sets
As we are comparing the UVS and PPS occultations data sets, there are a number
of important differences between these two photon counting instruments to consider.
Chief among these differences are, band pass, spectral resolution, time resolution,
background and signal to noise, fields of view, and sensitivity to spacecraft limit cycle
motion.
a) Band pass and Spectral Resolution: The count rate averaged effective
wavelengths of the UVS for the a Sgr occultation was 1108A. PPS is a single channel
photometer. PPS occultation observations were conducted in a photometric mode hav
ing a 250A wide band with an effective wavelength of 2650A. Thus, ring optical
depths are simultaneously measured at two distinct widths.
b) Time Resolution: The UVS recorded a complete stellar spectrum every 0.32
second. The PPS sampled the brightness of the star every 0.01 s. This sample duration
represented 0.075 s of integrated signal and 0.025 s of instrumental "dead time".
PPS has a higher radial resolution of 3-10 meters vs. 100-300 meters for UVS
experiment permitting more detailed study of the structure of the system.The a Sgr
data at full resolution for UVS were 320 m, 120 m, and 280 m for e, 5 and 1986U1R (X
ring) respectively, and for PPS averaged to resolutions of 100 m, 50 m and 85 m for 8,
5 and 1986U1R respectively.
c) Background and Signal to Noise: In the UVS the CT Sgr. wavelength integrat
ed on-axis counting rate was -1000 count / 0.32s with a corresponding constant dark
counts of ~2 counts / 0.32s. There was no measurable contribution of scattered light

31
from the sunlit rings. For PPS the CT Sgr. stellar signal was 42 counts / 0.Is sample with
a scattered light background from the rings and planet which varied from 50 to 60
counts / sample. These circumstances resulted in average signal-to-noise ratios which
were approximately equal for PPS and on-axis UVS data.
d) Sensitivity to Limit-Cycle Motion: The UVS is more sensitive to limit cycle,
or spacecraft attitude control motion, due to its smaller field of view of 0.1° x 0.87°.
The PPS, with its larger field of view, is less sensitive to limit cycle motion, however
both the stellar signal and the scattered light background can be modulated to a small
degree by limit cycle motion.
e) Spacecraft Timing Events: Both UVS and PPS data are referenced to the
same spacecraft clock, however the interpretation of the absolute timing of events with
UVS data has proved more straight forward than for PPS (Nicholson 1990). Here we
have synchronized both data sets to the UVS event times. This, however, has little im
pact on the interpretation of the data, except for dynamical studies.
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CHAPTER III
THEORY OF LIGHT SCATTERING

3.1 Introduction
Light of a given wavelength interacts differently with particles of different size.
We first introduce the terminology and notation used and then proceed to develop the
theory of light scattering by particles with sizes larger than the wavelength of light
(geometric optics regime). This is the characteristic regime of particle sizes for which
we will be concerned. Our treatment of light scattering theory follows that of Bohren
and Huffman (1983), H. C. van de Hulst (1981) and Chandrashekar (1960). The termi
nology used here is consistent with the above-mentioned references.
Considering the interaction of incident wavefront with a particle, located at the
origin of a chosen rectangular coordinate system. The particle will absorb some frac
tion and scatter another fraction of the incident energy. The total amount of energy re
moved from the incident beam, or extinction can be written as Cext, where C is the
equivalent cross section of the particle responsible for the removal of energy. The law
of conservation of energy then requires that

Cext

The quantities Cext>

and

=

^sea

^abs

M

are the cross sections of the particle for extinction,

scattering and absorbtion, respectively. They have the dimension of area. The efficien
cy factor is defined as Q = C / G, where G is the geometrical cross section, and G = rca2
for a spherical particle of radius a. Therefore,
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(

Qext " -7T

®

sca
O
>£sca — ^Q

(3)
*'

Qext = Q-sca

+

(4)

Qabs

The energy scattered or absorbed is determined by particle size, composition and
shape. Let the incident wave be expressed as a planar wave propagating in the positive
Z direction. A particle of arbitrary size and composition is placed in the path of the
plane monochromatic wave. The origin of the coordinate system is chosen to be inside
the particle as shown in figure 3.1. Let U denote the 'propagation' associated with the
wave. U can be expressed as
,,
U

-ikz + iat

'

e

(5)

The scattered light is completely characterized by its polarization, intensity and
phase. For the purpose of our analysis, we are only concerned about the intensity of
the wave, since polarization and phase are not detected.
The differential cross section (dCsca / dQ.) specifies the angular distribution of
scattered light into a unit solid angle about a given direction. It is convenient to nor
malize the differential cross section. We define the phase function as normalization of
the differential cross section over the entire solid angle of 4K. We will write the nor
malization as

P(9,*) =

dQ.
r1Csca

1

and

f/>(8.*)^-l

(®
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FIGURE 3.1 The coordinate system for the scattering of light by a particle located at the origin is
illustrated here. From H. C. van de Hulst (1981), P.12.
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3.2 Diffraction Theory
Our concern is the problem of the scattering of light by particles with sizes much
larger than the wavelength of light. Based upon the Huygens-Fresnel principal, the in
cident light can be thought of as being composed of independent rays following their
separate paths and striking different parts of the particle. Each point on a incident
wavefront acts as a source of a secondary spherical wave (Huygens' principle) and the
secondary waves would then interfere according to their phase differences (Fresnel's
principle). Figure 3.2 shows the different contributions to the light scattered by a parti
cle of size larger than the wavelength of light (Bohren and Huffman, 1983). At point 1
the incident ray is divided in to externally reflected and internally transmitted rays, at
point 2 the transmitted ray is partially reflected and transmitted and finally at point 3
the ray is transmitted after one internal reflection.
REFLECTED

INCIDENT

DIRECTLY
TRANSMITTED

TRANSMITTED
AFTER ONE
INTERNAL REFLECT!'

FIGURE 3.2 The various rays of the incident light are scattered as shown by a large particle, in
accordance with geometrical optics, from Bohren and Huffman, 1983 p.167.
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The scattered light is then composed of light that is diffracted by the particle as
well as reflected and refracted. If the particle is much larger than the wavelength of in
cident light, the two parts of the scattered light can be distinguished. The diffracted
light will be concentrated in to a narrow lobe centered around the forward direction 0
= 0°, where as the reflected and refracted light will give rise to a less intense radiation
pattern in directions dependent on the optical properties of the particle.

3.3 Babinet's Principles
A general formula for the intensity of diffracted light can be derived using Babi
net's principal. Babinet's principle states that the intensity of diffracted light by a
opaque disc, having the same geometrical shadow area as the particle, is equal to the
intensity of diffracted light from an opaque screen with an opening of area equal to the
geometrical shadow area of the particle. In other words, the intensities of the diffracted
wave from a black disc and an opaque screen with an aperture the same size and shape
of the black disc is equal to the intensity of the original incident plane wave.
It is straightforward to apply Babinet's principle and derive an expression for the
intensity of diffracted light. Figure 3.3 shows a particle of geometrical shadow area G
located at the origin of a coordinate system. Incident light is shown to propagate in the
positive Z direction where, P is a point in the far field of the particle and it is desired to
determine the intensity of scattered light at P.
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i

A

FIGURE 3.3 Diffraction by a large body with geometrical shadow area G, from H. C. van de
Hulst (1981), p.106.

The point P is at a distance r from a point (x,y,0) in the shadow and can be ex
pressed in terms of polar coordinates as

r - r 0 - (;ccos<j> +;ysin<j>) sin0

(7)
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The propagation at the point P is then expressed as

u

p

=

u

Q

e

~

i k r i k { r

°

r ) ± c d

y

( 8 )

where the first term is the incident plane wave and the double integral in the second
term represents the diffractive effects of the particle. The double integral may be ex
pressed as the product GD, where G = JJi&cfy is the geometric area of the shadow and
D(0,<|>) describes the diffraction pattern, equal to 1 for 0 = 0.

D (0, <|>) =

ik(r°~r)dxdy

(9)

The scattered intensity is then given by
y~,2

/= -^_|z)(0 t 4O| 2 / o

do)

Xr
For the case of 0 = 0 and D(0,<j») = 1, the extinction cross section is given by

c„, =

2a

(ID

and

= -V = 2
%a

(12)

The resolution of the paradox posed by Babinet's principle comes from the realization
that a large particle removes from the incident beam twice the amount of light that it
intercepts. However, under most circumstances the diffracted light occupies such a
narrow cone surrounding the geometrical shadow of the object, that the diffracted light
cannot be distinguished from the unattenuated incident beam and only an amount of
the incident beam corresponding to the geometrical cross section of the object is per
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ceived to have been removed. The effective cross section of the particle is equal to its
geometrical area. In addition, the particle, through its diffraction pattern, removes
from the incident beam an amount of light with an effective cross section equal to its
geometric area. Therefore, the extinction factor 0^ of this large particle, (large with
respect to the wavelength of incident) is 2. This argument is often referred to as "Babinet's principle" (Bohrn and Hoffman and H. C. van de Hulst (1981).
Function D(0,<J>) can be evaluated for a circular aperture, G =

TIT2

and with x=pcosvy

and y=psimy, by direct integration,
2/j (xsin0)
xsinO

(13)

where Ji(xsin0) is the first-order Bessel function.

3.4 Application to planetary Ring Systems
So far we have considered the scattering of light by only a single particle. How
ever, in most physical situations, there exist a collection of particles of different sizes;
i.e. a size distribution of particles. The collective scattering and extinction efficiencies
are given by the expressions:

C

Ka2Qsca (a> *•) n (fl) da

Q-sca = —

(14)

and

jaa2na2Qext(a,X)n(a)da

(15)
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where n(a)da is the number of particles having radii between a and a+da, a^ and a2 are
the limits over which the size distribution is discussed.
The normal (or vertical) optical depth for a medium such as a ring is then defined
as,

(16)

a
The normal optical depth has been defined as the integral over the size distribu
tion weighted by 7ia2Qext, where all the symbols have already been defined earlier in
the chapter. QeXt is a function of both the particle size and the wavelength of observa
tion. If the particle is much larger than the wavelength of observation then

ap

proaches the geometric optics value of 2. The explanation of this fact arises from the
realization that in the geometric optics regime, the particle diffracts as much energy as
it actually physically blocks. Most of this diffracted light lies within a scattering angle
dd, and it is defined to be:

where a is the particle radius, and X is wavelength of incident light Fig. 3.4.
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FIGURE 3.4: Tlie cross-sectional projection of tlie diffraction cone of angular radius X72a of ring
particles having a certain size.

Therefore, for scattered light received by a real detector, one must be careful in
considering exactly what light is being received and answer the question: exactly what
is the value of Qext for the experiment? In the past this question has been the source of
some confusion, especially with the advent of spacecraft flybys. When the rings of
Uranus were discovered in Earth-based stellar occultation observations (Elliot et al.
1977) only optical depth measurements were available. Later when the rings were seen
in reflected light for the first time (Nicholson et al. 1984) it became evident that the
ring particles must have exceedingly low surface reflectance to account for all the ma
terial believed to be present in the rings. Geometrical albedos at 2.2 |im of 0.022 ±
0.002 were quoted (Nicholson 1984). Such albedos were substantially lower than
those of any known surface in the solar system, and this led to speculation about possi
ble unusual compositions or surface characteristics for the particles in the rings.
Cuzzi (1985) essentially solved the problem of the low albedo of the Uranus
ring particles by invoking Babinet's principle. He realized that for all but very large
ring particles (10m - 100m) diffracted star light would not be observed at Earth. Fur
ther, due to their narrowness no significant amounts of light would be diffracted back
into the observers field of view by ring particles lying off the incident beam. Thus,
QeXt for the Earth-based occupations would be 2. This situation is in contrast to the
broad rings of Saturn where light diffracted from the incident beam is effectively re
placed by light diffracted in to the observers field of view by particles adjacent to the
incident beam.
In the case of the Earth-based observations an observed occultation cross section
of 2G occurs when this scattered component is missed by the observer. But stellar oc-
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cultations of rings observed by spacecraft can differ significantly from Earth-based ob
servations. As noted by Cuzzi (1985) and discussed earlier, light scattered in to and out
of the observers field of view by ring particles must be carefully accounted for. Indi
vidual ring particles scatter or absorb the amount of light incident upon its geometrical
cross section G, these particles also diffract an equal amount of incident energy into a
narrow cone with angle of diffraction 0d. Light can be diffracted back into the observ
er's field of view by ring particles lying adjacent to the direct line of sight, the effec
tive particle cross section will be reduced to G given homogeneity over a sufficiently
wide area of the ring such that practically all of the scattered light is replaced. The pa
rameters which determine whether a given experiment will fall into either one of these
limiting cases (or somewhere in between), are the relative sizes of 0^ and the value of
Oring = W / D, the angle subtended by the projected width of the ring (W) at a distance
(D) from the observer. When 0d is small compared to the total angular diameter of the
ring, the approximate fraction of scattered energy replaced is 0^ / 0ci j if 0^ < 0d
(Cuzzi 1985).
The scattering geometries for the PPS and UVS experiments at Uranus differ
considerably from Earth based occultation. For Voyager the acceptance angle AQ. is
greater than 0^, therefore the detector is not able to distinguish the scattered compo
nent from the diffracted component of the beam. In addition to the light scattered by
particles in the line of sight, the detector receives diffracted light from neighboring
particles, as the occulting ring has a finite extent. If the detector has an acceptance an
gle larger than the angular extent of the ring, then again, the diffracted light is indistin
guishable from

the incident beam. This situation holds for the Uranus Voyager

observations of the rings as the rings are not sufficiently broad. Hence, in interpreting
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the occultation results we must use QeXt equal to 2 - f(a), where f(a) is the fractional
coverage of the diffraction pattern by the rings even though the particle size is larger
than the wavelength of observation, (Cuzzi 1985). The following section clarifies this
argument, and this leads to an over estimation of the amount of material in the rings
from the observed ring optical depth with their geometrical cross-sections.
The arguments discussed above lead to some limiting cases and examples of
these limiting cases can be seen in stellar occultations of the Uranian rings by Voyager
and Earth-based observations. For Earth-based 2.2 |im occultations, the s ring had
0^ / 0d < 1 for particles less than ~30m in size, while the narrower rings met this
condition for all particles less than ~300 m (Cuzzi, 1985). In this situation, the effec
tive particle cross section is essentially 2G, since only a small amount of the scattered
energy is likely to be replaced. This is a direct consequence of the Babinet Principle.
More care must be taken with the Voyager stellar occultations, where

is

nearly 104 times larger than it is from Earth. Here the effective particle cross section is
approximately G, with most of the scattered energy being replaced by adjacent parti
cles, assuming no intrinsic differences in ring longitude or wavelength, the optical
depths taken from UVS and PPS data will be about one-half of the values from RSS
and Earth-based data.
In order to distinguish between coherent verses broadband signal detection and
to clarify the effects of observational geometry from natural ring properties. Following
Holberg et al. (1987) we present the term TGEOM, the "geometric optical depth". This
quantity is defined by the measured optical depth using an incoherent broadband de
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tector with a wide instrumental acceptance angle, observing from behind the ring. We
write the equation,
'''geoiir5? Tobs

(18)

where 0.5 ^ P <.1. In general, xgeom may be less than or equal to the observed optical
depth, xobs. The factors determining the relative values of TGEOM are the particle-size
distribution, wavelength, distance from observer to ring and angular size of the source,
the detection process (coherent or broadband), and instrumental acceptance angle.
For the Voyager stellar occultation the effect of a finite stellar diameter of
Fresnel diffraction needs to be considered. At the UVS sampling interval of 0.32s, the
radial resolution is 320-330 m at the e ring, 280 m at 1986U1R (X ring), and 120 m at
the 6 ring. These nominal sampling resolutions are essentially unaffected by either dif
fraction (1 Fresnel zone ~ 6 m), or by the finite angular diameter of the star (which
subtends ~2.4 m at the mean distance of 630,000 km to the rings. Since Fresnel zone
and angular stellar sizes are smaller than the minimum observable distance.

3.5 Optical Depths and Size Distribution Model
3.5.1 Theory
In order to consider the problem of light traversing the ring in a stellar occulta
tion experiment. We shall assume the rings to be many particle thick homogeneous
slab of particles of all sizes mixed uniformly. Let a beam of light of intensity IQ be in
cident on the ring plane at an angle 0O vertical to the ring plane Fig. 3.5. The path
length of the light through the ring plane is thus proportional to |i0 = cos 0O. The light
traverses the ring plane and is observed when it emerges from the medium at an angle.
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FIGURE

35: The path of a monochromatic beam of light as it traverses the ring medium.

Under the assumption that only simple absorbtion of light occurs, Beer's Law re
lates the observed intensity I to the incident intensity !<,;
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I = I0e

(-X) /JL,

(19)

Rearranging this equation yields the normal optical depth in terms of known parame
ters.

(20)

As photons traverses the ring medium they may be absorbed and lost to the inci
dent beam. Ultimately, photons may be scattered and also lost from the incident beam
if the scattering angle is greater than the acceptance angle AO. of the detector. Multiple
scattering within the ring plane are also possible and Eq. (20) could be developed fur
ther to account for the effect of multiple scattering events (Liou, 1980). However, un
der the circumstances in which we are interested, multiple scattering is not an
important effect due to the low albedo of the particles in the Uranian rings, (Cuzzi
1985 and Ockert et al. 1987).

3.5.2 Power Law Size Distribution Model
Our goal here is to extract information regarding the particle size distribution in
the rings, utilizing optical depth measurements recorded at two different wavelengths.
A common general expression for the distribution of particle sizes within planetary
rings is the power law distribution of the form;

(21)

and
n(a) = 0

for

a > a max

and a < a min
m:,

(22)
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where n (a) da is the vertically integrated number density of particles per unit area in
the radius domain (a) to (a + da). Normalization constants are (no) and (a0), where (n0)
is number / cm2 and (aQ) is the characteristic size of the particles. The power law index
(q), the minimum size (a^jj, and maximum size (am„Y) characterize this distribution.
Such a distribution is commonly used to characterize the size of particles in the plane
tary ring systems (Cuzzi et al. 1984).
In terms of the population of ring particles the observed optical depth x of order
unity can be expressed as, (Cuzzi et al.1984).
a,max
1

(23)

where n(a) as before is the vertically integrated number density of particles of radius
(a), and

(a, X) is their efficiency for extinction at wavelength X. If the particles are

much larger than the wavelength, QeXt asymptotically approaches 2.
In the case of the UVS and PPS occupation of the Uranian ring system, the rings
are each so narrow that only small fraction of the diffracted light is replaced, even
though the angular acceptance of the detector is large compared to angular extent of
the entire ring system, in this case, QeXt a 2 - f(a), where following Cuzzi, (1985), f(a)
is defined to be the fractional area of diffraction cone which is filled by the rings. This
approximately accounts for the fraction of the light scattered back to in an observer's
field of view by those ring particles lying at some angular distance from the optical
path. Thus, for particles of size (a) and a ring of width (W) located at a distance (D),
f(a) becomes;
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m =

2DQ.W
,nfl\ 2
71 (£)0d) 2

c»)

where 0d is the half-angle of the diffraction cone.
Here for convenience we define a critical particle size a<. to be;
X
a

c - w
~
ring

=

XD
w

(25)

This is the size of a particle whose full diffraction cone is equal to the angular width of
the ring. For example for the e ring

~ 3mm and ~ 7mm for UVS and PPS respective

ly and for the 5 ring ac ~ 1cm and ~ 2.47 cm for the UVS and PPS respectively.
Using this definition of ac the extinction coefficient Qext can be expressed as,
4a
Qext = 2-—

for

amin<a< jxac/4

(26)

and

Qext = 1

for

7cac/4^a<amax

(27)

Equation (23) can now be divided into two parts:
no,
4

x = J n a 2 n ( a ) da + J n a 2 n ( a )
—
7iJIaa,
a .
\
"4

and

(28)
cJ
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/

A
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\

\da

(29)

CJ

^

4

The first term in the above expression is simply geometrical optical depth of the ring
(Tgeo). The second term can be considered the added apparent optical depth associated
with particles smaller than v.2^. / 4. Likewise, it can be considered to be the differential
optical depth associated with observation at two different wavelength, such as the PPS
and UVS observation.
Thus, with At being,
Ax = t

pps

-T

(30)
v

UVS

'

We come to the following conclusion,
/nac

At

J

nac

<«> fl - £\da\
V

CJ

PPS

- J na*n („) fl - £ ) d a
A_,„

V

'J

(31)
UVS

J

where the integrals are evaluated for the effective wavelengths of PPS and UVS.
At this point we need to consider the nature of the particle size distribution.
Equation (31) can be explicitly evaluated in terms of the power law (21,22), however
since the differential PPS - UVS measurement only provide a single constraint in par
ticle size distribution this does not lead to a completely characterized general power
law size distribution such as equation (21,22). A simpler question which can be ad
dressed by the data is "what fraction of the ring particles" are in the PPS - UVS size
range.
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Here it is informative to consider the extreme case where there is a uniform size
distribution, with n (a) = nj.
Starting with,
nac
4

T = T

+ J nlncii\ 1- -^-1da
geo

(32)

nac)

Upon simplifying and solving the above equation we get,
(

* -

X geo + n n l a l

t4-037

X 10 3

\ +3a,nin }
na„

- I

for

amin —>0

and it reduces to,
T=

Vo + °*127 nl ac3

(33)

Expressing eqn. (33) in terms of AT and critical sizes for PPS and UVS observations,
we will have,
(34)

AT = 0.127^(al(pps) -a3c(uvs))

Rearranging the terms yields,

~fac(pps)>|3
Ax = 0.127(uvs)

_UC("vs)J

~
(35)

With ac (pps) / ac (uvs) = A, (pps) / A, (uvs) = 2.392, we will express AT in terms of UVS
critical size, a^, (uvs),
AT = 1.61 \n^crc (uvs)

(36)
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Solving for n^, yields

n\ 53

AT:
1
1
0
1
I
1*611 a*(uvs)

Where nj has the units of (# / cm2)
We will apply these theoretical analysis to the UVS and PPS observations. Re
sults of these works are illustrated and explained in Chapter VI
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CHAPTER IV

DATA REDUCTION AND ANALYSIS
4.1 Introduction
In this chapter we shall describe the procedures involved in reducing the data
sets; data compression involving UVS data set, binning of PPS data set to match UVS
time resolution, removal of limit-cycle motion effects, stellar signal and background
determination, calculations involving the Equivalent Depth A (km) and Equivalent
Width E (km).
Spectral compression of the 4hr UVS o Sgr data yields a time series consisting
of ~ 50 000 count-rate samples, each 0.32 s in duration. The PPS data were kindly pro
vided by A.L Lane at the Jet Propulsion Laboratory (JPL) on magnetic tape. PPS data
set is approximately 160,000 count-rate sample with each being 0.01 second in dura
tion.

4.2 Data Reduction
In order to obtain occultation profiles of the rings, we converted the UVS spec
tral data into a single-channel photometric signal by summing the spectral channels.
We have done this by combining all the counts between 830 and 1675A-The spectral
and positional quality flags from the Voyager spectra are also saved in the compressed
data file so that they could be employed later. This reduces the data file to a 1/ 9th of
its original size.
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Several important features of the stellar count-rate spectra are apparent in
Fig.4.1. First, the sharp truncation of the stellar continua shortward of 912A is due to
the complete absorbtion of stellar flux by neutral interstellar hydrogen. The residual
counts seen in this region are real photon events produced by instrumental scattering.
Second, the decline in count rate toward the longer wavelengths is the result of the de
tector response. It should be pointed out that this spectrum is essentially free from in
strumental and sky background and signal due to the illuminated rings.
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FIGURE 4.1 On-axis count-rate spectra of a Sgr and (3 Per. The a Sgr stellar signal is virtually
free from background, counts shortward of 912 A are produced by scattering within the
instrument (from Holberg et al. 1987).

PPS data were binned over 32 points in order to match the UVS points of 0.32
second duration. The relative phase for the binning was determined by creating several
PPS binned ring profiles with different start times and then selecting the one that
showed the best match to the UVS profiles, with particular attention given to matching
sharp edges when available. This procedure was also used to match egress to ingress
profiles by plotting the candidate profiles in reverse. Such a procedure was necessary
because there is a known 1.2 ± 0.05 second offset between the UVS and PPS time tags
which arrises in the Voyager Flight Data System Computer (Nicholson et al. 1988).
The precise time offset between UVS and PPS was determined empirically by adjust
ing the relative "phase" of the 32 point PPS bins to match the sharp features in the
UVS ring profiles.

4.2.1 Removal of Limit-Cycle Motion Effects
The altitude control system of the spacecraft produces what is known as "limit
cycle motion", which has a quasi-periodic character with periods in the range 10-15
min. This leads to strong amplitude modulation of the stellar signal due to the motion
of the star within the 0.1° x 0.87° of the UVS field of view (FOV). Because of this
movements, the a Sgr signal varied between a maximum of 1200 counts per sample,
when the star was on-axis in the UVS FOV, to as low as a few hundred counts at the
off-axis extremes.
Several different techniques are available for removing the effects of limit-cycle
motion. The first involves the independent use of spacecraft attitude-control-system
error signals to locate the star with respect to the center of the UVS FOV. The effective
on-axis signal can then be estimated from the precisely known off-axis instrumental
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response. This method was successfully employed for stellar occupations obtained at
Saturn (Holberg et al. 1982 and Holberg 1982). A second, independent method relies
on the fact that all ring events of interest at Uranus occur on time scales much shorter
than the modulation period. Limit-cycle modulation can therefore be removed by ap
plying a high-pass filter to the data. The method employed here was to make a simple
linear intensity correction to the data by using the free-space countrate on each side of
the ring to establish IQ. Figure 4.2 shows this technique applied to spectrum numbers
9912-14800 of the Uranus UVS ring occupation experiment All these techniques
yield equivalent results.
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FIGURE 42 Optimal star count position within the UVS slit for spectral numbers 9912-14800.
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4.2.2 Stellar Signal and Background determination:
A major task in reconciling the PPS and UVS data sets is the independent esti
mation of the PPS unattenuated stellar signal and the background counting rate. PPS
background is dominated by off-axis scattered light from the planet and scattered light
from the rings within the field of view. This variable background is hard to compute
theoretically, so we choose an empirical approach: 1) we assume that UVS has negligi
ble background due to either scattered light or dark counts. 2) we assume that the star
is constant in both the UVS and PPS bandpasses. The UVS results by themselves can
be used to substantiate both assumption. From a least squares match between the UVS
and PPS ring optical depths we determine the required PPS unattenuated stellar signal,
and hence the background count rate for each ring, as a free parameter.
The background counting rate for PPS, which is due primary to scattered light
from the Uranus disk and lit rings, varies with viewing geometry. This signal actually
dominates the stellar signal. In the presence of this background Cowell et al. (1989)
has estimated unattenuated stellar signal from pre-encounter stellar calibration obser
vations as S = 43 ± 2 counts/sample. For the stellar signal S = IQ and the background B,
which varies between 50 to 63 counts over the entire observation, we adopt a different
approach. First, we establish from the 4 hours of UVS data that the stellar signal at
1100 A remained constant to within 1%. Because any intrinsic stellar variability is ex
pected to be larger at short wavelengths we can set a limit of allowed variation in the
intrinsic stellar signal to less than 1% of PPS wavelength. Second, we use the UVS,
I / Io signal, which we know to be free from background variation to independently es
timate the unattenuated PPS stellar countrate and the background B for each of the six
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major ring events, e ring ingress, egress and 6 ring ingress, egress and X ring ingress
and egress,. We do this by fitting the PPS ring optical depth profiles to the correspond
ing UVS optical depth profiles. The free parameter in each case is S0, the unattenuated
PPS stellar count rate. The following equations mathematically describe the proce
dure. Starting with the observed optical depths for the UVS and PPS ring events, we
see that these quantities are related to attenuated (I) and unattenuated (IQ) intensities as
follows,

(38)

and

(39)

where [i0 = cos 62°.877 = 0.456 for our observation geometry.
For the UVS, where no background counting rates are involved, (I) and (lo)are
directly related to the observed instrumental countrate. For PPS, however, an indepen
dent determination of the background counting rate must be made. Thus, for the rings
we have;
C = S+B

(40)

where C is the observed count rate which has components, S, the stellar count rate and,
B, a slowly varying background counting rate. In a region free from attenuating ring
material we have
Co - S 0 + B

(41)
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where C0 is the observed count rate in regions free from obvious ring materials but in
close proximity to a ring feature, and S0 is the intrinsic free-space counting rate due to
the star. Relating Eqs.40 and 41 to (I / Io)pps we have;
7^|

=

S_ _ C - B

=

C -C 0 — S Q
u0

'0

' o j pps

C-Cp

V

+1

(42)

u0

This expresses the PPS intensity ratio as a function of a single parameter, SQ, the
unattenuated stellar count rate. In principle S0 could be estimated from PPS observa
tions of a Sgr obtained well away from Uranus and the rings, if it were independently
possible to establish that neither the PPS response or the stellar intensity varied. The
best that can be done in this respect is the estimate of Cowell et al. (1989). who deter
mined S0 = 43 ± 2 count / sec.
We use a different method here to confirm and refine this estimate. We use the
differential PPS - UVS optical depth, AT, with,
AT = T pps — T UVS

(43)

where it can also be expressed as,

(

\

1
V 0J pps TI
v o j UVS_

AT = —\i Q ln (-1

to obtain a least squares estimate of SQ.
From Eqns. (42), (43) and (44) we obtain,

(44)
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At = (-|J.0) I n

•C-Cr

r

^

+1

(45)

I
uvs

The results of our analytical investigations is described graphically in figures
4.3a, 4.3b and 4.4a, 4.4b where we illustrate this determination of S0 by plotting the
summed least square differences E^^At)2 between UVS - PPS optical depth ring
profiles for all four major ring events as a function of SQ. The e ring events, because of
their large dynamic range in T are most sensitive to S0, as expected. From figure 4.3a
we obtain a mutual S0 = 44.2 ± 1 as a PPS stellar count rate consistent with all 6 ring
events (e ring immersion, emersion and 5 ring immersion, emersion and A, ring immer
sion and emersion). This should be contrasted with the value of !<, = 43 ± 2 counts es
timated by Cowell etal. (1989).
Background determination was done by subtracting the star count from average
of several hundred signal points prior to occultation. The result showed that back
ground varied slowly throughout the observation from a maximum of 59 ± 2 counts to
near minimum of 53 ± 2 counts per integration period. This is slighfly different from
the findings of Colwell et al. (1989) who calculated the background to be a minimum
of 50 and maximum of 63 counts per integration period.
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FIGURE 4.3a: Least square determination of the stellar signal for Uranus E ring immersion
event.
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FIGURE 4.3b: Least square determination of the stellar signal for Uranus 8 ring emersion event.
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FIGURE 4.4a: Least square determination of the stellar signal for Uranus 8 ring immersion
event.
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FIGURE 4.4b: Least square determination of the stellar signal for Uranus 8 ring emersion event.
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4.3 Determination of Equivalent Depth A (km) and Equivalent Width E (km)
In comparing the UVS observations with what was seen by PPS instrument, we
compute several intrinsic integral quantities that have proved useful in the description
of comparisons of different occultation geometries and wavelengths of planetary ring
systems. Among these quantities are the equivalent depth (A) and the equivalent width
(E). For an unresolved ring event, the equivalent depth (A) is defined as the product of
the normal optical depth and ring width Eqn. (46). While the equivalent width (E) is
defined as the product of fractional absorbtion, corrected for oblique viewing geome
try, and ring width Eqn. (47). These quantities were used extensively in comparing
Voyager UVS vs. Earth-based results of the Uranian ring system (Holberg et.al. 1987)
as well as Saturn and Neptune. In comparing the UVS vs. Earth-based results (A) and
(E) were used in conjunction with square-well models of ring events Elliot et al.
(1984).
Equivalent depth (A) is expressed as:

A=

f t obs sm\B\dr

(46)

ring

and Equivalent width E (km) as:

E=

f (l-/0)sin|fl|dr

(47)

ring

Here /Q = I /10 = exp (-xobs) is the observed transmission, and IBI is the absolute value
of the angle of inclination of the ring plane to the line of sight, B = 62.877° for a Sgr
occultation. These quantities, along with the observed width and midpoint time for
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each ring profile, are given in Table I. As can be seen in the table PPS values appear to
be uniformly 5% to 10% larger than UVS values.
Equivalent depth (A) and equivalent width (E) calculations were done by esti
mating the locations of the ring edges from our I / IQ profiles and computing the geo
metric midtimes and ring widths from the respective means and differences of these
edge times. The corresponding values of (A) and (E) are then obtained by directly inte
grating between the ring edges with the associated uncertainties calculated from pho
ton-counting statistics. The "average ring optical depth" is <x> = A / W. We will use
<t> as a convenient integral property of the rings to compare the UVS and PPS obser
vations.
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Table I. Integrated values of (A) and (E> with corresponding events of interest.

Table I
Integrated Values
Ring

Event

Inst.

Midtime

Width (km)

(SCET)

Eq.Width

Eq.Depth

E (km)

A (km)

8

I

UVS

5:15:54.60

31.25

20570 ±0.07

43.015 ±0.36

E

I

PPS

5:15:50.22

30.70

21.497 ±0.04

48.735 ±0.02

E

E

UVS

8:19:47.70

22.32

16.091 ±0.06

41.350 ±0.36

E

E

PPS

8:19:46.35

23.01

16.810 ±0.03

46.720 ±0.08

8

I

UVS

6:16:04.25

06.92

1.951 ±0.01

2.458 + 0.05

5

I

PPS

6:16:02.33

06.97

2.311 ±0.03

2.980 ±0.01

5

E

UVS

7:21:37.31

06.91

1.916 ±0.03

2.383 ±0.05

8

E

PPS

7:21:36.15

07.03

2.257 ± 0.01

2.753 ±0.02

X

I

UVS

5:30:42.30

01.38

0301 ±0.09

0.330 ±0.10

X

I

PPS

5:30:41.28

01.28

0.453 ±0.05

0.381 ±0.01

X

E

UVS

8:06:57.31

00.53

0302 ±0.03

0.331 ±0.05

X

E

PPS

8:06:55.27

00.51

0345 ±0.02

0.372 ±0.03
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CHAPTER V

COMPARISONS OF THE UVS AND PPS RESULTS
5.1 Introduction
In this chapter we discuss detailed comparisons of the observed optical depth
profiles for the e, 6 and k (1986U1R) rings. We compare the UVS profiles with the re
vised PPS profiles for both immersion and emersion. Similarities and differences be
tween the two data sets are discussed, and average differential optical depths between
UVS and PPS are established for each ring event
5.2 e Ring
The broadest and most eccentric (e=0.0079) of the narrow Uranian ring system,
the e ring was known from Earth-based occultation studies to vary systematically in
width from a minimum of ~ 20 km at periapse to a maximum of ~ 96 km at apoapse.
As seen from Voyager 2, (see Figs. 1.4 and 2.1) CT Sgr passed behind the 8 ring with an
average radial velocity of 1.028 km / sec. Precise velocities, orbital longitudes and ob
served ring widths are given in Table II of, Holberg et al. (1987).
In Figures 5. la and 5. lb the UVS and PPS optical depth profiles are overplotted
for the purpose of comparison. As is evident, there is considerable similarity between
the ring profiles, as observed with the two instruments. This overall similarity is fur
ther evident in the plot of the differential (AT = UVS-PPS) optical depth plot shown
beneath each profile (note that the Y-axis is plotted on a reversed scale). The differen
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tial ring profiles, while slightly positive, display no obvious features which might indi
cate that segments of the e ring are substantially different as seen by each instrument.
This effectively eliminates a scenario in which, for example, dynamical processes
could preferentially concentrate smaller particles, say at ring boundaries.
The general appearance of these overplot profiles indicate that there exist no
gross differences between the UVS and PPS data sets. In particular, they agree well in
detailed point by point basis. This indicates that essentially the same ring features are
being recorded by each instrument and the small but significant difference in observed
optical depths is global in nature and not localized in particular parts of the ring.
A more quantitative comparison between the UVS and PPS ring profiles is af
forded by computing point by point linear-correlation coefficient We define the exper
imental linear-correlation coefficient r as a measure of the degree of linear correlation,
defined by:
N L x iyi-L x iLyi

2
>2,1/2 rAf-. 2
tNLxi~ (£*,) ] TCtf-CD'/)

\2 1/2
1

(48)

Where Xj and yj correspond to pairs of points in the UVS and PPS ring profiles and N
is the total niunber of points in the profile of interest. The value of r ranges from 0,
when there is no correlation, to ± 1, when there is complete correlation, (Bevington).
Such a computation yields linear-correlation coefficients of 0.98 and 0.979 for
the immersion and emersion profiles respectively. Figures 5.2a and 5.2b illustrate this
linear relation. As can be seen UVS optical depths are systematically lower than PPS
optical depth for both immersion and emersion events.
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FIGURE 5.1a The plot and overplot of e ring Immersion profiles as seen by UVS and PPS
instruments. UVS is the solid line and PPS is shown as dashed line. The differential (Ax = UVSPPS) optical depth is shown offset to x = 8.
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URANUS EPSILON RING EMERSION UVS.PPS S UVS-PPS
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FIGURE 5.1b The plot and overplot of s ring emersion profiles as seen by UVS and PPS
instruments. UVS is the solid line and PPS is shown as dashed line. The differential (Ax = UVSPPS) optical depth is shown offset to x = 8.

70

URANUS EPSXLON RING IMMERSION PPS VS. UVS

cn
a
a.

0.5

0.75

0.25

1.25

UVS

FIGURE 5.2a: Plot of PPS vs. UVS optical depth values for £ ring immersion profiles. The line in
the figure has slope of 1.
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FIGURE 5.2b: Plot of PPS vs. UVS optical depth values for e ring emersion profiles. The line in
the figure has slope of 1.
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It is also of interest to compare the immersion with the emersion profile. To do
this, however, we need to reverse the parity of the immersion profile so that interior
and exterior ring edges coincide. We also must account for the change in ring width
which occurs between the immersion and emersion profiles. As mentioned previously,
the width of the e ring is a function of orbital longitude. Although the ring widths
change, it is now well established (Holberg et al. 1987) that the integrated optical
depth or equivalent depth is conserved. This is the consequence of the fact that ring
particles are distributed uniformly with orbital longitude. In order to account simulta
neously for the change of width and optical depth we make the following adjustments
to the emersion profiles.
W ' = W * 1.38
and
T ' = T /1.38

where W* and T' are the rescaled width and optical depth for emersion profile and 1.38
is the ratio between the immersion and emersion width.
In figures 5.3a and 5.3b we overplot the reversed immersion and emersion pro
files for UVS and PPS e ring. The emersion optical depths have been reduced by a fac
tor of 1.38 to preserve the equivalent depth. The agreement is generally excellent,
especially in the location of the principal optical depth maximum. The most significant
difference appears at the ring's inner edge, where the prominent double peak seen in
the immersion profile is either reduced to a single low-amplitude peak at emersion or
displaced about 4 km outwards. Another difference in the features is that interior to the
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principle maximum in the emersion profile, there is not a sharp peak (or it is displaced
~ 3 km inwards). Outside the principle maximum, a subsidiary peak is displaced ~ 2
km outwards. These differences between emersion and immersion profiles may well
reflect intrinsic azimuthal asymmetries in the e ring, (widths varying as a function of
orbital longitude ~31 km in immersion segment and ~ 22.5 km in emersion part). Gen
erally, the above observations are better confirmed by the PPS data, since the higher
resolution of PPS (100 m for e ring) reveals much additional structure than UVS (320
m for e ring).
Before preceding with an analysis of the integrated UVS and PPS optical
depths, we must be careful about the overall reality of these features. Three main re
gions in the e ring profiles can be seen. An inner twin peak with optical depths as large
as 5, second region which extends through the center of the ring has relatively low op
tical depth and it displays fluctuating optical depth in both the UVS and PPS profiles.
The third inner edge which is near saturation with different sizes of peaks and the one
with the highest optical depth being in the center. All of these regions are evident in
the e ring profiles observed in the other Voyager occultation experiments; the PPS (3
Per. occultations and the Radio Science SubSystem (RSS) ring occultations. In spite of
the fact that these occurred at widely different widths and ring longitudes and in the
case of RSS at a vastly different wavelengths (Tyler et al. 1986), the same general ap
pearance of the 8 ring profile persists. This can be seen in Fig. 22 of French et al. 1991.
In Earth-based ring profiles, where sufficient spatial resolution is achieved a similar
shape is also seen (Holberg et al. 1987).
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URANUS EPSILON RING UVS, IMMERSION <SE EMERSION
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FIGURE 5Ja.Comparison of the UVS immersion and emersion e ring profiles at similar optical
depth and radial scale. Immersion profile is presented by solid line and emersion profile by
dashed line. Here the radial scale of the emersion profile has been expanded by a factor of 138,
while the optical depth has simultaneously been reduced by 138 in order to preserve equivalent
depth. A significant difference exits between the interior edges of the two profiles even though
many features correspond.
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URANUS EPSILON RING PPS, IMMERSION & EMERSION
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FIGURE 5.3b.Comparison of the PPS immersion and emersion E ring profiles at similar optical
depth and radial scale. Just like the UVS profiles (Fig. 5.2a) the radial scale or the emersion profile
has been expanded by a factor of 1.38, while the optical depth has simultaneously been reduced by
138 in order to preserve equivalent depth. Immersion profiles is represented by solid line and
emersion by dashed line.
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Having established that the UVS and PPS profiles are veiy highly correlated and
that the slight differences in optical depth which are evident appear to be a global
property of the rings we proceed to quantify these differences. Since the differences in
optical depth between UVS and PPS are small we chose to characterize them as spa
tially integrated wavelength dependent property of the rings. In Table I, chapter IV we
list calculated UVS and PPS equivalent depth (A) for immersion and emersion. We
use these quantities and the observed ring width W to compute an average optical
depth for each profile (Table n, chapter 6).
<t>=A/W
It can be seen in Table I that PPS optical depths are consistently larger than those
of UVS. We attribute this difference to the wavelength dependent diffraction effects
which are sensitive to the ring particles with sizes between the UVS and PPS critical
size limits.
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5.3 6 ring
The 5 ring is one of the least eccentric Uranian rings, although it deviates consid
erably from a simple Keplerian ellipse (French et al. 1986a.). It also exhibits width
variations that are as yet unexplained. Voyager 2 observations, including the a Sgr ob
servations discussed here have greatly complemented Earth-based results. The project
ed radial velocity of a Sgr with respect to the rings was 0.383 km/sec; precise
velocities, orbital longitudes and observed rings widths are given in Table II of, Holberg et al. 1987.
In Figs. 5.4a and 5.4b the UVS and PPS optical depth profiles are overplotted for
the purpose of comparison. As is evident there is a high degree of similarity between
the ring profiles, as observed with the two instruments. Both the immersion and emer
sion optical depth profiles of the 5 ring are similar in shape, having sharply-defined ex
terior edges, and a shallow, resolved intensity gradient for the interior edge. This
overall similarity is also evident in the plot of the differential (AT = UVS-PPS) optical
depth plot shown beneath each profile (note that the Y-axis is plotted on a reversed
scale). The differential ring profiles, while slightly positive, display no obvious fea
tures which might indicate that segments of the 5 ring are substantially different as
seen by each instrument. These similarities may result from the fact that the radial cuts
of a Sgr differ by only 14 degree in true anomaly.
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FIGURE 5.4a Observed occultation profiles for the a Sgr 5 ring immersion event UVS profile is
the solid line while PPS profile is the dashed line. The differential (AT •» UVS- PPS) optical depth is
shown offset to T = 1.5.
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URANUS DELTA RING EMERSION UVS. PPS & UVS-PPS
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FIGURE 5.4b Observed occultation profiles for the a Sgr § ring emersion event UVS profile is
the solid line, PPS profile the dashed Iine.The differential (Ax - UVS- PPS) optical depth is shown
offset to x = 1.5.
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Point by point linear-correlation coefficients of 0.93 for immersion optical depth
profiles and 0.94 for emersion optical depth profiles are found. Figures 5.5a and 5.5b
illustrate this linear relation. As can be seen UVS, optical depths are systematically
lower than PPS optical depth for both immersion and emersion events.
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FIGURE 55a: Plot of PPS vs. UVS optical depth values for the 5 ring immersion profiles. The
line in the figure has slope of 1.
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FIGURE 5.5b: Plot ofPPS vs. UVS optical depth values for the 5 ring emersion profiles. The line
in the figure has slope of 1.

In Figs. 5.6a and 5.6b we overplot the reversed immersion and emersion profiles
for UVS and PPS 6 ring. The emersion optical depths have been reduced by a factor
0.875 to preserve the equivalent depth. The general appearance of these overplot pro
files indicate that there exist no gross difference between the two data sets. In particu
lar, they agree well in detailed point by point basis.
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FIGURE 5.6a Comparison of the UVS 5 ring immersion and emersion profiles at similar optical
depth and radial scale. Immersion profile is presented by solid line and emersion profile by
dashed line. Here the radial scale of the emersion profile has been expanded by a factor of 0.875,
while the optical depth has simultaneously been reduced by 0.875 in order to preserve equivalent
depth. No significant difference exits between the interior edges of the two profiles and many
features correspond.
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URANUS DELTA RING PPS, IMMERSION <SE EMERSION
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FIGURE 5.6b Comparison of the PPS § ring immersion and emersion profiles at similar optical
depth and radial scale. Immersion profile is presented by solid line and emersion profile by
dashed lineJEIere the radial scale of the emersion profile has been expanded by a factor of 0.875,
while the optical depth has simultaneously been reduced by 0.875 in order to preserve equivalent
depth. Just like UVS profiles no significant difference exits between the interior edges of the two
profiles and many features correspond.
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The inner portion of the ring exhibits two sharp narrow (250 m) features which
appear in both the immersion and emersion profiles but appear to have no direct ana
logs among features observed within similar isolated ringlets in Saturn's rings. A dif
fuse secondary component of low-optical-depth (x ~ 0.02) which extends some ~ 1020 km inside the 5 ring is also noticeable at lower spatial resolution. While the peak
optical depth is greater than 0.8 and average normal optical depth is 0.38. The values
for the ingress and egress integrated optical depths (equivalent width) differ by only
2%. Within each cut the distribution of material varies significantly. Generally, the
above observations are better confirmed by the PPS data, since the higher resolution of
PPS (50m for 5 ring) reveals much additional structure than UVS (120 m for 5 ring).
Contrary to the ingress profile, the RSS data show some similar features in
egress profiles. The RSS profiles of the 6 ring displays different behavior at two differ
ent orbital longitudes, the observed features are suggestive of a density wave from a
satellite interior to the ring or a wake from a nearby satellite, (Gresh et al. 1988).
The main secondary component of 5 ring is also evident in the best Earth-based
occultation data (Elliot et al. 1985), with a somewhat variable optical depth of up to
0.08 and width of ~ 12 km. Except for this secondary component, the 5 ring has not
been resolved in ground-based occultations, although differences in the interior and
exterior edges have been inferred from asymmetries in the Fresnel diffraction patterns
(Elliot et al. 1985).
Simultaneous and independent measurements of the 5 ring's equivalent depth
and equivalent width done by UVS and PPS instruments obtained from a Sgr occulta
tion and presented in Table I, chapter IV, show the mean equivalent depth to be
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2.3 km £ A ^ 2.5 km for UVS and 2.70 km £ A £ 2.90 km for PPS. These observed
equivalent depths from spacecraft observations are within the uncertainties, equal to
the geometric equivalent depths derived from Earth-based occultations, and from the
Voyager radio occultations at 3.6 cm and 13 cm (Tyler et al.).
5.4 X Ring (1986U1R Ring)
The narrow X ring was not previously seen by ground based observations. An
examination of Voyager encounter images revealed the presences of this unresolved
narrow ring of particles, located between e and 5 rings (Smith et al. 1986).
% ring, also known by its provisional IAU designation of 1986U1R, was ob
served during a Sgr occultation by the UVS and PPS instruments. Based on these data
it seems to be circular with a radius of ~ 50,022 km. Figures 5.7a and 5.7b being the
immersion and emersion profiles for UVS and PPS instruments. It can be seen that the
emersion cut is narrower and of higher optical depth when compared to the immersion
cut, although they are separated by only 33° in longitude. This is an evidence for con-,
siderable azimuthal variation in this ring. Ockert et al. (1987) reported a clumpy ap
pearance of the ring in an image taken at a phase angle of ~172°.
In the immersion cut the full width was integrated to be 1.28 km to 1.38 km for
the PPS and UVS respectively. The emersion profile is approximately 0.52 km wide
with a very narrow (~ 0.35 km) dense core.This core is not well resolved in the UVS
data at resolution of 280 m and PPS data with resolution of 85 m. Optical depth of the
core is ~ 0.5 although the average optical depths of the immersion cut does not exceed
0.38 and precise widths and optical depths for such weak features are difficult to judge.
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It is interesting to note that the equivalent depth (A) measured here for the UVS
and PPS are very similar (see Table I). Holberg et al. (1987) also compared the UVS
and PPS equivalent widths for this ring and noted a significant difference. While our
values for the UVS data are substantially the same as those obtained by Holberg et al.,
our determination of equivalent depth (A) from the PPS data differs from those used
by Holberg et al., A s0.37 km vs. 0.13 km for this work and Holberg et al., respective
ly. Noting this difference and the failure to detect this ring at optical and radio wave
lengths Holberg et al. attributes strong wavelength dependence to the optical depth of
1986U1R, implying a substantial number of micron sized particles. Our results show
little if any wavelength dependence between the UVS and PPS observation of this
ring. The value of A = 0.13 km used by Holberg was inferred from the integral PPS re
sults in Lane et al. (1986). The more definitive PPS measurements in Colwell et al.
(1989) give an average equivalent depth (A) of 0.32 km for 1986 U1R is in substantial
agreement with our present results. Although the dramatic wavelength dependence for
the 1986U1R optical depth between UVS and PPS wavelengths no longer appears to
exist, the clear lack of detection of this ring in longer wavelength occultation data, to
gether with the brightening of this ring at high phase angles, still implies that this ring
is composed primarily of very fine particles.
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FIGURE 5.7a: UVS and PPS Immersion profiles of 1986U1R (A.) ring. UVS is solid line and PPS is
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CHAPTER VI

RESULTS OF THE MODEL
6.1 Introduction
In this chapter we employ the theoretical expression developed to express the
differential PPS - UVS optical depth as a function of the ring particle size distribution
to evaluate the number of small particles in the e and 6 rings.
6.2 Results
Before we investigate the implications of our results concerning particle sizes in
the Uranian rings it is useful to review what is known from other observational evi
dence. In the following discussion we will only consider size distributions character
ized by the power law distribution introduced in Chapter 3. The relevant parameters of
such distributions are the power law index q, and the maximum and minimum particle
sizes, a^ay and a^. There are several constraints on the maximum sizes of particles
in the Uranian rings. The first comes from a statistical analysis of the PPS ring occultations. Showalter and Nicholson (1988) considered the statistical distribution of
counts, which at the highest temporal/spatial resolution are sensitive to the largest
meter-sized particles. They found effective radius of Reg- = 3.8 ± 0.5 m for the s ring
and 2.9 ± 0.6 m for the 5 ring. For a size distribution with power law index 3, this
would correspond to a upper size limit of approximately 10 m for the largest particles.
A second constraint can be inferred from the dynamical masses of the s and 5 rings.
The principal assumption here is that the rings are confined and stabilized against the
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differential shear of orbital motion by their own internal self-gravity. Under this as
sumption Porco (1989) obtains surface mass densities of the e and 5 rings of 25 and 7
gm cm"2, respectively. The surface mass density can be used to constrain particle sizes
by assuming a specific gravity, p, for the ring particles; usually taken to be p ~ 1 gm
cm"3. Since the surface mass density of the rings is a volume weighted integral over
the particle size distribution and volume is proportional to particle radius cubed the
ring mass is heavily weighted towards the largest particles. If a power law index of 3 is
assumed then a^^ is found to be proportional to E / x, where E is the surface mass
density of the ring. Curiously, for both the e and 5 rings a^^ is found to be between
0.75 and 1 m; considerably less than

found by Showalter and Nicholson (1988).

Thus, these rings appear to be under-massive from a dynamical standpoint or alterna
tively, over-massive in terms of a statistical analysis of the PPS data. Our results can
do little to resolve this apparent inconsistency. Rather, we will consider a range of
amnv from 1 to 10 m when evaluating our optical depth measurements.
An additional basic set of observational material comes from the Voyager 2 RSS
occupations. In this experiment, optical depth and differential phase information at
wavelengths of 3.6 and 13 cm is used to weakly constrain particle sizes in the e ring
(Gresh et al. 1988). These constraints are reviewed in conjunction with other sources
of information on particle sizes in Esposito et al. (1991). Briefly, for the e ring, the
RSS occupation data are seen to be consistent with wide ranges of power law particle
size distributions. In order to help visualize the situation, Esposito et al. (1991) display
a series of results in a three dimensional domain characterized by a^y, a^ and q. In
an effort to further constrain the observations, a range of possible surface mass densi
ties for the £ ring is also considered. In the absence of other considerations the RSS
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data favors q ~ 2.75 or (q = 2.65, if the particle refractive index is allowed to be slight
ly absorptive). For such distributions a^ < 1 cm and amav > 1.5 m. Such distribu
tions, however, have a significant number of small particles and lead to increased PPS
and UVS opacity. Esposito et al. reject this model because there appears to be little
differential opacity between PPS and UVS values and measurements at longer wave
lengths. The evidence for the lack of differential opacity comes primarily form Holberg et al. (1987), in which a wide variety of optical depth (actually, equivalent depth,
A) measurements were considered both as a function of orbital longitude and wave
length. The PPS data was not included in this effort. In their review of the Uranian
rings French et al. (1991) did include the PPS data, but due to the uncertainty caused
by the background counting rate in the PPS data, they adjusted the PPS equivalent
depth values to match the UVS values. The apparent lack of differential opacity over
the broad range of observed wavelengths deserves some scrutiny. In particular for the
e ring these data were obtained over a wide range of observing geometries sampling
different points in the ring at different times. From figure 9 of French et al. there is cer
tainly good general agreement among equivalent depth ratios for all the rings at vari
ous wavelengths. There is, however, a considerable amount of experimental
uncertainty and mutual scatter among the data. Differential opacities as large as 10 or
20% would appear also to be consistent with the data. With the important exception of
the RSS 3.6 and 13 cm occultations only the UVS and PPS data can be considered tru
ly differential measurements, with respect to simultaneity and observing geometry.
Assuming that our differential opacity between UVS and PPS result from a significant
fraction of sub-centimeter sized particles, we proceed to consider what range of power
law distributions are consistent with our results.
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Here we investigate the size distributions that are consistent with the UVS - PPS
differential optical depth. From chapter three we can see that equation (31) expresses
the differential optical depth as:

na,
4

/'7l"c
AT =

J 7ta 2 n ( a ) 1 -

y^min

4a
da
naCJ

J" n a n ( a )

f

\ - 4a ^
da
7zac)
v

(31)
UVS

It is most convenient to look at Ax/x since the parameters which normalize the
power law size distribution drop out.
Integrating equation (31) and Ax can be expressed as:

AT =

{hla
nn0aQ
( 3 - q ) ( 4 - q ) v 4 sp

q

Cy3-'-!)-«&•' (3-,)

0.582
na.

(49)

where 7= ac (pps) / a<. (uvs) = 2.392 corresponding to the ratio of PPS and UVS criti
cal sizes.
Note that ao is thought of as "units" either in (cm) or (m) for example. If ao is ex
pressed in meters then no = # / m3.
Recalling equation (23), the observed optical depth x was defined as:

x(X) =

J n a 2 Q e x t ( a , ' K ) n ( a ) da

(23)
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Employing n(a) from power law equation (21) we will have;
amax

f \~cf\
t ( 1 ) = J naQ e x t { a , X ) " o ^ J J d a
f

(50)

Setting the value of Q = 1 for the bulk of the ring particles, the above integral be
comes,
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We now express the value of AT / T in the desired form, dividing equations (49)
by (52) we will obtain the desired simplified form:
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Figures 6.1 and 6.2 show the locus values a^n vs. a^Y which satisfy equation
(54) for various values of the index q. In Fig. 6.1 these solutions correspond to the e
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emersion occupation where AT / T = 0.087, while Fig. 6.2 correspond to the s Immer
sion occultation where AT / T = 0.133. Since equation (54) depends only on AT / T sim
ilar solutions will also hold for the 6 ring where AT / T = 0.120 and 0.171 for the 5
emersion and 5 immersion occultations, respectively. In no case was it possible to sat
isfy equation (54) with a value of q ^ 3. These results, in particular the need for a steep
distribution with q > 3, imply a substantial number of small particles. The size distri
bution is similar for both rings, but the number of particles are different.
Recalling the argument for the case of the uniform size distribution (equation
37, chapter 4). In figure 6.3 we illustrate how our estimated number of particles fall
along the extrapolation of curves A, B and C to smaller sizes. Power law distribution
with a slope of 3 are shown for three restricted size distribution; A: 0.1m - 10m,
B: 1cm - 10m and C: 1mm - 10m. All of these curves produce the observed optical
depth of the e ring. Curve C, however extends in to the critical range of sizes for the
UVS and PPS. Table HI gives the average number of these particles in the size range
between PPS and UVS critical sizes for uniform size distribution.This indicates that
the numbers of small particles required by our results fall within a reasonable range
based on extrapolation of power law size distribution comparable with other optical
depth observations.
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FIGURE 6.1: Regions in the domain (am;n, amax) of a power law size distribution For difTering
values of q. AT /1 = 0.087 in accordance with the e emersion occultation.
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TABLE II: The Events. Distances and Averaged T'S for profiles under study.

TABLE H:
EVENT

DISTANCE

Width/Distance

(Km)

3c (uvs)

< ^ > uvs

t > pps

(m)

El

734,719

4.155 E -5

2.667 E-3 1.376 ±0.012

1.587 ±0.001

eE

553,172

3.744 E-5

2.959 E -3 1.853 ±0.016

2.030 ±0.003

51

675,506

1.024 E-5

1.082 E-2 0.355 ±0.007

0.428 ±0.001

5E

610,799

1.110 E-5

9.911 E-3 0.345 ±0.007

0.392 ±0.003

TABLE III: The results for special case of iiniform size distribution.

TABLE EI

< Ax >

Number of particles in uni
form size distribution case,
n^(cm"2).

£I

0.211 ±0.012

6.906

sE

0.177 ±0.016

4.374

51

0.073 ±0.007

0.036

5E

0.047 ±0.008

0.030

EVENT
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CHAPTER VII
CONCLUSIONS AND FUTURE DIRECTIONS

7.1 Conclusions
Our primary objective was a detailed comparison of the Voyager UVS and PPS,
stellar occultations of the Uranian ring system. Optical depths for various events of in
terest were studied and constraints on the particle size distribution within the ring sys
tem were determined.
Our results yield slight, but significant differences between PPS and UVS ring
profiles after correction for PPS background. These differences are consistent in all the
profiles involving the e and 5 rings, i.e where PPS optical depths have been seen to be
greater than UVS optical depths by a factor of 5% to 10%. Such a difference can be in
terpreted as due to enhanced scattering from a population of small particles in the mm
to cm size range within the e and 5 rings. If we model the diffraction effect using a
power law size distribution then our results imply that both the e and 5 rings must have
a relative steep size distribution corresponding to q > 3. The average number of parti
cles in this size range, between UVS and PPS critical sizes, for uniform size distribu
tion was calculated to be 4 - 7 particles/ cm2 for the e ring and 0.3 - 0.36 particles/cm2
for the 5 ring, assuming the above power law size distribution.
Such a result differs from previous studies which favor a flatter power law size
distribution with fewer small particles. As we have discussed, the evidence for flatter
size distribution is based primarily on the apparent lack of any differential opacity at
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various wavelengths. However the UVS / PPS stellar occultations, together with the
RSS dual wavelength occultations, were the only true measures of differential opacity
for the Uranus rings. Both of these results can be reconciled with a steep q ~ 3 size dis
tribution.
12 Suggestions for future investigations
Although stellar occultations of the Uranus rings will continue to be observed
from the Earth and possibly from the Hubble Space Telescope (HST), it is unlikely
that such observations will be capable of shedding any new light on the sizes of the
ring particles. More detailed collisional evolution models of the rings, moons, and dust
around Uranus would help to clarify our understanding of ring formation and proper
ties, in particular the fate of small particles which are produced by particle collision in
the rings. Future intercomparisons between Neptune, Uranus, and other ring systems
will also serve to improve our understanding of the characteristics of planetary ring
systems.
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