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Abstract

The D ring is Saturn’s innermost ring, extending be-
tween 65,000 and 74,950 km from Saturn’s center. It
is also an extremely dynamic ring, exhibiting a number
of structures that vary substantially over time scales of
a few years to decades. One particularly interesting
class of time-variable features found in this ring are
highly periodic variations in the ring’s brightness with
radial wavelengths that become progressively shorter
over time. These patterns are most likely due to some
event in the recent past that disturbed the rings and
produced organized non-circular motions in the ring-
particles’ orbits. Indeed, similar features in Jupiter’s
rings appear to have been generated in 1994 when de-
bris from Shoemaker-Levy 9 passed through the rings
[?]. These patterns can therefore provide new insights
into the rings’ recent history. More specifically, one set
of patterns may have been generated by a cometary im-
pact in 1983, and detailed examinations of these struc-
tures provide constraints on the possible trajectory of
the impacting debris. Meanwhile, another pattern ap-
peared in the D ring a few years ago that could have
been generated by either another impact or by some
disturbance in Saturn’s electromagnetic environment.

1. New Information about what
happened to Saturn in 1983

Previous investigations of Saturn’s outer D ring
(73,200-74,000 km from Saturn’s center) identified
periodic brightness variations whose radial wavenum-
ber increased linearly over time [?]. These brightness
variations appeared to be due to a vertical corrugation,
and later observations revealed that a similar corruga-
tion extended across the entire C ring [?]. These pat-
terns could be explained if some event like a cometary
impact caused the ring to become tilted relative to the
planet’s equator plane in 1983. Differential nodal re-
gression then transformed this tilted ring into a cor-

rugated ring with the radial wavelengths we observe
today. Additional Cassini observations of these struc-
tures now reveal that the outer D ring is not only corru-
gated, but also contains a time-variable periodic mod-
ulation in its optical depth that probably represents or-
ganized eccentric motions of the D-ring’s particles [?].
This second pattern suggests that whatever event tilted
the rings also disturbed the radial or azimuthal veloci-
ties of the ring particles. Furthermore, the relative am-
plitudes of the two patterns indicate that the vertical
motions induced by the 1983 event were about a fac-
tor two times larger than the corresponding in-plane
motions. If these structures were indeed produced by
an impact, material would need to strike the ring at a
steep angle (> 60° from the ring plane) to produce
such motions. Also, the corrugation wavelengths in
the D ring are about 0.7% shorter than one would pre-
dict based on extrapolations from similar structures in
the nearby C ring. This could indicate that the D-ring
was tilted/disturbed about 60 days before the C ring.
Such a timing difference could be explained if the ma-
terial that struck the rings was derived from debris re-
leased when some object broke up near Saturn some
months earlier. To reproduce the observed time differ-
ence, this debris would need to have a substantial ini-
tial velocity dispersion and then have its orbital prop-
erties perturbed by some phenomenon like solar tides
prior to its collision with the rings.

2. A new pattern in the inner D ring

Images obtained by the Cassini spacecraft between
2012 and 2014 reveal periodic brightness variations
in the inner D ring (69,000-71,000 km from Saturn’s
center), a region that had previously appeared to be
rather featureless. The radial wavenumber of this
pattern has decreased steadily with time since it was
first observed, and it appears to be another pattern
created by some event that disturbed the orbital mo-
tions of the ring particles. The observed trends in
the pattern’s radial wavenumber indicate that the ring-



disturbing event occurred in early December, 2011.
Similar events in 1979 may have generated the peri-
odic patterns seen in this same region by the Voyager
spacecraft. The 2011 event could have been caused
by debris striking the rings, or by some sort of dis-
turbance in the planet’s electromagnetic environment.
The rapid reduction in the intensity of the brightness
variations over the course of the last two years indi-
cate that some as-yet unidentified process is quickly
dissipating organized epicyclic motions in this region.
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Non-linear processes can explain why
Saturn’s rings are so active and dynamic.
Ring systems differ from simple linear
systems in two significant ways:

1. They are systems of granular material:
where particle-to-particle collisions
dominate; thus a kinetic, not a fluid
description needed. We find that stresses are
strikingly inhomogeneous and fluctuations
are large compared to equilibrium.

2. They are strongly forced by resonances:
which drive a non-linear response, pushing
the system across thresholds that lead to
persistent states.

Some of this non-linearity is captured in a
simple Predator-Prey Model:

Periodic forcing from the moon causes
streamline crowding; This damps the
relative velocity, and allows aggregates to
grow. About a quarter phase later, the
aggregates stir the system to higher relative
velocity and the limit cycle repeats each
orbit, with relative velocity ranging from

nearly zero to a multiple of the orbit average:

2-10x is possible.

Results of driven N-body systems by
Stuart Robbins: Even unforced rings show
large variations; Forcing triggers
aggregation; Some limit cycles and phase
lags seen, but not always as predicted by
predator-prey model.

Summary of Halo Results: A predator-
prey model for ring dynamics produces
transient structures like ‘straw’ that can
explain the halo structure and spectroscopy:

Cyclic velocity changes cause perturbed
regions to reach higher collision speeds at
some orbital phases, which preferentially
removes small regolith particles;
Surrounding particles diffuse back too
slowly to erase the effect: this gives the halo
morphology; This requires energetic
collisions (v = 10m/sec, with throw
distances about 200km, implying objects of
scale R = 20km); We propose ‘straw’.

Transform to Duffing Eqn : With the
coordinate transformation, z= M?>, the
Predator-Prey equations can be combined to
form a single second-order differential
equation with harmonic resonance forcing.

Ring dynamics and history implications:
Moon-triggered clumping at perturbed
regions in Saturn’s rings creates both high
velocity dispersion and large aggregates at
these distances, explaining both small and
large particles observed there. This confirms
the triple architecture of ring particles: a
broad size distribution of particles; these
aggregate into temporary rubble piles;
coated by a regolith of dust. Aggregates can
explain many dynamic aspects of the rings
and can renew rings by shielding and
recycling the material within them,
depending on how long the mass is
sequestered. We can ask: Are Saturn’s rings
a chaotic non-linear driven system?
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Abstract

In this work, we present preliminary analysis of dust
impact detections recorded by the Cassini Langmuir
probe (LP) in Saturn’s E ring. These signals appear
as sharp spikes in the LP current—voltage (I-V) curves
and show clear correlation with the E ring dust density.
The statistical analysis will help to understand the na-
ture of these detections as well as provide an alterna-
tive method to study the densest part of the E ring.

1. Introduction

Individual examination reveals the existence of sharp
spikes in the Cassini Radio and Plasma Wave Science
/ Langmuir probe (RPWS/LP) I-V sweeps. They are
characterized as a sudden increase or decrease in the
probe current, with many of them appearing as one-
point anomalies lasting less than a millisecond. Their
occurrence generally correlates with the E ring dust
density - the closer to the ring plane and Enceladus, the
more frequent the appearance of spikes. Considering
these characteristics, these signals are thought to be
caused by dust impacts — most likely the collection of
plasma produced from dust—probe impacts. Because
of the low detection rate and the flexibility regarding
to the spacecraft attitude, LP spikes provide an alter-
native way to explore the densest part of the E ring.

2. This Work

In this work we will present preliminary statistical
analysis of the LP spike appearance as a function of the
spacecraft location, the relative dust speed, the space-
craft and probe potentials, and other relevant parame-
ters. Comparison with measurements carried out by
the High Rate Detector, a subsystem of the Cassini
Cosmic Dust Analyser, will provide constraints on the
dust grain size responsible for these detections. We
will also examine their spatial distribution to identify
features that may associate with ring dynamical ef-

fects, such as the seasonal variation or the noon-to-
midnight electric field.

3. Figure
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Figure 1: An example of the Cassini Langmuir probe
dust impact detection. Two spikes occurred in one sin-
gle I-V curve (i.e., recorded within 0.5 second). The
spacecraft was in the ring plane at 4.1Rg (Rg is ra-
dius of Saturn) distance to Saturn. It is not clear if
the higher amplitude of the spike registered at +25V
probe bias potential (¢p;,) is caused by a larger/fast
impactor or a higher collection efficiency at higher

¢bias .
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Abstract

Even 450 years after Galileo Galilei’s discovery of
Saturn’s rings, their origin and evolution is still not
known. The rings are the brightest of the four ring sys-
tems of the solar system and have at least the mass of
the moon Mimas[?]. Interactions with Saturn’s moons
and viscous spreading of the ring material seem to
imply a ring age of about a tenth of the age of the
Saturnian system of about 4.5 billion years[?, ?]. A
young ring age is problematic because the disruption
of a Mimas-sized body or a comet in the Roche zone
of Saturn would result in a ring with a much larger
rock content than observed today([?, ?, ?]. The unique
ring color resulting mainly from the pollution of the
ring material with interplanetary meteoroids provides
a key for constraining the ring age[?, ?, ?].

Here we report on the first direct measurements
of the meteoroid flux into the Saturnian system by
Cassini’s Cosmic Dust Analyzer (CDA). We measured
the impact speed vectors of 133 extrinsic micromete-
oroids > 2um and determined their orbital elements.
We determined the mass flux into the Saturnian sys-
tem to be 10~ ¥kg/m?s. This finding suggest a ring
exposure time of 4.5 billion years and is in support of
an early ring generation from a proto-Titan during the
formation of the Saturnian system[?].
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Abstract

Small moons embedded in Saturn’s rings can cause
S-shaped density structures, called propellers, in their
close vicinity. This structures have been predicted first
on base of a combined model involving gravitational
scattering of test particles (creating the structure) and
diffusion (smearing out the structure) [1, 2]. The pro-
peller model was confirmed later with the help of N-
body simulations showing the additional appearance
of moon wakes adjacent to the S-shaped gaps [3, 4].
It was a great success of the Cassini mission when the
propeller were detected in the ISS imaging [5, 6] and
UVIS occultation data [7].

Here we present an isothermal hydrodynamic simu-
lation of a propeller as a further development of the
original model [1, 2] where gravitational scattering
and diffusion had to be treated separately. With this
new approach we prove the correctness of the pre-
dicted scaling laws for the radial and azimuthal extent
of the propeller. Furthermore, we will show a com-
parison between results of N-body and hydrodynamic
simulations. Finally, we will present simulation results
of the giant propeller Bleriot, which can not be mod-
eled by N-body simulations in its full extent yet.
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Abstract

Compared to the dust clouds around three of the
Galilean satellites of Jupiter, no clear Saturnian pen-
dants have been found yet by the CDA detector aboard
the Cassini spacecraft. However, three dust tori and
arcs have been detected along the orbits of Pallene,
Methone and Anthe in ISS images [1] and the Pal-
lene dust torus was confirmed by in situ CDA mea-
surements [4]. These observations have sparked inter-
est whether the small co-orbital companions to E-ring
moons like Dione or Thetys are efficient dust sources.

We simulate the motion of dust particles, which
originate from hypervelocity impacts of micro-
meteoroids onto Dione, Helene and Polydeuce [2].
Gravity, Lorentz force, solar radiation pressure and
plasma drag are considered for the dynamic evolution
of small dust particles. Assuming a steady state distri-
bution, we scale the phase space data with dust produc-
tion rates based on recent IDP measurements at Sat-
urn [3]. We will present dust particle number densities
along the orbits of Dione, Helene and Polydeuce and
we will make predictions for the Cassini flybys of He-
lene and Polydeuce, which take place in the summer
and fall this year.
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Abstract

The Cosmic Dust Analyzer (CDA) onboard the
Cassini spacecraft detects micron and sub-micron
sized particles in the Saturn environment since 2004.
The impact ionization based instrument measures the
positive and negatives charges of the impact plasma
generated by striking particles. This signals yield the
impact velocity and the particle mass. Therefor the
instrument needs to be carefully calibrated. Calibra-
tion is performed utilizing the dust accelerator facil-
ity in Heidelberg which is able to accelerate micron
and sub-micron sized dust particles to velocities rel-
evant in space. Particles on circular orbits in Sat-
urn’s ring plane allow cross calibration of the dust
telescope since their velocity and mass range is well
known. However, since the initial calibration the sci-
entific knowledge of the local dust environment has
drastically improved (thanks to Cassini). At the same
time laboratory testing facilities evolved over the years
and allow a better recreation of actual conditions now-
days. Especially a larger variety of dust types particu-
larly of mineral compositions is available nowadays.

1. Introduction

When a dust particle hits the detector target it gets par-
tially or completely ionized. Furthermore — dependent
on the impact velocity — the impact generates ejecta
(particle and target fragments) which can cause sec-
ondary and even tertiary impacts. These events shape
a plasma cloud which is separated by an electric field.
Negative charges are collected at the target and pos-
itive charges at the ion collector. The target consists
of two separate parts. The large target area of the im-
pact ionization detector consists of a gold coated hemi-
sphere with a diameter of 40 cm . The smaller chemi-
cal analyzer target is part of CDAs time of flight mass
spectrometer. Figure 1 shows a schematic drawing of
CDA and two impact events with correlating signals.

Impact Time Dust Particle Dust Particle Impact Time
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Figure 1: Schematics of CDA. Two exemplary impact
events and their correlating signals are shown for an
impact on the large target and on the chemical analyzer
target. [3]

2. Particle Velocity and Mass De-
termination

For modeling Saturn’s dust environment the size and
velocity of the dust grains is of particular interest.
These (and more) properties can be obtained from
CDA’s measurements.

2.1 Impact Velocity

Previous impact ionization detectors have shown a cor-
relation of the charge signal rise times and the impact
velocity — independent from the particle mass and im-
pact angle. [1] CDA uses this phenomena to deter-
mine the velocity of striking particles (Further mea-
surements and effects are considered for better accu-
racy). The rise time is defined by the time intervall
between 10% and 90% of the signal waveform’s peak
value. [3] The slight dependency of the particle com-
position is not considered in the current calibration
model. The particle velocity can be derived from the
impact velocity and the velocity of the spacecraft.
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2.2 Particle Mass

There is a well known empirical relationship between
the impact charge Q, impact velocity v and particle
mass m. The amount of the generated impact plasma
increases with higher particle mass and velocity.

Q~m®-of ()

Direct measurement of the impact charge and determi-
nation of the impact velocity cf. 2.1 yield the particle
mass.

Figure 2 shows the ratio Q/v3® over the particle
mass m for measurements taken in the laboratory. The
upper graph corresponds to negative charges measured
at the target while the lower graph reflects the pos-
itive charge measurements at the ion collector. The
red symbols in the upper graph correlate with impact
events with a velocity > 16 km/s indicating a regime
where no secondary impacts occur. [2] The speed ex-
ponent 3 is set to 3.5 which yields a clearly discernible

trend over the shown velocity range.

3. Summary and Conclusions

CDA is investigating the dust environment at Saturn
for over a decade now. The collected data helped to ob-
tain a better understanding of the local evolution of mi-
cron and sub-micron sized particles. One of the parti-
cles’ interesting properties are their velocity and mass.
The gained scientific knowledge and advanced labora-
tory facilities allow us to redifine the instruments cali-
bration model. The poster presents the latest methods
and an outlook into the recalibration of the cosmic dust
analyzer.
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Abstract

In May 2007, the young (16 million year) star
ISWASP J140747.93-394542.6 (“J1407”) underwent
a complex series of eclipses that lasted 56 days, dur-
ing which time it showed rapid variations of up to 50%
in times of less than four hours. After ruling out other
plausible alternatives, we conclude that there is an un-
seen secondary companion, J1407b, which hosts a gi-
ant ring system that fills a significant fraction of the
Hill sphere. We present our exoring model, our search
for J1407b, and discuss the future prospects for finding
more of these systems in archival data.

1 The light curve

The young star 1SWASP J140747.93-394542.6
(“J1407”) is a 16-million-year-old pre-main sequence
star in Scorpius-Cantaurus OB Assocation (“Sco-
Cen”), the nearest OB association. The SuperWASP
and ASAS programs show that the star J1407 had
a series of extremely complex eclipses over a two-
month span in early 2007 (Mamajek et al. 2012),
with ~ 95% of the star’s light blocked out near the
minimum (see Figure 1). The star J1407 shows no
evidence for accretion nor any circumstellar disk
blueward of the WISE4 IR band, ruling out several
simple hypotheses for these light curve fluctuations.
Variability due to the presence of star spots and the
star’s rapid rotation is seen at a level of 5% with a
derived rotational period of 3.2 days (van Werkhoven
etal. 2014).

2 Giant Exoring Model

We hypothesise that there is an unseen substellar com-
panion J1407b (Kenworthy et al. 2015) in a near edge-
on orbit to our line of sight. The eclipses have been
modeled as due to a set of (at least 30) concentric dust

suso s e s
rofores e
Y

2| ] U‘)"‘UHW W,“\

i,
(LN

\_+ A

54230 54240 54250 54260

Figure 1: The lightcurve towards J1407.

rings with total mass of approximately 1 Earth mass,
with radii ranging from approximately 30-90 million
km (see Figure 2) that are in orbit around J1407b. Our
non-detection of J1407b places strong upper limits on
its mass with 20 —40M ;,,,, being the most likely range
and with an orbital period of 10— 30 years (Kenworthy
et al. 2015). There is at least one very clean gap in the
ring system at radius ~ 0.4AU which may be cleared
by a sub-Earth-size exosatellite (see Figure 3; Mama-
jek et al. 2012; Kenworthy and Mamajek 2015). While
popularly described as a “super-Saturn” with “rings”,
given the age of the system, and the size and inferred
mass of the rings, it seems plausible that we are detect-
ing a circumplanetary (or protoexosatellite) disk. The
disk would appear to fill a non-negligible fraction of its



Hill radius, and the appearance of gaps would suggest
that system is in the process of spawning exosatellites.
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Figure 2: Ring model for J1407 lightcurve. The diam-
eter of the rings is 1.6 AU. The green line shows the
path of J1407 behind the ring system. Optical depth
is represented by different shades of red. Grey areas
indicate regions with no photometric coverage.

Orbital radius (AU)
0.4

Ring mass (Lunar masses)

Figure 3: Optical depth versus radial distance from
J1407b. The blue line indicates a ring cap clearing
which we attribute to a Mars-mass exosatellite in orbit
around J1407b. Grey areas indicate regions with no
photometric coverage.

I will summarize the current knowledge about the
J1407 system including archival and on-going pho-
tometric searches for additional eclipses, imaging
and Doppler constraints on the companion of the
ringed companion, and future prospects for discover-
ing eclipsing disks girding young exoplanets and sub-
stellar objects.
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Abstract

We report on the initial results of the NanoRocks
experiment on the ISS, which simulates collisions in
protoplanetary disks and planetary ring systems. The
objective of the NanoRocks experiment is to study
low-energy collisions inside systems of multiple mm-
sized particles of different shapes and materials. In
September 2014, NanoRocks reached ISS as part of
the NanoRacks platform. First video data from the
experiment operations on ISS allows for the
measurement of energy damping inside multi-particle
systems and the observation of the formation of
clusters.

1. Scientific Background

We report on the initial results of the NanoRocks
experiment on the International Space Station (ISS),
which  simulates collisions that occur in
protoplanetary disks and planetary ring systems. The
standard model of planet formation proceeds from
the gravitational collapse of an interstellar cloud of
gas and dust through collisional accretion of solids
into planetesimals and eventual runaway growth to
form the terrestrial and giant planets [4]. A critical
stage of that process is the growth of solid bodies
from mme-sized chondrules and aggregates to km-
sized planetesimals where gravity becomes an
important force for further growth. Theories on this
dust growth phase include gravitational instability
([3], [6]) and direct binary accretion of particles [5].
To characterize the collision behavior of dust in
protoplanetary conditions, experimental data is
required, working hand in hand with models and
numerical simulations.

In addition, the collisional evolution of planetary
rings takes place in the same collisional regime.
Particles in Saturn’s main rings collide at speeds on
the order of 1 cm/s. The viscous evolution of the ring
depends on the amount of energy dissipated in these

low energy collisions. With the age and origin of
Saturn’s rings remaining a major unknown in our
understanding of the solar system, there is a critical
need for fundamental data on the collisional
interactions between particles in an environment like
that of the rings (microgravity, with a regolith
coating on larger particles). Clumping of particles in
Saturn’s rings has been observed by Cassini,
illustrating that even in an environment where tidal
forces inhibit gravitational aggregation, some
accretion does occur in the form of self-gravity
wakes [2].

2. The NanoRocks Experiment

The objective of the NanoRocks experiment is to
study low-energy collisions of mm-sized particles of
different shapes and materials. The low relative
velocities required for these collisions can only be
obtained under long-term microgravity conditions.
The main component of this experiment is an
aluminum tray (~8x8x2cm), which is divided into
eight sample cells each holding different types and
combinations of particles (i.e., glass, acrylic, copper,
and rock). This tray is mounted on three springs to
allow for its 3-dimensional shaking. During an
experiment run, a magnet hits the bottom of the tray
at regular time intervals to agitate the particle
samples. The low-energy collisions generated by this
shaking are recorded autonomously with a high-
speed camera commanded by on-board electronics
(Figure 1). Each experiment run consists of a 60
minute recording of the samples while they are being
shaken once every minute.

In September 2014, NanoRocks reached ISS as part
of the NanoRacks platform. Since its arrival, the
experiment has Dbeen performing nominally,
recording low-velocity collisions inside of the sample
cells. About 10 experiment runs have been performed
and 5 video files were downloaded from Station.



Figure 1: The NanoRocks experiment: a. Experiment
hardware before closing: the camera and electronics
can be seen at the bottom of the picture, while the
tray and its springs and magnet are at the top.
b. Recorded image of the experiment tray containing
the eight particle samples during an experiment run
on ISS.

3. First Data Results

First data analysis clearly shows the damping of the
particle system “temperature” by inter-particle
collisions that are not perfectly inelastic (Figure 2).
The mean velocity evolution in the NanoRocks trays
after each shaking event indicates a stochastic
distribution of the coefficient of restitution [1]. The
temporal evolution of the kinetic energy in the
different many-particle systems can be measured.
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Figure 2: Mean particle velocity during and after a
shaking event in one of the NanoRocks experiment
cells. The damping of the system's energy through
inter-particle collisions can clearly be recognized.

In addition, very low energy collisions in the
NanoRocks many particle systems lead to the
systematic formation of structures and clusters after a
relaxation time following shaking events (Figure 3).

During a shaking event

Figure 3: Particle clumping in one of the NanoRocks
trays, during and 20 s after a shaking event. The
contour levels of the auto-correlated images are
shown under the originals (same contour levels) and
indicate the mean clump size in the tray.
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Abstract

Since its arrival at Saturn in 2004 the observations by
the spacecraft Cassini have revolutionised the under-
standing of the dynamics in planetary rings. One of the
tremendous discoveries of the Cassini space mission
has been the detection of small disk-embedded moons
in the dense rings of the Saturnian system. These small
disk-embedded objects (moonlets) are not directly ob-
servable by the cameras aboard the spacecraft Cassini
and cause S-shaped density variations in the surround-
ing ring material and therefore are called propellers.

Recurrent observations of the same propeller struc-
tures in Saturn’s A ring allowed the reconstruction of
their orbital motion from the Cassini ISS images and
revealed a systematic sinusoidal excess motion from
the expected Keplerian orbit of several 100 km in az-
imuthal direction [1]. Many attempts have been started
to explain this librational behaviour, but none of them
has been able to successfully explain all of the ob-
served features [4, 2, 3, 6].

Resonant moon-moon interactions are well known
phenomena in the Saturnian system and result in the
same systematic librational behaviour as observed for
the propellers [5, 1].

Therefore, here, we discuss the possibility that the
observed periodical excess motion of the propellers is
caused by the gravitational interaction with the moons
of Saturn. We present results of N-body simulations
where we integrate the orbital evolution of a moon-
let - treated as a test particle - under the gravitaional
influence of one or more perturbing moons. We ex-
amine the resulting librational excess motion of the
moonlet and identify a set of moons, which explains
the observed libration frequencies and amplitudes. In
our simulations we account for interactions between
all relevant moons of the Saturnian system which auto-
matically allows the consideration of many-body res-
onances.
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Abstract

We experimentally address the causes and conse-
quences of charging between same-material, micro-
scopic grains. We confirm quantitatively that differ-
ences in grain size alone drive charging. By compar-
ing our data to independent thermoluminescence mea-
surements, we show that trapped electrons are not the
charged species being transferred. We observe and
quantify a zoology of interactions between grains, in-
cluding attractive orbits and repulsive slingshot events,
cluster growth and annihilation via collisions, and
granular molecule formation. Our results highlight the
important role played by grain polarizability in aggre-
gation and have implications for the dynamics of dust
particles in protoplanetary disks.

1. Introduction

The triboelectrification of microscopic grains is
thought to be important in settings ranging from vol-
canic ash clouds [1] to protoplanetary disks [2, 3]. Per-
haps the most perplexing aspect of this phenomenon
is that it occurs between grains of the same mate-
rial, a fact that violates our intuition that tribocharging
should only occur between different materials. While
this has been known for quite some time [4], and in-
deed models have been put forth to explain it [5], our
understanding of how it works remains foggy at best
owing to a lack of experimental data.

We have devised an experimental technique that ad-
dresses this gap. By observing a dilute stream of mi-
croscopic grains as they fall freely from an orifice in
vacuum, we remove gravity and are able to access
the otherwise hidden electrostatic forces. Subjecting
the grains to a uniform horizontal electric field, we
are able to extract the granular charge distribution and
for the first time quantify the scale of charge trans-
fer in same material grains. We compare this to inde-
pendent thermoluminescence measurements and rule
out trapped electrons as the species being transferred.

Finally, removing the field we are able to watch the
grains as they interact amongst themselves. This al-
lows us to witness attractive orbits and repulsive sling-
shot events, cluster growth and annihilation and gran-
ular molecule formation—processes of immediate rel-
evance to planet formation.

2. Charge Measurements

We use an experimental technique similar to Millikan
to measure the charges of individual grains [6], but
with an adaptation to work with much larger grains
and much smaller charge-to-mass ratios. Full details
can be found in our previous work [7, 8]. In brief,
we subject the grains to a uniform horizontal electric
field as they fall vertically in high vacuum. Captur-
ing their motion with a co-falling high speed cam-
era (Phantom v9.1) allows us to track their motion.
By fitting the horizontal position of each grain to a
parabola, we extract its acceleration. With knowledge
of the average grain mass (measured independendently
by microscopy) we translate the acceleration measure-
ment into a charge measurement. This technique of-
fers a charge-to-mass resolution of ~5 x 10° elemen-
tary charges and a force resolution of ~500 pN (com-
parable to an atomic force microscope).

We work with highly spherical samples of fused zir-
conium dioxide-silicate grains (ZrO-:SiO, with mass
fraction ~65:35) because they are readily available,
known to charge well, and known for being capable
of holding trapped electrons. (This last point is im-
portant because trapped electrons have been consid-
ered the leading candidate for the charge species be-
ing transferred in same material tribocharging [9].)
For monodisperse samples (average diameter d =
300 £ 9 pum) we typically find a mean charge close to
zero (~10* elementary charges per grain) and a much
larger width (~10° elementary charges). The scale of
the charge distribution width indicates that charging
is not driven by thermal fluctuations, which would be
commensurate with a much smaller width [7].
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Figure 1: (a) Example still from a high speed video of
a monodisperse sample. (b) Charge distributions for
binary-sized sample comprised of 50:50 (by number)
of large (average diameter d; = 326 + 10 pum) and
small (ds = 251 + 10 pm) grains.

When we mix two well-separated sizes of grains
together, we find that the grains exchange electrical
charge with the larger ones becoming positive and the
smaller ones negative [8]. Typical data is shown in
Fig. 1. This confirms qualitative measurements made
previously [10], but here we are able to measure that
the amount of charge being transferred is, on average,
~108 elementary charges. By independently measur-
ing the density of trapped electrons with thermolumi-
nescence, we find that there far too few to account for
the observed charge transfer [8].

3. Charged Interactions

In the absence of any external field, the grains are free
to interact with each other as they fall. Again using
the high speed camera, we can observe, quantify, and
categorize these interactions. The behaviors we see
are qualitatively different for monodisperse and bidis-
perse samples. This difference arises from the differ-
ent charge distributions in the two cases.

For monodisperse grains, we see a variety of long
range charged interactions. These are explained in de-
tail in our forthcoming manuscript [11] and include
attractive elliptical orbits with bounces and attractive
and repulsive hyperbolic orbits. By measuring the
sizes of grains in the video and fitting segments of
these orbits, we are able to extract the charges of pairs
of particles on a case by case basis (see Fig. 2a for
an example orbital path with bounces). Typically we
find that the grains exhibiting such behavior are drawn
from the tails of the monodisperse charge distribution,
with absolute charges on the order of 10° e. We also

observe cluster growth and annihilation events where
groups of particles grow or are disrupted after collid-
ing with an incoming particle.

Perhaps surprisingly, for bidisperse grains we see
less long range charged interactions. Instead, we see
stable granular molecules—groups of large and small
particles stuck together with conspicuously character-
istic geometries. This is presumably because the larger
amount of charge exchange leads to stronger interac-
tions that more quickly damp out any initial motion.
An example molecule consisting of five large particles
and one small one is shown in Fig. 2b. Given that the
binary samples charge systematically, we can assume
the small grains have charge —q and the large grains
charge +¢ with high likelihood (where g represents
the average amount of charge transferred between the
large and small grains—see [11]). Using this knowl-
edge in combination with the full interaction poten-
tial (including the Coulomb interaction, polarization
effects and steric repulsion), we are able to predict the
shapes of such molecules.

Figure 2: (a) Bouncing orbital path of an oppositely
charged pair of grains from a monodisperse sample.
(b) Example granular molecule from bidisperse ex-
periments (left) and simulated counterpart (right) that
form when one negatively-charged small particle is
surrounded by five positively-charged large particles.

4. Summary and Conclusions

We have shown that same material grains transfer elec-
trical charges between each other and that the driving
mechanism is related to grain size. Our measurements
of the amount of charge transfered reveal that it is too
large to be accounted for by trapped electrons. Finally,
we are able to observe the interactions of these charged
grains in detail, which may play an important part in
the aggregation dynamics of protoplanetary disks.



Acknowledgements

We thank Edward Barry, Ray Cocco, Karl Freed,
Daniel Lacks, Kieran Murphy, Sid Nagel, Ivo Peters,
Jian Qin, John Royer, and Tom Witten for insightful
discussions. S. R. W. acknowledges support from a
University of Chicago Millikan Fellowship and from
Mrs. Joan Winstein through the Winstein Prize for In-
strumentation. This research was supported by NSF
through DMR-1309611. The Chicago MRSEC, sup-
ported by NSF DMR-1420709, is gratefully acknowl-
edged for access to its shared experimental facilities.

References

[1] R. Anderson, et al. , Science Vol. 148, pp. 1179, 1965.

[2] T. Poppe, J. Blum, T. Henning, Astrophysical Journal,
Vol. 533, pp. 472-480, 2000.

[3] J. Blum and G. Wurm, Annual Review of Astronomy
and Astrophysics, Vol. 46, pp. 21-56, 2008.

[4] P. Shaw, Nature, Vol. 118, pp. 659-660, 1926.

[5] D. Lacks, N. Duff and S. Kumar, Physical Review Let-
ters, Vol. 100, 188305, 2008.

[6] R. Millikan, Physical Review, Vol. 32, pp. 349-397,
1911.

[7]1 S. Waitukaitis and H. Jaeger, Review of Scientific In-
struments, Vol. 84, 025104, 2013.

[8] S. Waitukaitis, V. Lee, J. Pierson, J. Forman and
H. Jaeger, Physical Review Letters, Vol. 112, 218001,
2014.

[9] J.Lowell and W. Truscott, Journal of Physics D, Vol. 19,
pp. 1273, 1986.

[10] K. Forward, D. Lacks, and R. Sankaran, Physical Re-
view Letters, Vol. 102, 028001, 2009.

[11] V. Lee, S. Waitukaitis, M. Miskin and H. Jaeger, in
review with Nature Physics.



EPSC Abstracts

Vol. 10, EPSC2015-846, 2015

European Planetary Science Congress 2015
(© Author(s) 2015

EPSC

European Planetary Science Congress

In situ dust measurements by the Cassini Cosmic Dust
Analyzer in 2014 and beyond

R. Srama (1,2) and the CDA Science Team

(1) Institute of Space Systems, IRS, Univ. Stuttgart, Ger (srama@irs.uni-stuttgart.de) (2) Baylor Univ., Waco, TX,

USA

Abstract

Today, the German-lead Cosmic Dust Analyser
(CDA) is operated continuously for 11 years in
orbit around Saturn. Many discoveries like the
Saturn nanodust streams or the large extended E-
ring were achieved. CDA provided unique results
regarding Enceladus, his plume and the liquid
water below the icy crust. In 2014 and 2015 CDA
focuses on extended inclination and equatorial
scans of the ring particle densities. Furthermore,
scans are performed of the Pallene and Helene
regions. Special attention is also given to the
search of the dust cloud around Dione and to the
Titan region. Long integration times are needed in
order to characterize the flux and composition of
exogenous dust (including interstellar dust) or
possible retrograde dust particles. Finally, dedi-
cated observation campaigns focus on the cou-
pling of nanodust streams to Saturn's magnetos-
phere and the search of possible periodicities in
the stream data. Saturn's rotation frequency was
identified in the impact rate of nanodust particles
at a Saturn distance of 40 Saturn radii.

A special geometry in 2014-065 lead to an occul-
tation of the dust stream by the moon Titan and its
atmosphere when Titan crossed the line-of-sight
between Saturn and Cassini. Here, CDA pointed
towards Saturn for the measurement of stream
particles. Around closest approach when Cassini
was behind Titan, the flux of stream particles went
down to zero (Fig. 1). This ,,dust occultation is a
new method to analyse the properties of the
stream particles (speed, composition, mass) or the
properties of Titans atmosphere (density). Fur-
thermore, the particle trajectories can be con-
strained for a better analysis of their origin.

In the final three years CDA performs exogenous
and interstellar dust campaigns, studies of the
composition and origin of Saturn's main rings by
unique ring ejecta measurements, long-duration

CDA boresight angles

DA rate [1/s]

nano-dust stream observations, high-resolution
maps of small moon orbit crossings, studies of the
dust cloud around Dione and studies of the E-ring
interaction with the large moon Titan.
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Fig. 1 Angles between the CDA boresight and
various objects/directions (Sun, RingPlane, Dus-
tRAM, Sun, Saturn, top diagrams) and the dust
impact rate (bottom). The flux of stream particles
stopped behind the moon Titan around
2014-065T16:40.
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Abstract terns, show wavelet signature and morphology of sub-
km structure found at these edges and in strong density
Saturn’s rings are the most prominent in our Solar waves, and illustrate observed characteristics of the C
system and one example of granular matter in space.ling "ghosts" as well as self-gravity wakes in the A and
Dominated by tides and inelastic collisions the system B ring.
is highly flattened being almost 300000km wide while Finally | will review our current theoretical under-
0n|y tens of meters thick. Individual partic|es are com- Standing of the small-scale structure and size distribu-
posed of primarily water ice and range from microns to tion of Saturn’s rings with respect to particle-particle
few tens of meters in size. Apparent patterns comprise collisions, aggregate stability, and kinetic modeling.
ringlets, gaps, kinematic wakes, propellers, bending
waves, and the winding spiral arms of density waves.
These large-scale structures are perturbations foremos
created by external as well as embedded moons.

Observations made by the Cassini spacecraft cur-
rently in orbit around Saturn show these structures in
unprecedented detail. But high-resolution measure-
ments reveal the presence of small-scale structures
throughout the system. These include self-gravity
wakes (50-100m), overstable waves (100-300m), sub-
km structure at the A and B ring edges, "straw" and
"ropy" structures (1-3km), and the C ring "ghosts".
Most of these had not been anticipated and are found in
perturbed regions, driven by resonances with external
moons, where the system undergoes periodic phases
of compression and relaxation that correlate with the
presence of structure. High velocity dispersion and the
presence of large clumps imply structure formation on
time scales as short as one orbit (about 10 hours).

The presence of these intrinsic structures is seem-
ingly the response to varying local conditions such
as internal density, optical depth, underlying particle
size distribution, granular temperature, and distance
from the central planet. Their abundance provides ev-
idence for an active and dynamic ring system where
aggregation and fragmentation are ongoing on orbital
timescales. Thus a kinetic description of the rings may
be more appropriate than the fluid one.

I will present Cassini Ultraviolet Spectrometer
(UVIS) High Speed Photometer (HSP) occultations,
Voyager 1 and 2 Imaging Science Subsystem (ISS),
and high-resolution Cassini ISS images. | will discuss
the kinematics of the A and B ring edges and their de-
viations from their expected m=2 and m=7 lobed pat-
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Abstract

Embedded moons are known to create an observ-
able propeller-shaped structure in the surrounding ring
which consists of a gap and kinematic wake. In the
cases of Pan and Daphnis, the moons are sufficiently
massive to open a circumferential gap - the Encke
and Keeler gap, respectively. New results, however,
reveal the existence of a previously unknown moon-
associated structure found at the Encke and Keeler gap
edges.

By analyzing Cassini Ultraviolet Spectrometer
(UVIS) High Speed Photometer (HSP) and Voyager
2 Photopolarimeter (PPS) occultations we found a few
kilometer wide gaps located within a few kilometers
of the ring edges. These transparent regions feature
sharp edges and have so far been found exclusively
downstream of the respective embedded moon. Gap
characteristics for features found near the inner and
outer Encke gap edges are consistent with each other.
Two occultations with special observing geometries,
one tracking and one double-star, allow to investigate
spatial and temporal morphology of these gaps. Our
preliminary results suggest that these structures are in-
dividual gaps with an aspect ratio of about 1:5 and may
thus be about 10km long.

Their existence offers another avenue in searching
for embedded objects although our preliminary search
did not produce examples apart from those reported
here for Pan and Daphnis.
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different masses with any sort of initial temperature
differences tend to relax into a stationary state with a
unique temperature along the whole system. But this
is not true in case of granular mixtures, where energy
is dissipated during each collision between particles.
As a result, in a granular mixture of species with dif-
ferent masses, the system does not have a unique ther-
modynamic temperature but each species has its own
temperature. This effect has been paid much attention
recently [1, 2, 3]. Apart from the dissipative particle
interaction, the main reason for this behaviour is due
to the mass difference of the colliding particles, caus-
ing an asymmetric energy loss of particles. The loss of
energy can be compensated by external heating of the
system. In the case of planetary rings system, the role
of heating is played by gravitational shear caused by
the planet.

In this work we consider the model consisting of
identical spherical and adhesive particles. Although
the constituents are identical, they can form aggregates
and effectively create particles with larger masses. The
differences in masses lead to different velocity disper-
sions (granular temperatures) of the aggregates. This
interplay between heat transfer among aggregates and
the distribution of the aggregate sizes under the gravi-
tational shear is of crucial importance for the formula-
tion of mean-field balance equations for the ring parti-
cle ensembles.
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