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Abstract During Cassini’s final, spectacular months, in situ instruments made the first direct
measurements of nanoparticles, finding an exceptionally large flow from the rings into Saturn’s
atmosphere. Cassini’s lon and Neutral Mass Spectrometer measured material in three altitude bands and
found a global-integrated flux of 2-20 x 10* kg/s that is dominated by hydrocarbon material <10*u. Ranging
from clusters of a few molecules to radii of several nanometers, nanoparticles are ubiquitous throughout
Saturn’s rings but embedded in the regolith of larger particles and not detectable as independent particles
using remote observations. The smallest nanoparticles are susceptible to atmosphere drag by Saturn’s
tenuous exosphere that reaches the inner edge of the D ring. The unsustainable large flux suggests a recent
disturbance of Saturn’s inner ring material, possibly associated with the clumping that appeared in the D68
ringlet in 2015.

Plain Language Summary For 40 years, calculations based on remote observations indicated that
Saturn’s magnetic field carries ions and charged particles from the rings to the midlatitudes of Saturn. In
Cassini's last few months of life, direct, in situ measurements found that 10 tons/s of molecules and particles
smaller than two nanometers are streaming along the plane of the rings into Saturn’s atmosphere by another
process: atmospheric drag. Saturn’s extended atmosphere reaches the inner edge of Saturn’s rings and
extracts neutral particles less than one thousandth the thickness of a human hair by slowing them down until
they fall into Saturn. Surprisingly, the flux is a hundred times larger than past predictions, and at least half of
the material is hydrocarbon, which comprises less than 5% of the water ice-dominated rings. Cassini’s data
also show that the influx varies at least a factor of 4 and may be linked to clumps that appeared in 2015 on
D68, the ringlet on the inner edge of the rings. These newly discovered particles and processes alter the
evolutionary landscape of the rings and provide an exciting, rich field for future research aimed at
understanding the origin and history of the rings.

1. Introduction

Forty years before Cassini in situ observations directly measured material influx from Saturn’s rings, Connerney
and Waite (1984) deduced its existence from the depressed electron densities in Saturn’s ionosphere, measured
during Pioneer and Voyager radio frequency occultations. Analyses of subsequent ground-based observations
(Moore et al., 2015) further quantified the global-integrated flux at 5-20 kg/s and determined that the highest
flux was at lower latitudes, within 30° of the equator. Extensive research (Hsu et al.,, 2016; Ip et al., 2016; Jontof-
Hutter & Hamilton, 2012; Northrop & Connerney, 1987) modeled the posited transport mechanisms for charged
ice grains and water ions that are sputtered from the rings and flow along Saturn’s magnetic field lines. These
models showed that most of the influx is via charged ions and nanoparticles at Saturn’s midlatitudes, between
40 and 70°, the latitudes that connect magnetic field lines to the rings.

As reported in Hsu et al. (2018), Mitchell et al. (2018), and Waite et al. (2018), Cassini’s in situ observations
showed an influx with a charge, composition, transport process, and quantity that is dramatically different
from predictions. Neutral hydrocarbon material, extracted from the rings, enters primarily in a tight stream
along the equatorial plane. In this paper, we describe the lon and Neutral Mass Spectrometer (INMS) data
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and then provide a description of the influx as constrained by those data. We discuss the total mass flux,
partitioning of the flux between molecules and particles, dispersion and diffusion of the flux as derived from
high-altitude and low-altitude data, implications for the size-frequency distribution of the incoming particles,
and characteristics of the atmospheric-drag transport processes that deliver the molecules and particles from
the rings to Saturn’s upper atmosphere.

A few notes on usage: altitudes are the heights above the 1-bar level as defined by an oblate spheroid
(Archinal et al., 2011). The material measured by INMS contains primarily hydrogen and carbon atoms, and
we refer to the material as hydrocarbons although other organic material may be present. The accompanying
supporting information document contains additional nomenclature, uncertainties, and analysis details.

2. Proximal Data
2.1. INMS Instrument

All the measurements of neutrals were gathered using the INMS Closed Source Neutral (CSN) mode (Waite
etal,, 2004). Incoming material enters the CSN antechamber and then travels along a transfer tube to the ioni-
zation chamber where it is ionized, mass filtered through a quadrupole analyzer, and then counted. The CSN
mode has a 2z field of view which simultaneously captured both orbiting and atmosphere material. There are
two characteristics of the CSN mode that are important for interpreting INMS measurements during proximal
orbits. (1) To reach the ionization chamber, a molecule requires ~100 contacts with the walls of the inlet sys-
tem (Teolis et al., 2010), so only volatiles can be measured. Reactive neutrals such as OH and silicate mole-
cules will adhere to the walls and not be measured. Volatiles with some affinity for adhesion take longer to
pass through the inlet system, and their count rates are suppressed and extended. (2) At 30 km/s, the impact
velocity of the incoming material is 5 times the velocity of the Titan passes for which INMS was designed.
Each nucleon carries 5.1 eV of energy that is partitioned between heating the CSN wall, dissociating the
incoming molecule or particle, and suppling internal and kinetic energy to the rebounding molecule or frag-
ments. Particles and large molecules will fragment, so the spectra measured by INMS (Waite et al., 2018)
represent the volatile fragments of the incoming molecule or particle. The maximum mass directly measured
by INMS is 100 u, and the original composition and mass of larger molecules or particles must be deduced
from fragments that are within the INMS mass range and other data.

2.2. Cassini Proximal Orbits

We group INMS data by orbit into high, middle, and low bands that are based on the orbit periapsis altitudes,
which range from 1,370 to 3,600 km. Each orbit is nearly polar, north to south, with the lowest altitude
reached at —6°latitude near local noon. The last encounter, the final plunge, which is part of the low-altitude
group, occurred at higher latitudes (9-15°) and progressed to slightly lower altitudes, 1,370 km, before Cassini
lost contact with the Earth. Table S1 shows the equatorial crossing and minimum altitudes for each group.

2.3. INMS Data

Except for hydrogen from Saturn’s atmosphere, the contents of the neutral spectra from the high-altitude
(3,400- to 3500-km periapsis) orbits were entirely unexpected (Figure 1a). The predicted water flux was below
the INMS detection limit, so its absence was disappointing but not unforeseen. But the surprising presence of
methane and a 28-u species was only explained later when we understood that the rings provide a source of
material. The INMS inlet system suppresses water due to its adsorption to the wall followed by a slow release.
By analyzing postencounter data, we find that water at this altitude has approximately the same abundance
as the methane within a factor of 2. CH, is unambiguously identified by its ionization dissociative pattern, and
C,Hy is 25-30% of the 28-u measurement, with N, and CO as possible molecules for the remaining material.
(Later, we discuss whether these measurements are native molecules or fragments.) For masses heavier than
44 u, no single mass had measurements more than 1 sigma above the noise level. Adding all of the higher
masses together does reveal signal above the background, with 10-20% of the total abundance of material
in the higher masses. CH, and the species with a mass of 28 u have very different distributions (Figure 1b),
with neither peaking at the lowest altitude. The clear bias of the 28-u species toward the equator is the first
indication that the material is entering Saturn at the equator.

Data at middle altitudes (2,700-3,000 km) are similar in composition to the higher-altitude data but are
ifferent in two important respects: the latitudinal distribution has lost most of its bias toward the equator,
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At low altitudes, INMS shows a complex hydrocarbon spectrum (Waite
et al, 2018, and Figure S2), that likely consists of the volatile fragments
of larger particles. Water is also present. Waite et al. (2018) report on the
composition. The predominance of hydrocarbons over water, the primary
ring material, may be linked to the particle size distribution, which is dis-
cussed in section 3.3. The peak densities of the minor species are ~1,000
times higher than those measured during the high-altitude passes. At
these altitudes, each species tracks the density of the hydrogen atmo-
sphere with the exception of HD and helium, which both diffuse up from
Saturn’s lower atmosphere. The densities and mass flux are discussed in
the analysis section.
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Figure 1.(a) Mass spectrum from a high-altitude pass, orbit 278. 2.5. Additional Data From the MIMI
Uncertainties are shown as red error bars on each mass; masses without
error bars are less than 16 above the noise. (b) Latitude distribution of the
three primary species, H, (scaled to match the 28-u peak), CH4, and 28u. Each

We describe Magnetospheric Imaging Instrument’s (MIMI) data (Krimigis
et al,, 2004) because they are crucial to interpreting INMS observations.

measurement has an uncertainty of 15% to 25%. (c) The 28-u and H, Mitchell et al.,, 2018 analyzes INCA measurements of particles with masses
(atmosphere) distributions for a middle-altitude pass, orbit 274, showing >1x10%*y, a local density of O.1/cm3, and a smooth distribution centered
only a slight bias toward the source of the influx at the equator. on the equator with a half width of 1.4°. Each of the three orbits where

INCA collected data was in the middle-altitude band from 2,850 to

3,150 km, and the measurements from each set of data were identical,
showing that the population is well defined and stable, in contrast to the variability observed in CH, and
in the total mass flux that is described in the next section. For spherical particles with density of 1 g/cm?,
the mass range corresponds to radii of 1.6-2.5 nm. At low altitude, another MIMI instrument, the CHarge
Energy Mass Spectrometer, finds similarly sized particles that are positively charged, demonstrating that
many of the higher-altitude particles observed by INCA survive to low altitudes, as predicted by simulations
such as those by Hamil et al. (2018).
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3.1. Saturn’s Rings as the Source of Material

The altitude and latitude dependence of minor species are assessed by
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Figure 1b, that indicates variations with latitude. Similarly, a constant
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Altitude and latitude dependence of the mixing ratios identify the rings
as the source of the minor species measured by INMS. This conclusion is
further bolstered by the INCA-measured particles and the atmospheric-
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Figure 2. The CH, abundance shows temporal variability on scales of hours.  \yith Saturn’s extended H atmosphere (see Broadfoot et al., 1986 for

As the CH, diffuses into Saturn’s atmosphere, the CH4 mixing ratios reflect
both the current and past influx rates. The equatorial ratio shows the most
recent influx rate, and the ratios farther from the equatorial source show past

similar analysis at Uranus). The collisions de-orbit the particles by redu-
cing their periapses to below Saturn’s exobase, and material enters

rates, or hours earlier for the latitudes of this plot. At the time of orbits 288 Saturn’s upper atmosphere within 2 hr (half of a Kepler orbit period)
and 291, influx had recently been higher. Orbit 290 shows a constant flux, from the first few collisions. This process extracts molecules and nano-

and orbit 292 reflects an influx that is increasing.

particles with radii less than ~5 nm. For larger particles, charging times
by photoionization or by local plasma collisions become comparable or
shorter than the time for a sufficient number of collisions to de-orbit the particle. This time scale is impor-
tant as atmospheric-drag transport is contingent on the particles remaining uncharged until entering
Saturn’s atmosphere. Charged molecules and particles may still enter Saturn’s atmosphere, but the
mechanism and entry location are affected by the magnetic field (see Hsu et al, 2017; Ip et al., 2016;
Northrop & Connerney, 1987, for analyses of the dynamics of larger nanoparticles and micrometer-
sized particles).

The dispersion or spread of material at altitudes above the exobase depends on the mass of the material,
and the spatial distributions of the INMS data have signatures of both particle and molecule influx from
the rings. Simulations of atmospheric drag predict that the dispersion of 2- to 3-nm particles is <2° in
agreement with the £1.4° latitude range measured by INCA. Predictions for the larger spread of lighter
CH,4 are 4-5° a result that we use to identify the INMS-measured CH4 as molecular because the distribu-
tion at high altitudes matches this 4-5° (Figure 1b). The main component of the INMS-measured 28-u dis-
tribution is narrow, centered at the equator, and is indistinguishable from the distribution of INCA
particles, leading to the conclusion that particles or relatively massive molecules supply a substantial por-
tion of the material for the 28-u fragments. There is, though, additional 28-u signal that is broader, similar
to the CH, distribution, and that appears to be additional native species such as N, or CO molecules that
are lighter than the heavy particles and that contribute to the 28-u measurements. Below the exobase,
interactions with the atmosphere control the majority of the material, and the distributions of all INMS-
measured material have the same scale height as the atmosphere, as expected for infalling material
(see next section).

Variability of CH4's mixing ratio is further confirmation that the rings are the source of material. Orbit-to-orbit
variations in CH,'s mixing ratios may be associated with the location of the bright clumps in the D68 ringlet
(Waite et al., 2018). Variations within a single low-altitude pass are a signature of the rapid change in flux that
a spatially or temporally varying source produces. At the 340 to 370 K temperatures of Saturn’s atmosphere
(Moore et al., 2018; Yelle et al., 2018), the vertical diffusion of CH, is several hours, and the spatial dependence
of the mixing ratio reflects the change in the source.

3.2. Mass Flux, Velocities, and Material Sizes

Converting the local densities to mass flux requires estimates of the vertical velocities, which vary with alti-
tude and with the mass and size of the entering particle or molecule. For the lower measured altitudes,
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below the exobase (2,800-3,200 km), there are sufficient collisions to control the species velocity and diffu-
sive velocities are appropriate. Considering that the ring material is flowing into Saturn’s atmosphere by grav-
ity without any upward opposing pressure, a particle or molecule with radius g, if a < < mean free path, is
settling in the Epstein (kinetic) regime by viscous drag with a sedimentation, terminal velocity of

~ 0.36p,9(2a)
 MpNmVin

s (M
where v; is the sedimentation or terminal velocity; pp is the mass density of the particle or molecule and 2a is
its diameter; vy,, Ny, and my; are the mean thermal speed, density, and mass of Hy; and g is the gravitational
acceleration (Sagan & Chyba, 1990). The density of Saturn’s atmosphere increases almost 1,000-fold from the
exobase to 1,600-km altitude, and the sedimentation velocity decreases by the same factor. For molecules,
the sedimentation velocities equate to the maximum diffusion velocity, which assumes that the diffusing
material has the same scale height as the atmosphere (cf. Banks & Kockarts, 1973, and section S4).

With their inverse dependence on atmosphere density, all infalling molecules and particles that reach term-
inal velocity have the same scale height as the atmosphere. Since material diffusing upward from the homo-
pause have mass-dependent scale heights (see helium in Waite et al., 2018), the match between the scale
heights of minor species and Hj is further an indication that the material enters Saturn’s atmosphere from
the top.

We calculated velocities assuming that all the materials are molecules, an assumption that provides a lower
bound for velocities and fluxes and that is acceptable because the apportioning of material between mole-
cules and heavier particles is only weakly constrained. The velocities of molecules for the 1,700-km, low-
altitude band are 10-30 m/s depending on the cross section and mass of the species. At low altitudes, the
assumed latitude spread, £10° is based on volatile masses such as CH,4, 58u (C4H; (), and CgHg, which have
mixing ratios that appear unchanged from the equator to —10° of latitude. Using the INMS densities, we find
that the total flux of INMS-measured material is 1 to 20 x 10* kg/s (Table $2), consistent with independent
analyses reported by Yelle et al. (2018) and Waite et al. (2018). The broad range is due to a fourfold variation
in the flux and to uncertainties, primarily in velocities and latitude extent of the minor species at low altitude.

Flux into Saturn should be conserved, so we perform an additional check on the flux by estimating it at the
middle altitude band (3,000-km periapses), which is also the altitude of INCA data and is near the exobase.
Uncertainties at this altitude are larger due to the lower signal levels and to the difficulty in determining velo-
cities near the exobase, where material falling in from the rings has experienced relatively few collisions and
the molecules are either in ballistic trajectories or satellite orbits. The distributions and concentrations are
relatively constant in the exosphere. Indeed, CH4 and 28-u densities are nearly unchanged between altitudes
of 4,000 and 3,000 km, indicating that the particles are still above the exobase and free falling. In this region
and at the exobase, Monte Carlo calculations of atmospheric drag produce the vertical velocity from the
number of high-altitude collisions and the exchange of momentum that causes the material to deorbit.

The fluxes estimated at the middle-altitude band are approximately 50% lower than at low altitudes, and this
difference can be ascribed to the likelihood that some material is unobserved by INMS at the middle altitude.
Although the densities in Table S2 do include the barely detected masses heavier than 44 u, many of these
masses are undetectable due to wall adhesion, an effect that is observed during low-altitude measurements.
To investigate the possibility of underrepresenting higher masses, we partition the observed spectra into
mass bins (Figure S3) and set the velocity parameters so that the total integrated mass flux of CH,, the domi-
nant volatile, is equal at both 1,700 and 3,000 km. Comparing the other species shows that many of the mole-
cules with masses >28 u were not captured in the 3,000-km data.

The global-integrated flux of >10* kg/s is 3 orders of magnitude larger than most predictions (Moore et al.,
2015; Northrop & Connerney, 1987) and a convincing argument that the present-day, measured flux is epoch
dependent. Even the lower bound, 10* kg/s, is unsustainable for less than 10° years without depleting the
entire ring system of hydrocarbons and all of the mass in the D ring. From studies of ring contamination,
the age of the rings is at least tens of millions of years (Cuzzi & Estrada, 1998). The INMS-measured flux must
therefore be much larger than the average flux over the lifetime of the rings, and the clumps that appeared in
D68 in 2015 are excellent candidates for recent enhancement of material influx (Hedman & Showalter, 2016).

PERRY ET AL.
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Figure 3. INMS, INCA (Mitchell et al., 2018), and CDA (Hsu et al.,, 2018) mea-
sure particles with different masses. The INCA particles, >10,000u, consti-
tute only a small fraction of the flux observed by INMS. The high flux for INMS
indicates a steep size-frequency distribution. INMS measures material at all
masses, but most of the mass is in lighter, smaller material. INMS = lon and
Neutral Mass Spectrometer; INCA = lon and Neutral Camera.

Additional evidence that the influx has been recently released from colli-
sions in the rings is the large flux of highly volatile CH, because there
are no known mechanisms that produce large amounts of CH,, and its
volatility leads to rapid loss if it is brought to the rings.

The authors acknowledge the massive, unexpected, and unsustainable
size of this flux. Multiple diligent, careful reviews of the data, analyses,
and instrumental effects were unable to reduce the flux below 10% kg/s.
In fact, a flux 10 times larger is consistent with the data.

The INCA data and the distribution of 28-u measurements at the highest
altitudes indicate that some of the material measured by INMS is likely
heavier particles. When more massive than 5,000 u, particles do not slow
to atmospheric diffusion velocities until well below the exobase. These
particles will not have the scale height of H,. In contrast, the lighter mole-
cules from the D ring experience sufficient collisions to quench their orbi-
tal velocity at 3,500 km or above. Since most of the material measured by
INMS is diffusively coupled to the atmosphere below the exobase, the
native material must be molecules or particles smaller than approximately

500 u. From the 28-u distribution at high altitude, the upper limit on the
amount of total material that is likely due to heavier particles is 20% to 30%, similar to that inferred by
Waite et al. (2018). At the same altitudes, the CH, appears to be molecular and comprises 10% to 20% of
the mass. The distribution of the remaining mass, approximately half of the total mass, is not characterized
at the high altitudes. The 200- to 500-u average mass of the material (see supporting information) would
satisfy the steep size-frequency distribution (next section) and the rapid diffusion of material below
the exobase.

It is interesting to compare these proximal data to the INMS measurements from the ring-grazing orbits at
2.4 Rs from Saturn. The dominant species are the same, H,, CHy, 28 u, and 44 u, with 28-u molecules compris-
ing most of the mass. Within measurement error, all the masses measured during these ring crossings have
identical spatial distributions, which marks them as nanoparticle fragments rather than as molecules, which
would all have spatial distributions that differed from each other. The distributions were stable during the
4 months of measurements, and the mass density of the nanoparticles was 10> u/cm?, similar to the densities
at Saturn above the exobase. Apparently, nanoparticles are ubiquitous throughout the gaps in Saturn’s rings.

3.3. Size-Frequency Distribution and Source Parameters

When compared to INCA—which cannot measure particles less massive than 10 u—and Cassini Cosmic
Dust Analyzer results (Figure 3), the INMS-derived, global-integrated flux of >10* kg/s indicates an exception-
ally steep size-frequency distribution for the smaller material. The INCA-measured particles—which are also
measured by INMS—provide only a small fraction of the total mass flux. A hypothesis that explains this appar-
ent discrepancy is that most of the INMS-measured mass must be in molecules and small particles. The lack of
variation in the INCA measurements shows that they are decoupled from the CH, and from the bulk of the
mass flux, additional evidence that most of the mass is in smaller particles or individual molecules. We use
the power relationship for the size-frequency distribution, n ()< r% to explore the data. Fragmentation distri-
butions for particles with radii larger than a micron are usually described using a = 3 or 4, but « may be 6 or
larger based on the difference between the INCA and INMS fluxes.

Three processes determine the size-frequency distribution of particles measured in Saturn’s atmosphere: the
source distributions from the phenomena that create the particles, transport processes, and loss
mechanisms. Most small particles in Saturn’s rings are created by meteoroid impact. The size distributions
of these ejecta are usually described using a = 3 or 4, and that may be appropriate for the entire range of
sizes, from large particles down to molecular clusters. Small particles may then adhere to each other to create
larger ones, but this would increase the proportion of large particles, and the source processes are not a clear
cause of the disproportionally large number of small particles. Another possible light-molecule enhancement
is a small-particle population with unusually large areas (e.g., fractal aggregates), and these would de-orbit
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faster. Currently, there are no data that suggest that the lower-mass particles are unusually large or have
low density.

The steep size-frequency distribution can be explained by comparing the two processes that can transport
material from the rings to Saturn: the well-studied process that carries charged material into Saturn primarily
along magnetic field lines (see references in the introduction) and atmospheric drag that moves neutral
material along the ring plane (Mitchell et al.,, 2018). INMS-measured neutral particles are transported by
the gas-drag process, which preferentially transports smaller particles for two reasons: (1) particles larger than
tens of nanometers are barely affected by the sparse atmosphere and (2) charging time is proportional to par-
ticle area, so smaller particles remain neutral longer. For particles up to tens of nanometers, transportation is
determined by how quickly a particle can acquire an electric charge. Once charged, the electromagnetic
forces become much more important than gas drag. This qualitatively fits the trend as shown in Figure 3,
which shows that most of the neutral flux along the equatorial plane are smaller particles. Analyses are
ongoing to provide further details on the transport of these small particles.

The ultimate source of these refractory organic nanoparticles is probably tiny inclusions within much larger,
10- to 100-um ring regolith particles. The embedded hydrocarbon motes give the ring particles their reddish
color (Ciarniello et al 2018; Cuzzi et al.,, 2018) and may date back to the ring parent. The nanoparticles become
liberated from their icy sheath by photosputtering of the water of ejected chips (Hsu et al,, 2018). The degree
to which the hydrocarbon nanoparticles immediately mix back into another ring particle surface at the same
location, or slowly evolve inward (Salmon et al., 2010) to concentrate increasingly at smaller radii (Hedman
et al,, 2013), is an excellent subject for future study.

4. Conclusion

During Cassini’s Grand Finale, INMS acquired data that are sufficient to characterize the altitude and latitudi-
nal distributions in the vicinity of Saturn’s equator of a flux of material from Saturn’s rings. At >10* kg/s, the
enormity of the mass flux implies its time-dependent nature and, combined with the observed variability,
links the influx to the clumps that appeared in the D68 ringlet in 2015. The predominance of hydrocarbons
is unexpected and awaits a comprehensive explanation. Neutral nanoparticles with radii <3 nm radius are
plentiful in the inner D ring, and the bulk of the influx is currently composed of small neutral particles, not
charged particles or ions. The INMS data indicate that the role of nanoparticles in mass redistribution within
the rings may be larger than previously assumed.
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