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a b s t r a c t 

The distribution of particle sizes in Saturn’s rings roughly follows a truncated inverse power-law. Though 

it is well known that differential optical depths provide a way to probe the parameters of size distribution 

(i.e. Zebker et al. [1985] Icarus, 64, 531–548), the technique is complicated by the presence of self-gravity 

wakes which introduce a geometric dependence to the observed optical depth. Here we present a method 

of extracting information about the size distribution of the particles in the gaps between the self-gravity 

wakes. The Cassini Visual and Infrared Mapping Spectrometer (VIMS) occultations measure starlight at an 

effective wavelength of 2.9 μm falling onto a single pixel with angular dimensions 0.25 mrad × 0.5 mrad 

while Cassini Ultraviolet Imaging Spectrograph (UVIS) occultations measure starlight at a much smaller 

effective wavelength of 0.15 μm and over a field of view with larger angular dimensions of 6.0 mrad ×
6.4 mrad. Starlight diffracted out of the VIMS pixel by particles smaller than 1.22 λVIMS /2 θ ∼8.86 mm, is 

not replaced by neighboring particles, while the UVIS instrument, with its larger field of view and smaller 

effective wavelength, collects all of the light diffracted by particles larger than 1.22 λVIMS /2 θ ∼0.025 mm. 

Consequently, measurements by VIMS overstate the optical depth in regions where sub-centimeter-sized 

particles are present. Using the rectangular cross section wake model of ( Colwell et al. [2006 ], Geophys. 

Res. Lett., 33, L07201) and (Colwell et al. [2007] Icarus, 190, 127–144) with a new parameter to represent 

the excess VIMS optical depth not seen by UVIS, we combine VIMS and UVIS occultations for the first 

time for particle size analysis. We find a significant fraction of sub-cm particles only in the outermost 

portion of the A ring, and in the B1 region of the B ring. In the Trans-Encke region, we find a trend of 

increasing abundance of sub-cm particles as the outer edge of the A Ring is approached, consistent with 

previous differential optical depth studies at radio wavelengths ( Zebker et al. [1985 ] Icarus, 64, 531–548), 

measurements of diffraction in stellar occultations at the ring edges ( Becker et al. [2015 ] Icarus), and 

measurements from VIMS solar occultations ( Harbison et al. [2013 ] Icarus, 226, 1225-1240). This may be 

due to greater erosion of weakly bound particle aggregates by interparticle collisions in regions where 

satellite perturbations are strong. 

© 2016 Elsevier Inc. All rights reserved. 
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1. Introduction 

The discrete particulate nature of Saturn’s rings was first hy-

pothesized by Maxwell, (1859 ). Since then, early Earth-based stud-

ies assumed a description of the ring plane as a many particle thick

disk in which the number of particles, n(a)da , of a given radius

a roughly follows an inverse power-law size distribution between
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ome minimum particle radius, a min and some maximum particle

adius, a max : 

 (a ) da = n 0 

(
a 

a 0 

)−q 

da, a min ≤ a ≤ a max . (1)

here n 0 and q are assumed constants. Differential optical depth

easurements provide one means of determining the parameters

f the size distribution ( Marouf et al., 1983; Zebker et al., 1985 ).

sing Voyager 2 optical depth measurements at 13-cm (X band)

nd 3.6-cm (S band) as well as direct inversion of the forward scat-

ered S band signal, Zebker et al. (1985) constrained the power-

aw parameters over the range of ∼0.1 cm < a < ∼1.0 m. Particles
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Fig. 1. The occultation of β-Perseii (rev 116) when the relative velocity of the spacecraft with respect to the orbital velocity particles in the patch of the ring being observed 

reached its minimum value of ∼0.81 km/s. The UVIS high-speed photometer (HSP) measured starlight passing through the ring plane at a 1.0 ms sampling rate. The figure 

shows the unbinned HSP data with 0.81 m azimuthal resolution and radial resolution of < 10 cm. The distribution of HSP counts shows what appear to be relatively opaque 

wakes and the more transparent gaps. The width of one wake is labeled “W ”, and the width of the adjacent gap is labeled “S ”. The figure shows a typical separation to 

width ratio ( S / W ) of ∼1.7 at this location, 131,436 km from Saturn’s center. 
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maller than ∼0.1 cm are essentially invisible to even the smaller

f the two wavelengths. Other attempts to constrain the parame-

ers of the size distribution include measurements of excess vari-

nce beyond the Poisson statistics of the signal measured by Voy-

ger PPS occultations ( Showalter and Nicholson, 1990 ) and Cassini

VIS occultations ( Colwell et al., 2011 ) as well as the results of

round-based measurements of the forward-scattered stellar flux

rom the 1989 occultation of 28 Sgr by Saturn’s rings ( French

nd Nicholson 20 0 0 ). More recently, Harbison et al. (2013) studied

iffracted sunlight measured by VIMS finding a significant fraction

f sub-mm particles if q < 3.0 while Becker et al. (2015) modeled

he starlight diffracted by the sharp edges of Saturn’s many ringlets

n an attempt to constrain both q and a min at the edges . They find

hat the size distribution parameters vary across the rings but that

enerally q ∼2.75–3.5 with particle radii ranging between several

illimeters and several meters. This range of q is also corroborated

y models of particle aggregation and fragmentation in planetary

ing systems ( Brilliantov et al. 2015 ). While numerical simulations

f adhesion and collisional release by Bodrova et al. (2012) pre-

ict an absence of sub-cm particles throughout the rings except

n regions of increased velocity dispersion. Ground-based observa-

ions have suggested that the particle size distribution extends to

maller sizes in the trans-Encke region than it does anywhere else

n the A ring ( French and Nicholson 20 0 0 ). 

Determining particle sizes in Saturn’s rings is complicated by

zimuthal brightness asymmetries found in Saturn’s A and B rings

 Camichel, 1958; Colombo et al., 1976; Lumme and Irvine, 1976;

eitsema et al., 1976; Lumme et al., 1977; Gehrels and Esposito,

981; Thompson et al., 1981; Dones and Porco, 1989; Dones et al.,

993; Dunn et al., 2004; Nicholson et al., 2005 ). These observations

ave since been explained by the presence of aligned trailing den-

ity enhancements ( Julian and Toomre 1966 ) now known as self-

ravity wakes ( Colwell et al. 2006 ). In locations where the surface

ass density is sufficiently high and the radial epicyclic frequency,

, sufficiently small, ring particles clump together under their mu-

ual self-gravity only to be torn apart by Keplerian shear, leaving

he self-gravity wakes with a characteristic cant angle of ∼ 25 °
rom the direction of orbital motion. The most unstable wavelength

or gravitational collapse, the Toomre critical wavelength, is given

y 

crit = 4 π2 Gσ/ κ2 (2) 

here σ is the local surface mass density ( Julian and Toomre

966 ). Estimates of local surface mass densities in Saturn’s rings

ive Toomre critical wavelengths significantly larger than individ-
al ring particles only in the A and B rings where wavelengths

ange between ∼50–100 m. This small spatial scale has mostly lim-

ted studies of self-gravity wake properties to indirect methods. 

While the characteristic scale of self-gravity wakes is generally

oo small for direct observation, several UVIS occultations have

 resolution in the frame co-orbiting with the ring particles of

1 m or less at the minimum ring plane radius sampled by the oc-

ultation. In these occultations, the self-gravity wakes are resolved,

hough with a low signal-to-noise ratio ( Fig. 1 ). Numerical simula-

ions by ( Salo et al. 1995 , 2004 ) have demonstrated the presence

f self-gravity wakes in simulated rings with surface mass den-

ities similar to those of the A and B rings. Simulations by Salo

t al. (2004) found that centimeter-sized particles were less ef-

ective at aggregating into wakes than meter-sized particles and

herefore constitute a larger fraction of the material in the gaps

etween wakes. Salo et al. (2004) also found that simulated re-

ions of the ring plane with more small particles tended to pro-

uce wakes with larger cant angles. 

Self-gravity wake properties have been determined by compar-

ng stellar occultation data at different viewing geometries ( Colwell

t al. 20 06, 20 07; Hedman et al. 20 07; Nicholson and Hedman

010 ). Colwell et al. (20 06, 20 07 ) modeled the wakes as infinitely

ong rectangular slabs in order determine wake optical depths

s well as wake shape, orientation and interwake optical depths.

he five parameter rectangular cross-section of this “granola bar”

odel was compared with a dozen stellar occultations and 1 so-

ar occultation measured by the Cassini Ultraviolet Imaging Spec-

rograph (UVIS) and the δ-Scorpii occultation measured by Voy-

ger PPS across the A and B rings in order to determine the best-

t parameters representing the height ( H ) and separation ( S ) of

he wakes relative to the wake width ( W ), ( H / W and S / W ) as well

s the orientation angle measured from the outward radial direc-

ion ( ϕ wake ), and interwake and intrawake optical depths ( τ gap and

wake ) ( Fig. 2 ). 

Hedman et al. (2007) modeled the wakes as infinitely long,

paque tubes with elliptic cross-section and compared the model

ith optical depth profiles from stellar occultations by the Cassini

isual and Infrared Mapping Spectrometer (VIMS). Four occulta-

ions of the star Omicron Ceti at the extremely low occultation

levation angle, B = 3.5 º, allowed the wake orientation relative

o the outward radial direction from Saturn, ϕ wake , to be deter-

ined independent of any geometric model of the wakes by fit-

ing the measured ring plane transparencies at a given radial lo-

ation to a Gaussian distribution throughout much of the A ring.

oth approaches found that generally the wakes are canted by
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Fig. 2. A schematic model patch of the rings illustrating the free parameters of the rectangular cross-section “granola bar” model of ( Colwell et al. 2006 ). In our new analytic 

model we have L = ∞ , τ wake = ∞ (cf. Colwell et al. 2007 ), and an additional free parameter τ small (see text) represents the over-prediction of τ gap by VIMS occultations. The 

line-of-sight from Cassini to the star makes an angle of B with the ring plane, while the wakes make an angle of ϕ wake counterclockwise from the radial direction outward 

from Saturn, r , toward the trailing orbital direction. 
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∼20–25 º from the direction of orbital motion consistent with the

gravitational instability model for self-gravity wakes in a Keplerian

disk ( Salo et al. 2004 ). Further studies by Nicholson and Hedman

(2010) compared the elliptical cross-section, or “pasta” model (in

keeping with the culinary naming theme), to occultations that cut

across the wakes at right angles, determining separation relative

to their characteristic wavelength ( G/ λ), height to wavelength ratio

( H/ λ), and interwake optical depth ( τ gap ). G is the average distance

between wakes and is equivalent to S in the granola bar model.

The granola bar model of Colwell et al. (2006 ) and pasta model

of Hedman et al. (2007) results are inherently difficult to compare

due to differences in the geometry of the simplified self-gravity

wakes. For example, the height determined by using the rectangu-

lar cross-section is not the same as the height determined for the

elliptic cylinders and this difference will propagate to differences

in the other wake parameters in order to reproduce the same opti-

cal depth at a given viewing geometry. Secondly, the particular set

of optical depth profiles that were used to fit the model parame-

ters were measured by one of two different instruments, VIMS and

UVIS, which measure light at different effective wavelengths and

which have measured stellar occultations with dissimilar distribu-

tions of viewing angles across the rings. 

In this paper, we combine UVIS and VIMS stellar occultation

measurements with a geometric model of the self-gravity wakes

to enable us to extract information about the particle size distri-

bution from the optical depths at two wavelengths. The differences

in optical depth measurements at different viewing geometries due

to self-gravity wakes are much larger than those due to the differ-

ent wavelengths of observations. Thus we must fold the differen-

tial optical depth of the two instruments into a model of the self-

gravity wakes. In Section 2 we describe the observations used in

the study. In Section 3 we describe the mechanism by which we

can extract particle size information by eliminating the geometric

effects of the self-gravity wakes from the VIMS and UVIS measure-

ments and the modified self-gravity wake model for this study. We

further find that the structure of self-gravity wakes in the A and B

rings are qualitatively different, with those in the A ring clearly

separated by relatively empty gaps with optical depth ∼0.1, while

those in the B ring have less-well-defined gaps with higher opti-

cal depths. We present our results on self-gravity wake parameters

across the A and B rings, including particle sizes extracted from

the comparison of VIMS and UVIS occultations, in Section 4 . We

discuss the implications of our results and next steps in Section 5 . 

2. Observations 

UVIS observed 128 stellar occultations between May 21st, 2005

and July 9th, 2013, with its High-speed Photometer (HSP) and over

58 stellar occultations were observed by the Visual and Infrared
apping Spectrometer (VIMS) between May, 24th 2005 and July

5th, 2010. Each of these occultations measured a one-dimensional

race of the intensity of starlight passing through the rings over a

ide range of radii and azimuthal viewing angles. In order to com-

are measured intensities between occultations, the geometry of

he occultations (the ring plane radius, r , measured outward from

aturn’s center, the occultation elevation angle, B ( Fig. 2 ), mea-

ured from the ring plane to the line-of-sight to the star, and the

ing plane azimuth angle, ϕ ( Fig. 2 ), measured from the outward

adial direction from Saturn to the ring plane projection of the

ine-of-sight from Cassini to the star) must be calculated ( Colwell

t al. 2006 ). These geometric parameters were determined using

he Navigation and Ancillary Information Facility’s (NAIF) SPICE

oolkit as outlined in Colwell et al. (2010) . 

The measured normal optical depth is given by 

N = μln 

(
1 

T 

)
= μln 

(
I 0 

I(t) − b 

)
(3)

here μ = sin| B |, T is the transparency of the rings, I(t) is the

otal measured signal, I 0 is the unocculted star signal and b is

he contribution of background signal primarily due to ring shine

nd, in the case of UVIS, Lyman- α emission from interplanetary

ydrogen. Details on the determination of I 0 and b are also out-

ined in Colwell et al. (2010) . Background signal, b, is negligible

n VIMS occultations due the proximity of the measured wave-

ength to a strong water ice absorption band ( Hedman et al. 2007 ).

etailed descriptions of the instruments and measurement modes

an be found in Esposito et al. (2004) (UVIS) and Brown et al.

2004) (VIMS). Below we summarize the salient features for this

nalysis. 

The Ultraviolet Imaging Spectrograph. The Ultraviolet Imag-

ng Spectrograph (UVIS) high-speed photometer (HSP) measures

tarlight over the wavelength range from 110-190 nm incident

pon the 6.0 × 6.4 mrad field of view. Here, we use an effective

avelength of 150 nm. This gives a critical particle size of a crit =
.22 λUVIS /2 θ ∼0.025 mm below which diffraction effects become

mportant. The UVIS HSP has measured 128 ring stellar occulta-

ions as of July 9, 2013, and 100 of those were included in this

tudy, and are listed in Table A.1 . The occultations that were not

ncluded had one or more of the following issues: high uncertain-

ies in I 0 and/or b , limited geometric coverage of the rings, and a

ow star signal. The occultations span a large range of viewing ge-

metries, with ring-plane opening angles, B , ranging from 2.3 ° to

6 ° and ϕ spanning 360 ° over the entire set of occultations. While

 is fixed for a given star, ϕ varies over the course of each occul-

ation. Integration times are 1 or 2 ms for all occultations included

n this study giving a radial sampling interval of < 30 m. However

n this study data are binned to 10 km in ring plane radius in order
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Fig. 3. The rectangular pixel of angular dimensions 0.25 × 0.5 mrad of the VIMS 

instrument (red) and the nearly square UVIS field of view of angular dimensions 

6.0 × 6.4 mrad (blue). During stellar occultations, 2.9 μm light diffracted out of the 

VIMS pixel is not replaced by light diffracted by neighboring particles. The much 

larger field of view and smaller effective wavelength of the UVIS HSP (0.15 μm) 

place the entirety of the diffraction cone within the field of view for particles larger 

than 25 μm in radius. The background image is the January 3rd, 2008 occultation 

of the star Antares ( α-Scorpii) by the outer A ring (NASA/JPL-Caltech/Space Science 

Institute) captured by the narrow-angle camera from an angle of 34 º above the ring 

plane at a distance of 541,0 0 0 km. The relative sizes of the VIMS and UVIS field 

of view (FOV) are accurate, however the sizes of the two FOVs are not to scale 

with the background image at the distance of the spacecraft from the rings during 

the time the image was taken. (For interpretation of the references to color in this 

figure legend, the reader is referred to the web version of this article). 
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o increase the signal to noise ratio and provide a uniform radial

ampling between occultations. 

The Visual and Infrared Mapping Spectrometer. In stellar occulta-

ion mode, the Visual and Infrared Mapping Spectrometer (VIMS)

ollects stellar spectra from 0.8–5.1 μm incident on a single rect-

ngular pixel of angular dimensions 0.25 × 0.5 mrad. Stellar oc-

ultation measurements collected light over the band from ∼2.87–

.0 μm, with an effective wavelength of 2.9 μm due to this wave-

ength band’s proximity to the strong water ice absorption fea-

ure ( Hedman et al. 2007, Brown et al. 2004 ). This reduces back-

round signal due to sunlight reflected from the rings. The longer

easured wavelength and smaller angular dimensions of the VIMS

eld of view compared with UVIS give a much larger critical parti-

le radius of a crit = 1.22 λVIMS /2 θ eff ∼8.86 mm below which diffrac-

ion effects become important ( Fig. 3 ). We use an effective circu-

ar aperture radius of θ eff = ( L ×W/ π ) ½ where L and W represent

he angular dimensions of the rectangular field of view of the in-

trument. During stellar occultations measured by VIMS, the star

ust be centered within the pixel prior to the occultation of the

ing plane. Therefore, occultations are either ingress occultations

r chord occultations with both ingress and egress radial sam-

lings. In 25 occultation profiles the unocculted star signal showed

 strong temporal variability in brightness indicating the star did

ot remain centered within a single pixel. We did not include these

ccultations in this study due to the additional uncertainty in mea-

ured optical depth. 44 VIMS occultations were used and are listed

n Table A.1 . VIMS occultations spanned ring opening angles be-

ween 2.3 ° < B < 72 ° and 0 ° < ϕ < 360 ° over the entire range of

ccultations. VIMS integration times are typically ∼80 ms giving a

ypical radial sampling of ∼1.3 km but in this study the data were

inned to 10 km radial resolution for uniformity with the binned

VIS occultations. 

ffect of particle size distribution on measured optical depth 

The effect of the presence of particles smaller than ∼8.86 mm

n the ring plane results in normal optical depths measured by
IMS that would be larger than those measured by UVIS at the

ame viewing geometry. To illustrate this point we refer to one of

he handful of occultations that were conducted simultaneously by

oth the VIMS and UVIS instruments. 

Antares, a binary star system with a small angular separation

f ∼3.3 ′′ and spectral classes of M1.5I (Antares A, bright in IR) and

2.5 (Antares B, bright in UV) has been observed by VIMS and UVIS

n multiple Cassini orbits or “revs”. The line-of-sight to Antares

 α-Scorpii) from Cassini cut a chord across the rings on the rev 13

bservation ( Fig. 4 ). The in-going (ingress) and out-going (egress)

ections of the chord occultation provide two independent radial

easurements of optical depth for each instrument at each radial

istance from Saturn and at two significantly different ring plane

zimuth angles, ϕ, and therefore at significantly different viewing

eometries with respect to the self-gravity wakes. There is a sig-

ificant difference in optical depth between the ingress and egress

ections of the occultation due to the different viewing geometry

ith respect to the elongated self-gravity wakes. When the line of

ight to the star is more aligned with the self-gravity wake orien-

ation, more starlight passes through the ring and the optical depth

s lower ( Fig. 4 , Egress), while when the line of sight is more or-

hogonal to the wakes, the gaps are shadowed by the wakes, less

tarlight gets through and the measured optical depth is higher

 Fig. 4 , Ingress). The fractional difference in optical depth for each

ection (ingress or egress) of the α-Scorpii occultation, however,

s only due to the diffraction of light out of the small VIMS pixel

y sub-cm particles. The VIMS optical depths are higher than UVIS

hroughout the α-Scorpii occultation, though the effect is more

ronounced in the outer A ring and in the (Ingress) branch of the

ccultation. 

In general, however, VIMS and UVIS occultations are of differ-

nt stars at very different ring elevation angles, B , and azimuthal

ngles ϕ, ( Fig. 5 ). Thus the effect of self-gravity wakes must be ac-

ounted for before particle size information can be extracted from

he full collection of VIMS and UVIS occultations. In the next sec-

ion we describe combining the multiple optical depth measure-

ents from UVIS and VIMS with a model of the wake properties

nd the effects of small particle diffraction. 

. Model 

The dependence of the apparent measured normal optical

epth on wavelength is a result of light diffracted out of the in-

trument’s field of view that is not replaced by light diffracted by

eighboring particles. The classical expression for the optical depth

f a cloud of particles with size distribution n(a)da is 

= 

∫ a max 

a min 

πa 2 Q e (a, λ) n (a ) da (4) 

here Q e , the extinction efficiency, is a function of the particle

adius, a , and the wavelength of collected light, λ. If λ�a , then

he light blocked by the particles is proportional to the fractional

rea that is blocked by the particles. An equal amount of light is

iffracted by the particles, and in the case where the diffracted

ight can be distinguished from the incident beam, such as in radio

ccultations with a coherent signal, then Q e = 2. For stellar occul-

ations where the diffraction angle is small ( λ�a ), the diffracted

ignal is generally indistinguishable from the incident beam and Q e 

 1. This accounts for the familiar factor of two difference between

adio occultation optical depths from both Voyager and Cassini and

hose from stellar occultations such as UVIS, VIMS, and the Voyager

PS ( Cuzzi (1985); French and Nicholson (20 0 0) ). If λ � a lead-

ng to larger diffraction angles and/or if the field of view is small,

hen the diffracted light is not all collected by the instrument and

 e approaches 2. Due to the large field of view and smaller effec-

ive wavelength of UVIS Q e = 1 for all particles of a > 0.025 mm
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Fig. 4. The α-Scorpii A,B (rev 13) occultation with simultaneous observations by both VIMS and UVIS. These occultation profiles, which cut a chord across the rings, illustrate 

the geometry and wavelength dependence of measured normal optical depth. The difference in measured normal optical depth between ingress and egress for either VIMS 

(Red) or UVIS (Black) illustrates the geometry dependence imposed on measured normal optical depth by the presence of self-gravity wakes. The difference in optical depth 

between VIMS (Red) and UVIS (Black) in either ingress or egress sections is due to diffraction of light out of the VIMS field of view by small particles within the rings. The 

strongest resonances with the moons Janus and Mimas are demarcated with dashed lines. Antares A was not centered within the VIMS pixel during the rev 13 occultation 

leading to large systematic errors in measured optical depth. Therefore we did not include the VIMS occultation of α-Scorpii A (rev 13) in the study and merely use these 

simultaneous occultations to illustrate the effects of viewing geometry and wavelength on the measured optical depth. (For interpretation of the references to color in this 

figure legend, the reader is referred to the web version of this article). 

Fig. 5. Distribution of stellar elevation angles, B , from the ring plane for VIMS and 

UVIS occultations. 
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because the diffraction cone subtends a small solid angle, and vir-

tually all of the diffracted light is captured within the field of

view: 

τUV IS = 1 · πn 0 

a −q 
0 

∫ a max 

a min 

a 2 −q da = πn 0 a 
q 
0 

[
(a 3 −q 

max − a 3 −q 
min 

) 

3 − q 

]
(5)

for a power law size distribution with respective upper and lower

cutoff radii of a max and a min . For VIMS, on the other hand, with

a wavelength of 2.92 μm for ring stellar occultations and a much

smaller field of view, the critical particle radius below which Q e 

essentially transitions from 1 to 2 is ∼8.86 mm. Approximating Q e 
s either 1 or 2, the VIMS optical depth is then 

V IMS = 

πn 0 

a −q 
0 

[
2 ·

∫ a crit 

a min 

a 2 −q da + 1 ·
∫ a max 

a crit 

a 2 −q da 

]

= πn 0 a 
q 
0 

[
(a 3 −q 

max + a 3 −q 
crit 

− 2 a 3 −q 
min 

) 

3 − q 

]
. (6)

Therefore, in the absence of self-gravity wakes, the additional

pparent optical depth measured by VIMS due to diffraction of

ight out of the field of view is τSmal l = τV IMS − τUV IS . The radius of

he smallest particle in the assumed power-law size distribution

an then be retrieved from τ Small : 

 min = 

(
a 3 −q 

crit 
− (3 − q ) a −q 

0 

πn 0 

τSmall 

) 1 
3 −q 

. (7)

When the slope of the power-law size distribution, q , is equal

o three, the minimum particle size is given by: 

 min = a crit · exp 

(
− τSmall 

πn 0 a 
3 
0 

)
. (8)

In an attempt to understand the relative differences in normal

ptical depths between and within the self-gravity wakes, we used

 ray-tracing scheme and the rectangular cross-section “granola

ar” model of Colwell et al. (20 06 , 20 07 ). In this model, infinitely

ong parallel rectangular wakes uniquely determine the observed

ransparency as a function of five parameters: the height to width

atio of the wakes, H/W , the separation to width ratio, S/W , the

rientation of the wakes from the outward radial direction from

aturn toward the trailing orbital direction, ϕ Wake , and the optical

epths of both the wakes and the gaps between them, τwake and

gap ( Fig. 2 ). The ray-tracing scheme integrates the differential ex-

inction of starlight along the line-of-sight to the spacecraft due to

 simulated patch of the rings and compares the model computed

ransparancy, T Comp to the transparencies measured by stellar
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Fig. 6. Slope of the power-law particle size distribution, q , and number of 1 cm particles, n 0 , determined by ( Zebker et al. 1985 ) from Voyager Radio Science Subsystem 

differential optical depths. q (red line) and n 0 (blue line) are determined at each radial location by interpolating between data points given in ( Zebker et al. 1985 ). (For 

interpretation of the references to color in this figure legend, the reader is referred to the web version of this article). 
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ccultations, T Measured, for a wide range of the various wake pa-

ameters. 

We modeled the VIMS occultations and separately, the UVIS oc-

ultations using the original five-parameter ray-tracing model of

 Colwell et al. 2006 ) and the multitude of occultation profiles in-

luded in this study and determined that the best-fit wake optical

epths throughout the A and B ring are τwake ∼4. Optical depths of

4 (transparency ∼0.02) are lower limits in this model: the model

nd data cannot distinguish wake optical depths of 4 from higher

alues. We conclude that the wakes are essentially opaque to both

he 0.15 and 2.9 μm wavelengths observed by UVIS and VIMS re-

pectively and we eliminate the free parameter τWake . The elimina-

ion of τWake allows us to use an analytic solution for the expected

ransparency of the ring in terms of the remaining wake parame-

ers ( Colwell et al. 2007 ). 

Using the analytic expression for the transparency as a func-

ion of the aforementioned wake parameters from Colwell et al.

2007) , we introduce an additional free parameter, τ Small ( Eq. (7) )

epresenting the apparent additional optical depth measured by

IMS occultations due to the diffraction of light out of the VIMS

eld of view by the small particle population in the gaps between

he self-gravity wakes. Thus, the model predicts the optical depth

f a patch of the rings, which depends on the properties of the

elf-gravity wakes (due to the particular viewing geometry of

he occultation), as well as the particle size distribution (due to

he particular wavelength and field-of-view size of the instru-

ent.) Based on the results of the ray-tracing model, we treat the

akes as opaque and derive an analytic expression for the trans-

arency of a patch of the ring plane: 

 = 

S/W − H/W | sin (φ − φWake ) | cot(B ) 

S/W + 1 

e −( τGap + { τSmall , 0 } ) /μ (9) 

here the only difference from the corresponding expression

n Colwell et al. (2007) is the inclusion of τ Small at the viewing

eometries of the VIMS occultations in the exponential term

epresenting the attenuation of the stellar signal due to particles

etween the wakes. We combine both VIMS and UVIS transparen-

ies in the model to find the best-fit wake parameters. In this

combined model”, the free parameter, τ Small is set to zero for

hose viewing geometries corresponding to occultations measured

y UVIS. Eq. (9) predicts the transparency at the viewing geometry

f a single occultation based on the best-fit wake parameters. The

esultant predicted normal optical depth can be found from τN =
 μln(1/ T ). 

τ Small is directly related to the minimum particle size in

he truncated power-law size distribution through Eq. (7) . We

et the slope of the power law distribution, q , by linear in-

erpolation of the results from Voyager Radio Science Subsys-

em ( Zebker et al. 1985 ) and Voyager Photopolarimeter Subsystem
 Showalter and Nicholson 1990 ) at various radial locations in the

 and B rings. The particular values of q and n 0 at each radial

ocation are shown in Fig. 6 . The comparison of the two differ-

nt wavelengths from only two instruments does not allow us to

t q as another free parameter; however additional occultations at

ther wavelengths could allow q to be incorporated into the model

s another independent parameter. This is planned for future work.

etermination of best-fit parameters 

The best-fit model parameters are determined by minimizing

he root-sum of squared fractional differences in transparency: 

SS = 

√ 

N ∑ 

(
T Comp − T Measured 

T Comp 

)2 

(10) 

Where N is the number of occultations covering the particular

adial location in the rings. T Measured represents a particular mea-

ured transparency and T Comp is the model predicted transparency

t the particular B and ϕ angles of the line-of-sight in the corre-

ponding measured optical depth profile. The 1- σ error in trans-

arency, T , due only to counting statistics and not the systematic

rrors in modeling I 0 and b is outlined in Colwell et al. (1990) and

s given by: 

T UV IS = 

√ 

I 

n · I 0 
(11) 

or UVIS occultations. I is the measured signal, I 0 is the unocculted

tar signal and n is the number of samples per radial bin. For VIMS,

ith its onboard analog to digital converter, the noise is dominated

y read noise and detector dark current and is independent of the

ccultation mean signal level. In occultation mode, the VIMS data

umber is summed over 8 spectral channels. Thus the noise is in-

ependent of the mean signal, I , leading to: 

T V IMS = 

√ 

8 

n · N 0 

, (12) 

here n 0 is the mean data number of the unocculted star signal.

ne data number represents ∼300 photon counts. Statistical errors

n transparency are typically on the order of ∼0.02 for UVIS oc-

ultations and ∼0.01 for VIMS occultations. In our determination

f the best-fit model parameters, occultation transparencies were

ot weighted by their individual residuals. This is in part because

ccultations with low signal-to-noise ratios are at lower B angles

nd thus, their measured transparencies are more indicative of the

eight, separation, and orientation of the self-gravity wakes. For

xample, the large number of UVIS occultations of the bright star

-Centauri at the relatively high ring opening angle of B = 66.2 º
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Fig. 7. (a,b,c) Best-fit wake height and separation to width ratios ( H/W, S/W ) and gap optical depth τ gap throughout the A Ring. The difference in gap optical depths between 

VIMS and UVIS is due to the diffraction of light by sub-cm particles. (d) Best-fit ϕ Wake from the granola bar models (black, red, and blue) as well as ϕ Wake determined by 

fitting the measured transparency of the low B angle ( ∼3.5 º) occultations of o-Ceti by VIMS to a Gaussian at each radial location (green diamonds). ( Hedman et al. 2007 ) 

VIMS measured five occultations of o-Ceti at various longitudes at each ring plane radius. (e) Best-fit τ Small and the corresponding minimum particle size, a min , throughout 

the A Ring which is dominated by self-gravity wakes. The radii of the smallest particles decreases toward the outer edge of the A Ring. From 122,0 0 0 km – 129,0 0 0 km we 

do not detect a significant population of sub-cm particles. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this 

article). 
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have a high signal-to-noise ratio, but at B > 60 º, they show virtu-

ally no dependence of the measured transparency on the wake ori-

entation angle, ϕ Wake . Therefore the weighing of the occultations on

their statistical errors would preferentially select model parameters

which fit the multitude of β-Centauri occultations with the same

ring opening angle, B , well, but other, lower signal-to-noise occul-

tations with different ring opening angles poorly. Also, systematic

errors in the determination of I 0 , the unnocculted star signal, and

b , the background signal, are likely to be larger than the statistical

error in transparency. Note, we report χ2 ( Fig. 11 ) using the best-

fit parameters which were determined by the by minimizing the

root-sum of squared fractional differences in transparency ( RSS ).

χ2 was calculated by weighing the differences in model computed

and measured transparency by the 1- σ uncertainty due to photon

counting statistics, 
T : 

χ2 = 

1 

v 

N ∑ 

(
T Comp − T Measured 


T 

)2 

. (13)
is the number of degrees of freedom (the number of occulta-

ions, N , at a given radial location less the number of free model

arameters minus 1). 

. Results 

 ring best-fit parameters 

Results for the self-gravity wake aspect ratio ( H / W ) and sepa-

ation ( S / W ) are shown with the gap optical depth in Fig. 7 (a and

) where we include results of fitting only the UVIS occultations,

nly the VIMS occultations, and the results of using our merged

odel taking diffraction into account. The model determined S / W

1.7 at a radial distance of ∼131,400 km from Saturn’s center, con-

istent with particle-tracking occultation observations of resolved

akes in this region ( Fig. 1 ). For all of the wake parameters, the

ifferences in the results are largest in the inner A ring (interior

o the Janus 4:3 inner Lindblad resonance) and in the outer A ring
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Fig. 8. Best-fit H/W (a), S/W (b), τ Gap (c), ϕ Wake (d), and τ Small / τ Gap and a min (e) throughout the B Ring. The normal optical depth profile from the occultation of the bright 

star α-Arae (32) is overplotted (solid green). The optical depth is indistinguishable from infinity at τ N ∼4.5, where the profile is flat. This illustrates the regions within the 

B ring where wake parameters are poorly constrained since the ring plane is opaque to nearly all of the VIMS and UVIS occultations. (For interpretation of the references to 

color in this figure legend, the reader is referred to the web version of this article). 
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exterior to the Janus 5:4 inner Lindblad resonance). The fractional

ifference in best-fit gap optical depth between the VIMS occul-

ations and UVIS occultations increases outward toward the A ring

uter edge. The differences in τGap are expected since the small

articles responsible for the differential diffraction only affect the

ignal from the gaps between the wakes, which are essentially

paque. Differences between H/W, S/W , and ϕ Wake when using

he VIMS occultation data and the UVIS occultation data may be

ue the differences in the distribution of viewing geometries and

he nature of our idealized model of the wakes as granola-bars.

or example, decreasing the separation to width ratio ( S/W ) of

he wakes is equivalent to increasing the gap optical depth over

 limited range of ring opening angles, B. Combining both VIMS

nd UVIS occultation data into a single set with the additional

ree-parameter, τ Small , expands the range of available viewing

eometries and increases the number of occultations which are fit

t a given radial location. 

The gap optical depth from the VIMS occultations is higher

han that for the UVIS occultations in the outer A ring, consis-

ent with the simple model of opaque wakes and a diffuse, low-

ptical-depth cloud of particles between the wakes that includes
articles smaller than 1 cm. These particles cause VIMS to see

ess light than if all particles were larger than 1 cm, resulting in

 higher VIMS optical depth than UVIS optical depth (which col-

ects all diffracted light and so sees a higher stellar signal than

IMS). When these observations are folded into the granola bar

elf-gravity wake model, this produces larger τGap when VIMS oc-

ultations are used (red curve in Fig. 7 c) than when only UVIS oc-

ultations are used (black curve). However, in the inner part of the

 ring this trend reverses: the model returns larger values of τGap 

hen using only UVIS occultations than when using only VIMS oc-

ultations. This indicates that the simple granola bar model is not

ully capturing the geometrical distribution of ring particles in the

nner A ring. These discrepancies can be explained, at least in part,

y a distribution of gap optical depths rather than a bi-modal dis-

ribution of optical depths between gaps and wakes ( Colwell et al.

011, 2012 ), ( Tiscareno et al. 2009 ), and will be explored in more

etail in future work. 

All three parameters are notably different in the halos sur-

ounding the strong Janus and Mimas resonances when compared

o those in the surrounding regions of the A ring, while individ-

al optical depths measured by stellar occultations do not show
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Fig. 9. Truncated normal optical depth distributions the high incidence occultation 

of β-Centauri (rev 77) between126,995 km and 127,005 km (dashed blue line) with 

a mean normal optical depth of ∼0.61, between 123,245 km – 123,255 km (dashed 

green line) with a mean normal optical depth of ∼1.12, and between 94,995 km 

and 95,004.7 km (dashed red line) with a mean optical depth of ∼0.85. The blue 

histogram shows a complicated distribution with bimodal characteristics indicating 

a better fit of our (bimodal) optical depth self-gravity wake model in the outer A 

ring, however the red histogram which shows the distribution of normal optical 

depths in the B ring has a very different character indicating the necessity of a 

more robust self-gravity wake model. The radial resolution of β-Centauri (rev 77) 

was ∼8.0 m at all three locations. The azimuthal resolution in the frame corotating 

with the ring particles spanned from ∼70–80 m. Since the self-gravity wakes have a 

typical wavelength of ∼50 m and are canted by an angle of 20 º from the direction 

of orbital motion, the self-gravity wakes are resolved in each data point used in 

these distributions. 1300 optical depth measurements were used to construct each 

of the three histograms. (For interpretation of the references to color in this figure 

legend, the reader is referred to the web version of this article). 
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the same variations (except for those occultations at low B angles).

These halos extend outward several hundred kilometers from the

strongest inner Linblad resonances (ILRs) and were first observed

in the VIMS and UVIS reflectance spectra taken during Cassini’s

Saturn orbit insertion in July, 2004 ( Esposito et al. 2005; Nichol-

son et al. 2008 ). 

Introducing the free parameter, τ Small , allows us to include oc-

cultations from both data sets. Our new five-parameter model

(with τ Small , but replacing τWake by ∞ ) reproduces the gap optical

depths found by Colwell et al. (2006 ) using UVIS occultations but

with increased sensitivity due to the larger number of data points

and increased range of viewing geometries attained by combin-

ing both VIMS and UVIS occultations. While the properties of the

wakes are notably different in halos surrounding the strong Mimas

and Janus ILRs in the A ring, the free parameter τ Small , which rep-

resents the excess apparent optical depth measured by VIMS shows

no distinguishable variation between the halos and the surround-

ing ring plane ( Fig. 7 e). Since τ Small is directly related to the lower

cutoff of the particle size distribution ( Eq. 7 ) we find no measur-

able difference in the sub-cm particle population in the halo re-

gions. 

The size of the smallest particles varies across the outer A

ring but remains constant throughout the inner and central A ring

around 122,0 0 0 km–129,0 0 0 km where self-gravity wake signa-

tures are most pronounced. At these locations the smallest parti-

cles are too large ( > 8.86 mm) to produce the differential optical

depth signal between VIMS and UVIS studied here ( Fig. 7 e). There

is a gradual decline in the size of the smallest particle outward to

the outer edge of the A ring, with a min near the Encke Gap and in

the trans-Encke region of 1–4 mm. Our results suggest that a min 

may drop below 1 mm in the vicinity of the Keeler Gap and in the

trans-Keeler region, though the large number of density waves in

the outer A ring complicates the self-gravity wake modeling and

leads to higher values of χ2 there. Self-gravity wakes are not as

well modeled by the simple granola bar geometry in that region

( Fig. 7 e). 

Hedman et al. (2007) determined the wake orientation an-

gle, ϕ Wake , by fitting the transparency measured by five low in-

cidence angle occultations ( B = 9.5 °) of o Ceti at different longi-

tudes to a Gaussian at each radial location throughout the A ring.

We find that the model determined ϕ Wake using VIMS, UVIS or the

combined diffraction model fit well with the determination from

Hedman et al. (2007) using the o Ceti occultations ( Fig. 7 d). Since

the UVIS occultation set contains a larger number of high incidence

angle occultations, the uncertainty in ϕ Wake is the greatest for this

set. 

B ring best-fit parameters 

Wakes are flatter and less widely separated in B1 and B2

( ∼92,0 0 0–104,0 0 0 km) than in the central A ring. Gap optical

depths are significantly higher using VIMS occultations and the

original four-parameter model of Colwell et al. (2007) than when

using only UVIS occultations ( Fig. 8 c). We find ϕ Wake ∼70 º and

nearly constant across the B1 and B2 regions from ∼92,0 0 0 km –

104,0 0 0 km from Saturn’s center, contrary to Colwell et al. (2007) .

The differences in best-fit wake parameters which we determine

when using only UVIS occultations and those from Colwell et al.

(2007) is primarily due to the larger number of observations and

wider range of viewing geometries included in our study. In some

cases the differences in best-fit gap optical depths are too large to

be due to the effects of small particle diffraction. At most radial

locations in B3 and B4 ( ∼104,0 0 0–117,50 0 km) the ring plane is

essentially opaque to nearly all of the VIMS and UVIS occultations

at incidence angles below B ∼60 º and the best-fit wake parameters

determined by our 5 parameter model are poorly constrained. We
nd no evidence of a sub-cm particle population in the flat lower

ptical depth region centered at ∼95,0 0 0 km with best-fit a min ∼
.86 mm, consistent with a non-detection. ( Fig. 8 e). 

imitations of the granola-bar model 

Tiscareno et al. (2009) have suggested a trimodal distribution of

ptical depths in simulated rings consisting of a monodisperse par-

icle size distribution and surface mass density matching estimates

or the central A ring. One mode is the relatively opaque wakes

hich take up only a small fraction of the observed patch of rings,

nother accounts for the nearly-half of the ring patch that is essen-

ially empty space, and the third accounts for the area between the

akes that is moderately dense with particles. The previous two

odes both account for the interwake region such that the area-

eighted mean optical depth over which these two modes are

ampled represents the gap optical depth, τGap which is referred to

n this study as well as Colwell et al. (20 06, 20 07 ), Hedman et al.

2007) and Nicholson and Hedman (2010 ). They find that the tri-

odal nature of the optical depth distribution would only become

pparent at extremely low observation angles, ( B ). Fig. 9 shows

ormal optical depth distributions from the β-Centauri (rev 77 )

ccultation in both the A and B rings. The B ring distribution of

ptical depths is qualitatively different than that for the central

 ring where self-gravity wakes are most prominent and undis-

urbed by other dynamical phenomena like density waves or vis-

ous overstabilities. This supports the idea that the simple granola

ar geometry is not capturing all of the main characteristics of the

mall-scale distribution of particles in the B ring. 

Because of the non-linear nature of Eq. (8) the model is not

qually sensitive to all of the independent parameters. Instead,

he model is most sensitive to the parameters S/W, H/W, and

Gap representing the separation to width ratio of the self-gravity

akes, their height to width ratio, and the interwake optical depth.
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Fig. 10. Cross-sections of the matrix of root-mean-square post-fit residuals in T . versus the various wake parameters at a radial location of 133,0 0 0 km showing the rel- 

ative sensitivity of the model over the range of the five free parameters. The best-fit model parameters (asterisks) at this radial location where H/W ∼0.22, S/W ∼1.9, 

τ Gap ∼0.13, ϕ Wake ∼65 º, and τ Small ∼0.013 (corresponding to a min ∼4.7 mm). 
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ig. 10 shows cross-sections of the root-mean-square post-fit resid-

als in T versus each model parameter. The curvature of each

ross-section in Fig. 10 illustrates the ability to pick out a local

inimum. Hedman et al. (2007) and Colwell et al. (2006 ) found

imilar results for the relative spacing between the wakes. Our new

odel agrees with the findings from these previous studies but

nds less radial variation and smaller wake separations through-

ut the trans-Encke region, probably due to the larger number of

iewing geometries included in this study. 

In regions of the ring plane where self-gravity wakes are ex-

ected to dominate and where the optical depth varies slowly

nough such that the 10-km binned occultation data accurately re-

ects the radial and azimuthal variations of the ring plane, the re-

uced chi-squared statistic, χ2 , is typically ∼1.00 when using the

ombined VIMS and UVIS occultation data sets and when weigh-

ng the individual occultations by the 1- σ error in derived trans-

arency. The number of degrees of freedom is the number of mod-

led occultations less six which varies with radial location but is

ypically ∼100. Fig. 11 shows χ2 , which are larger than the Pois-

on error in individual occultations. Near the strong density waves

n the A Ring, where the optical depth varies radially on a scale

uch smaller than 10 km, the model does not accurately capture

he properties of the self-gravity wakes or the photometric prop-

rties of the ring plane which is shown by the significantly larger

alues of χ2 at these radial locations. 

Comparisons between model-determined transparency, T Comp ,

nd measured transparency, T Measured , show good agreement over

 wide range of azimuth angles and ring opening angles (except at

xtremely low occultation elevation angles where the ring plane is

early opaque). Model predictions of the transparency are also able
 r
o fit the variation in measured transparency over a wide range of

zimuth angles, ϕ and elevation angles, B ( Fig. 13 ). 

Uncertainties in the model-derived values of a min are functions

f uncertainties in the model-fit parameter τ Small , as well as the

ncertainties in the values of q and n 0 , which were derived by

ebker et al. (1985) from the inversion of the near-forward scat-

ered 3.6 cm (X-band) signal and modeling of the 3.6 cm (X-band)

nd 13 cm (S-band) differential optical depth as a power-law dis-

ribution over 0.1 cm < a < 1 m. Fig. 12 (a, b) shows the variation

f a min as a function of τ Small and q (a) and as a function of τ Small 

nd n 0 (b). 

. Discussion 

Using the rectangular cross-section “granola bar” wake model

f Colwell et al. (20 06, 20 07 ) we find best-fit gap optical depths in

he outer half of the A ring which are larger by a few percent when

tting VIMS occultations than when fitting UVIS occultations. By

ncluding a new free parameter, τ Small , that represents the addi-

ional apparent optical depth observed by VIMS occultations due to

ight diffracted out of the VIMS field of view by small particles in

he gaps between opaque self-gravity wakes we recover wake pa-

ameters for the combined VIMS and UVIS data that are generally

onsistent with results from previous studies ( Colwell et al. 2006,

007; Hedman et al. 2007 , Nicholson and Hedman 2010 ). However,

he much larger number of occultations included in our study at

 wider range of viewing geometries allow us to more accurately

etermine the characteristics of self-gravity wakes throughout the

ing system. 
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Fig. 11. The reduced chi-squared statistic, χ2 , determined using the granola-bar model of Colwell et al. (20 06, 20 07 ) and UVIS occultations (black), VIMS occultations (red), 

and the “Combined” diffraction model, combining both VIMS and UVIS occultations (blue). In B2 and B3 the model is over-constraining the data since we have many 

occultations but the ring plane is essentially opaque to all but occultations of the brightest stars. The squared differences in measured and model-derived transparencies 

were weighted by their individual errors in counting statistics given by Eqs. (7 and 8 ) and by the number of degrees of freedom following Eq. (13) . The number of model 

parameters is five for the granola bar model (black, red) and six for the “Combined” model (blue). The number of modeled occultations varies radially but is typically on the 

order of 100 in the A ring. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article). 

Fig. 12. (a) a min versus τ Small and q with n 0 fixed and (b) a min versus τ Small and n 0 with q fixed. n 0 and q are fixed to there respective values between 133,930–136,359 km, 

in the trans-Enke region. 
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In the A ring, we find highly flattened wakes with a height to

width ratio ( H/W ) which increases radially outward from ∼124,0 0 0

km to the Encke gap. The separation of the wakes increases with

the height such that S/H is ∼7.0. In the halo regions surround-

ing the strong resonances with Janus and Mimas, we find slightly

thicker and more widely separated self-gravity wakes, potentially

due to the diffusion of small (but > ∼1 cm) particles out of res-

onance. Between 122,0 0 0 and 124,0 0 0 the measured slant path

optical depths are indistinguishible from infinity for all but the

brightest stars or occultations at high B angles or occultations

where the line of sight to the star is nearly parallel to the wakes.

Here we find highly flattened and closely spaced wakes in loca-

tions where the model is able to fit the measured optical depths

well. The combined VIMS/UVIS model produces best-fit gap op-

tical depths, τGap , that are consistent with Colwell et al. (2006 )

throughout the A ring. The halo regions are apparent in the gap

optical depths with increases of ∼30% (Janus 5:4) in the gap opti-

cal depth farther from the location of the resonance. The orienta-

tion of the wakes relative to the direction of orbital motion, (90 °
- ϕ wake ), varies from about 20 °–25 ° consistent with theory and the

results from Colwell et al. (2006 ) and Hedman et al. (2007) . 

In the A ring, the best-fit values of τ Small indicate an absence of

sub-cm particles out to ∼132,500 km. From this distance outward,

we find an increasing population of sub-cm particles with a mini-

mum particle size of ∼4 mm near the outer edge of the Encke gap

which drops to ∼1 mm near the outer edge of the A ring. This is

consistent with ground-based measurements ( French and Nichol-

son, 20 0 0 ) as well as dynamical theory which predicts smaller

particle sizes in regions where random velocities are increased by

satellite perturbations. This explanation has also been used to ex-

plain the slightly elevated optical depths of the halos surrounding

the strong A ring resonances, however we do not see evidence of
ignificant increases in the number of sub-cm particles in the ha-

os. We do find an increase in the height, separation, and gap opti-

al depth in the halos which might be evidence of the distruption

f wake formation due to increased interparticle velocities that are

tirred by mass aggregates whose formation is triggered at the res-

nance ( Esposito et al. 2012 ). Becker et al. (2015) , who studied the

iffraction of starlight at ring edges from stellar occultations mea-

ured by UVIS at the A Ring outer edge, found a minimum particle

adius of ∼4.5 mm using a power law slope of q ∼3.2 and virtually

o sub-cm particles at the Encke gap outer edge. Analysis of the

iffraction of sunlight measured by VIMS solar occultations car-

ied out by Harbison et al. (2013) also accounted for the presence

f self-gravity wakes by using the wake properties determined by

edman et al. (2007) . They found a significant sub-mm particle

opulation throughout the A ring when using q ∼2.75, determined

y French and Nicholson, (20 0 0) . This suggests using q > 3 could

ring VIMS solar occultation results into agreement with ours. 

Throughout the B ring, the measured normal optical depth

s indistinguishable from infinity for nearly all of the UVIS and

IMS occultations. The consequences of the lack of useable data

oints are poor constraints on the wake parameters and particle

izes except in the lower optical depth region in B1 centered on

5,0 0 0 km. Here we find a height to width ratio of H/W ∼0.20

nd gaps which are nearly 1.5 times larger than the wake width.

he wake orientation is ∼70 ° from the outward radial direction

nd gap optical depths are consistent with that of the Trans-Encke

egion, τGap ∼0.3. We find no significant population of sub-cm

articles in this region. We find more flattened and less widely

eparated wakes in B1, B2, and the Trans-Encke Region compared

o previous studies by Colwell et al. (20 06, 20 07 ), Hedman et al.

2007) , and Nicholson and Hedman, (2010) by including more op-

ical depth profiles at a much wider range of viewing geometries. 
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Fig. 13. Comparisons between measured transparency, T Measured , and model determined transparency, T Comp , for two UVIS occultations (black) and two VIMS occultations 

(red). The model-computed transparencies using the best-fit self-gravity wake parameters and minimum particle radius, combined with the occultation viewing angles 

produce T Comp (blue). The 2 UVIS occultations are λ-Ceti (28) Ingress (lower observed transparency) at B = 15.4 º, 79 º<ϕ< 259 º, and δ-Perseii (41) Ingress (higher observed 

transparency) at B = 54.0 º, 53 º<ϕ< 241 º. The 2 VIMS occultations are o-Ceti ( 9 ) Egress (lower observed transparency) at B = 3.5 º, 278 º<ϕ< 318 º, and γ -Crucis (73) Ingress 

at B = 62.3 º, 223 º<ϕ< 232 º . T Comp error bars (blue) represent the root-mean-square post-fit residuals in T and are an estimate of all of the systematic errors in the model 

which are strongly correlated for points along the same occultation profile. Errors in T Measured are generally smaller than the plot symbols. Plot symbols and error bars are 

shown for every 10th data point. Additionally the transparencies measured by two UVIS occultations which were not included in the model, α-Lyrae (206) Egress at B = 

35.2 º and α-Virginis (211) Egress at B = 17.3 º, (green) and predicted transparencies (blue) based on the best-fit wake parameters. (For interpretation of the references to 

color in this figure legend, the reader is referred to the web version of this article). 
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The determination of the slope of the power law size distribu-

ion, q , is impossible to obtain with our model and only two wave-

engths. Future studies incorporating additional occultation data at

 third wavelength would allow us to measure q in regions where

he optical depth is complicated by the presence of self-gravity

akes and therefore improve the accuracy of the size distribution

t sub-cm length scales. 
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ppendix 

See Table A.1 . 
d across the rings and sampled the same radial location at two different longitudes 

, respectively. 

R max (km) B ϕ min ϕ max I 0 (Hz) † 

113,927 54 .4 3 .4 54 .9 39,866 

139,762 54 .4 276 .5 280 .9 39,709 

145,335 54 .4 276 .6 280 .8 39,010 

141,541 54 .4 95 .8 112 .3 30,419 

( continued on next page ) 
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Table A.1 ( continued ) 

Star Rev Date Time † R min (km) R max (km) B ϕ min ϕ max I 0 (Hz) † 

UVIS Occultations 

α Arae 65 E 20-Apr-08 15:01:19 125,009 143,829 54 .4 110 .4 112 .9 30,365 

α Arae 79 I 4-Aug-08 2:52:47 94,195 157,525 54 .4 0 .1 360 .0 12,546 

α Arae 85 E 30-Aug-08 0:31:59 93,510 157,460 54 .4 50 .5 306 .2 25,665 

α Arae 85 I 17-Sep-08 8:08:31 93,510 160,520 54 .4 0 .0 359 .9 25,732 

α Arae 86 E 23-Sep-08 14:15:27 93,407 160,087 54 .4 50 .6 316 .4 11,300 

α Arae 90 E 24-Oct-08 4:05:19 92,106 156,626 54 .4 50 .0 106 .7 10,681 

α Arae 90 I 24-Oct-08 1:02:23 92,106 160,526 54 .4 0 .1 360 .0 10,321 

α Arae 96 E 9-Dec-08 7:38:07 108,169 155,129 54 .4 46 .9 94 .1 10,161 

α Arae 96 I 9-Dec-08 4:53:19 108,169 150,829 54 .4 1 .7 46 .9 10,145 

α Arae 98 E 25-Dec-08 9:09:51 110,536 152,106 54 .4 42 .4 86 .3 9167 

α Arae 98 I 25-Dec-08 5:42:55 110,536 154,506 54 .4 0 .0 360 .0 8873 

α Arae 105 E 7-Mar-09 21:07:10 93,917 143,357 54 .4 39 .3 88 .6 5701 

α Arae 105 I 7-Mar-09 15:37:02 93,917 163,817 54 .4 0 .1 360 .0 5949 

α Crucis 92 I 7-Nov-08 18:35:11 77,557 155,707 68 .2 125 .0 181 .7 261,142 

α Crucis 100 E 12-Jan-09 17:31:42 114,050 149,430 68 .2 83 .5 124 .1 219,486 

α Crucis 100 I 12-Jan-09 13:31:10 114,050 149,130 68 .2 124 .2 164 .8 221,498 

α Leonis 9 I 8-Jun-05 4:05:36 114,150 204,690 9 .5 10 .7 67 .9 48,113 

α Leonis 9 I 8-Jun-05 6:01:36 114,149 131,529 9 .5 98 .4 278 .4 43,866 

α Scorpii 13 I 20-Aug-05 10:50:56 101,173 155,723 32 .2 80 .0 208 .5 14,872 

α Scorpii 13 E 20-Aug-05 12:45:36 101,173 146,563 32 .2 105 .9 155 .0 14,767 

α Virginis 8 E 13-May-05 5:38:24 118,978 141,708 17 .3 82 .2 115 .3 524,941 

α Virginis 8 I 21-May-05 5:05:20 118,978 141,928 17 .3 36 .0 150 .1 497,707 

α Virginis 30 I 12-Oct-06 6:54:23 64,010 151,520 17 .3 219 .8 266 .4 548,086 

α Virginis 34 E 3-Dec-06 3:05:51 74,536 160,086 17 .3 282 .4 344 .7 537,390 

α Virginis 34 I 3-Dec-06 1:58:07 74,536 153,626 17 .3 220 .9 282 .0 525,940 

α Virginis 116 I 11-Aug-09 14:25:02 103,057 144,537 17 .3 241 .8 244 .9 84,529 

β Centauri 77 E 21-Jul-08 5:00:15 73,267 143,417 66 .7 34 .6 54 .4 310,158 

β Centauri 77 I 20-Jul-08 22:25:03 73,333 144,873 66 .7 264 .4 282 .9 300,268 

β Centauri 78 E 28-Jul-08 5:21:35 58,470 145,0 0 0 66 .7 23 .7 54 .8 292,091 

β Centauri 81 I 18-Aug-08 11:11:59 72,828 151,668 66 .7 267 .6 294 .5 277,615 

β Centauri 85 I 16-Sep-08 22:54:55 73,111 143,391 66 .7 269 .5 295 .3 540,648 

β Centauri 89 I 16-Oct-08 8:58:07 71,853 141,863 66 .7 269 .9 296 .4 255,803 

β Centauri 92 E 8-Nov-08 6:01:35 50,676 154,546 66 .7 42 .7 59 .1 239,154 

β Centauri 96 I 8-Dec-08 16:19:43 72,455 155,315 66 .7 264 .8 288 .6 224,254 

β Centauri 102 I 31-Jan-09 19:07:42 73,242 143,482 66 .7 248 .3 250 .7 187,927 

β Centauri 104 E 22-Feb-09 23:00:14 68,934 131,964 66 .7 94 .7 134 .8 184,324 

β Centauri 104 I 22-Feb-09 15:30:06 68,934 147,264 66 .7 134 .8 220 .0 183,037 

β Crucis 98 I 24-Dec-08 7:29:03 58,104 154,664 65 .2 157 .3 202 .6 141,348 

β Hydrae 60 I 27-Feb-08 21:45:51 121,735 162,245 38 .6 173 .7 183 .2 1212 

β Librae 124 E 11-Jan-10 14:01:34 115,070 123,480 15 .8 221 .6 237 .0 1438 

β Lupi 57 I 26-Jan-08 19:01:35 119,418 148,128 49 .6 226 .1 231 .9 77,163 

β Lupi 114 I 12-Jul-09 5:25:50 118,474 144,814 49 .6 186 .8 217 .4 12,727 

β Persei 42 I 8-Apr-07 15:34:55 84,460 149,650 47 .4 227 .8 230 .8 10,156 

β Sagittarii 41 E 9-Dec-06 20:50:23 127,360 141,930 46 .3 39 .0 119 .2 3362 

β Sagittarii 41 I 20-Mar-07 8:53:35 127,360 135,480 46 .3 18 .2 122 .2 3133 

χ Centauri 39 I 25-Feb-07 19:33:19 98,599 148,409 47 .6 159 .9 183 .9 13,369 

δ Aquarii 8 E 21-May-05 20:49:36 60,687 169,877 12 .2 106 .8 131 .4 1511 

δ Lupi 57 I 26-Jan-08 20:43:27 114,918 147,938 47 .0 259 .4 260 .4 49,398 

ε Persei 36 E 30-Dec-06 16:03:59 66,531 140,881 54 .0 65 .7 68 .3 14,522 

ε Persei 37 I 15-Jan-07 13:16:47 60,043 142,563 54 .0 258 .1 281 .1 14,484 

ε Persei 39 I 18-Feb-07 17:36:15 55,504 143,264 54 .0 257 .8 284 .1 6674 

ε Persei 41 I 23-Mar-07 11:47:27 49,259 149,719 54 .0 232 .8 240 .6 12,981 

ε Persei 60 I 2-Mar-08 6:39:59 54,974 146,194 54 .0 274 .5 283 .9 6138 

ε Cassiopei-ae 104 E 27-Feb-09 14:10:06 111,694 151,504 70 .0 111 .7 154 .4 2407 

γ Cassiopei-ae 104 I 27-Feb-09 9:45:34 111,694 154,544 70 .0 154 .6 198 .6 2380 

γ Lupi 36 E 3-Jan-07 8:52:47 63,450 148,820 51 .0 36 .6 48 .3 34,337 

γ Lupi 37 E 21-Nov-06 19:49:19 99,479 142,919 51 .0 0 .0 360 .0 33,541 

ε Piscis Austrini 38 I 27-Jan-07 13:08:15 82,194 114,614 23 .7 255 .9 299 .3 2638 

η Lupi 34 E 3-Dec-06 13:24:47 106,848 143,818 44 .5 0 .0 360 .0 48,284 

η Lupi 34 I 3-Dec-06 13:24:47 106,848 143,818 44 .5 0 .0 360 .0 48,284 

γ Arae 37 I 22-Jan-07 1:04:31 121,466 147,926 61 .0 245 .6 251 .2 27,227 

γ Cassiopei-ae 64 I 11-Apr-08 12:11:27 71,732 119,572 66 .3 0 .1 359 .9 107,673 

ι Cassiopei-ae 100 E 15-Jan-09 11:19:58 72,440 140,350 66 .3 66 .0 86 .4 29,393 

ι Gruis 41 E 21-Mar-07 14:37:35 91,528 142,208 35 .1 192 .9 242 .9 8356 

ι Gruis 41 I 21-Mar-07 10:54:55 91,528 145,938 35 .1 243 .1 294 .4 8274 

ι Lupi 30 E 13-Oct-06 1:40:15 83,062 141,032 47 .4 102 .7 157 .0 82,558 

γ Lupi 30 I 12-Oct-06 23:35:27 83,062 94,562 47 .4 157 .3 185 .9 82,191 

γ Lupi 57 I 26-Jan-08 22:22:39 135,462 148,192 47 .4 261 .8 262 .3 65,761 

( continued on next page ) 
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Table A.1 ( continued ) 

Star Rev Date Time † R min (km) R max (km) B ϕ min ϕ max I 0 (Hz) † 

UVIS Occultations 

ι Pegasi 36 E 28-Dec-06 16:37:35 102,296 146,776 20 .3 55 .8 185 .8 75,532 

γ Pegasi 36 I 29-Dec-06 8:04:47 102,295 178,155 20 .3 156 .6 336 .6 76,776 

ι Centauri 56 E 14-Jan-08 17:40:47 131,855 141,185 42 .7 77 .5 80 .0 801 

ι Centauri 57 E 26-Jan-08 15:35:27 128,120 144,630 42 .7 76 .5 80 .8 903 

κ Centauri 35 E 16-Dec-06 20:34:39 68,853 146,153 48 .5 76 .5 108 .8 48,936 

λ Centauri 36 I 2-Jan-07 14:24:31 63,523 156,353 48 .5 237 .8 250 .0 45,538 

λ Centauri 42 E 26-Mar-07 3:03:11 114,713 127,803 48 .5 115 .3 231 .3 42,371 

λ Centauri 42 I 2-Apr-07 7:18:07 114,713 142,133 48 .5 142 .4 213 .8 42,447 

λ Ceti 28 I 9-Sep-06 5:53:51 74,327 143,987 15 .4 258 .5 304 .1 2723 

μ Scorpii 29 E 26-Sep-06 21:07:43 88,478 143,778 41 .7 136 .4 189 .0 294,809 

μ Scorpii 44 I 9-May-07 11:05:51 69,544 141,044 41 .7 211 .1 244 .4 262,096 

μ Centauri 113 I 26-Jun-09 19:06:38 75,975 155,765 48 .7 236 .2 240 .6 4938 

ψ Centauri 38 I 6-Feb-07 22:07:11 96,419 150,149 44 .3 243 .8 260 .3 4818 

ψ Centauri 38 I 6-Feb-07 22:07:11 96,419 150,149 44 .3 243 .8 260 .3 4818 

σ Sagittarii 11 I 14-Jul-05 22:51:12 85,972 146,902 29 .1 221 .9 248 .8 119,296 

θ Arae 40 E 26-Feb-07 12:58:39 130,042 136,072 53 .9 17 .1 291 .2 12,623 

θ Arae 40 I 1-Mar-07 16:33:51 130,042 146,832 53 .9 0 .0 360 .0 12,619 

θ Arae 41 E 19-Mar-07 13:37:35 63,681 152,201 53 .9 63 .8 89 .4 12,589 

ζ Orionis 47 E 28-Jun-07 4:39:01 78,770 137,730 2 .7 99 .3 106 .5 184,281 

ζ Centauri 60 I 29-Feb-08 16:06:23 66,648 146,488 53 .6 221 .1 231 .2 111,287 

ζ Centauri 62 E 22-Mar-08 11:15:27 63,689 145,059 53 .6 67 .0 77 .3 110,896 

ζ Centauri 112 I 12-Jun-09 10:10:38 71,486 143,186 53 .6 236 .6 241 .2 19,753 

ζ Ophiuchi 26 I 25-Jul-06 0:04:31 120,941 149,211 16 .2 116 .6 126 .7 15,211 

ζ Persei 42 E 4-Apr-07 17:16:15 132,811 137,931 38 .0 328 .7 344 .0 5412 

ζ Persei 42 I 4-Apr-07 18:10:54 132,810 134,680 38 .0 138 .0 318 .2 5247 

VIMS Occultations 

CW Leonis 70 E 3-Jun-08 15:18:47 105,669 140,869 11 .4 226 .9 268 .0 209,242 

CW Leonis 70 I 3-Jun-08 13:30:04 105,669 148,979 11 .4 268 .7 313 .2 207,128 

CW Leonis 74 E 2-Jul-08 01:43:00 112,475 163,055 11 .4 222 .1 268 .1 78,394 

CW Leonis 74 I 2-Jul-08 00:04:16 112,475 147,365 11 .4 268 .9 308 .8 75,485 

γ Gruis 73 I 22-Jun-08 17:46:04 61,838 144,543 62 .3 223 .4 232 .2 16,653 

R Cassio-peiae 65 I 21-Apr-08 00:20:26 63,076 138,306 56 .0 170 .0 196 .3 35,495 

R Cassio-peiae 106 I 22-Mar-09 20:28:09 80,343 145,943 56 .0 127 .7 180 .8 67,278 

R Hydrae 36 I 1-Jan-07 16:07:55 66,112 150,662 29 .4 228 .1 288 .0 174,117 

R Hydrae 41 I 29-Mar-07 05:44:57 91,473 144,193 29 .4 223 .5 234 .2 56,166 

R Hydrae 42 I 15-Apr-07 16:22:01 119,702 140,762 29 .4 138 .2 156 .4 58,333 

R Leonis 60 E 3-Mar-08 02:25:31 126,100 145,160 9 .5 235 .9 265 .3 232,346 

R Leonis 60 I 3-Mar-08 01:45:10 126,100 148,120 9 .5 266 .0 297 .2 236,369 

R Leonis 63 E 3-Apr-08 15:56:23 114,775 174,105 9 .5 217 .7 266 .2 193,827 

R Leonis 63 I 3-Apr-08 14:52:58 114,775 146,135 9 .5 266 .9 304 .7 192,714 

R Leonis 75 E 9-Jul-08 07:44:17 104,182 158,632 9 .5 219 .6 268 .1 148,323 

R Leonis 77 E 23-Jul-08 06:39:27 108,286 159,336 9 .5 221 .3 268 .2 156,472 

R Leonis 77 I 23-Jul-08 13:34:45 108,286 148,316 9 .5 268 .9 311 .6 153,849 

R Leonis 86 E 27-Sep-08 12:25:45 127,261 152,311 9 .5 234 .9 267 .9 339,526 

R Leonis 86 I 27-Sep-08 13:34:45 127,261 167,451 9 .5 268 .5 308 .8 341,977 

R Leonis 87 E 4-Oct-08 12:25:45 128,141 146,311 9 .5 239 .4 267 .9 160,957 

R Leonis 87 I 4-Oct-08 16:51:46 128,141 149,281 9 .5 268 .7 299 .2 159,021 

RS Cancri 80 E 13-Aug-08 15:21:36 78,005 143,135 30 .0 207 .8 264 .6 158,050 

RS Cancri 80 I 13-Aug-08 05:34:46 78,005 144,265 30 .0 265 .4 322 .5 163,945 

RS Cancri 85 E 19-Sep-08 03:56:08 81,122 145,602 30 .0 208 .8 264 .7 184,064 

RS Cancri 85 I 18-Sep-08 07:42:57 81,122 144,172 30 .0 265 .7 321 .2 163,560 

RS Cancri 87 E 3-Oct-08 06:11:02 82,507 143,887 30 .0 210 .0 264 .9 173,237 

RS Cancri 87 I 3-Oct-08 10:48:27 82,507 144,817 30 .0 265 .7 320 .7 171,884 

RS Cancri 92 I 10-Nov-08 09:20:05 111,367 142,677 30 .0 265 .2 303 .7 120,354 

α Auriga-e 34 I 2-Dec-06 19:37:22 66,568 148,138 50 .9 283 .4 300 .3 214,438 

α Auriga-e 41 I 23-Mar-07 18:35:19 71,915 143,195 50 .9 297 .9 348 .6 101,224 

α Auriga-e 110 E 9-May-09 04:46:24 95,406 145,626 50 .9 34 .9 83 .6 132,375 

α Auriga-e 110 I 9-May-09 01:05:09 95,406 144,806 50 .9 0 .1 360 .0 164,134 

α Orionis 26 I 9-Sep-06 01:08:32 111,919 139,019 11 .7 313 .9 325 .2 502,498 

α Scorpii 29 I 26-Sep-06 15:15:14 94,694 149,194 32 .2 274 .2 300 .0 366,541 

α Scorpii 55 E 3-Jan-08 03:07:00 119,788 141,948 32 .2 54 .2 67 .9 386,389 

β Pegasi 104 I 26-Feb-09 00:35:24 73,094 150,394 31 .7 214 .2 233 .7 154,893 

ο Ceti 8 E 24-May-05 12:10:55 114,965 167,765 3 .5 277 .9 324 .4 543,005 

ο Ceti 8 I 24-May-05 16:38:04 114,965 162,465 3 .5 232 .7 277 .2 524,742 

ο Ceti 9 E 11-Jun-05 14:17:08 125,925 165,525 3 .5 277 .9 318 .1 506,249 

ο Ceti 9 I 11-Jun-05 10:20:59 125,925 155,595 3 .5 241 .6 277 .2 501,828 

ο Ceti 10 E 29-Jun-05 14:17:08 132,020 174,0 0 0 3 .5 277 .9 318 .2 594,915 

ο Ceti 10 I 29-Jun-05 10:20:59 132,020 155,170 3 .5 245 .8 277 .2 597,353 

† Beginning time of the occultation (UT). 

† The unocculted star signal, I 0 , reported above is the photon count rate in Hz for UVIS occultations, while for VIMS occultations I 0 represents the data number (DN) per 

second. 
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