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Abstract Dust particles in the Saturn system can be detected by the Radio and Plasma Wave Science
(RPWS) instrument on board Cassini via antenna voltage signals induced by dust impacts. These impact
signals have been simulated in the laboratory by accelerating dust particles onto a Cassini model with
electric field antennas. RPWS dust measurements have been shown to be consistent with the Cosmic Dust
Analyzer. During the Grand Finale orbits, Cassini flew through the gap between the D ring and Saturn’s
atmosphere 22 times. In situ measurements by RPWS helped quantify the hazards posed to the spacecraft
and instruments on board, which showed a micron-sized dust density orders of magnitude lower than that
observed during the Ring Grazing orbits. Close inspection of the waveforms indicated a possible
dependence of the impact signal decay time on ambient plasma density.

Plain Language Summary Cassini flew through the gap between Saturn and its rings for 22 times
before plunging into the atmosphere of Saturn, ending its 20-year mission. The radio and plasma waves
instrument on board Cassini helped quantify the dust hazard in this previously unexplored region. The
measured density of large dust particles was much lower than expected, allowing high-value science
observations during the subsequent Grand Finale orbits.

1. Introduction

Although the dense main rings of Saturn are composed of meter-sized ice chunks, the rest of Saturn’s ring
plane is filled with fainter andmore tenuous rings containingmuch smaller particles (less than 100 μmacross,
similar to particles in smoke; Cuzzi et al., 2009; Horányi et al., 2009). In addition to gravity, these tiny particles
are subject to solar radiation pressure and electromagnetic forces, making their dynamics substantially differ-
ent from those of the main ring particles (Horányi, 1996). Relatively rapid orbit evolution and plasma sputter-
ing make the lifetime of these particles less than a few thousand years (Burns et al., 2001). These diffuse rings
are then replenished continuously, for example, by geological activity or meteoroid bombardment of
embedded moons and larger ring particles (Spahn, Albers, et al., 2006; Spahn, Schmidt, et al., 2006;
Hedman et al., 2007; Williams & Murray, 2011).

The small size of the particles in the diffuse rings allows them to be observed both remotely (visual and infrared
imaging) and in situ (plasma, dust, and wave instruments). Remote sensing from the ground and spacecraft
can put constraints on the density and size distribution of the particles in the diffuse rings through model
fitting (de Pater et al., 2004; Hedman et al., 2012; Nicholson et al., 1996; Showalter et al., 1991; Showwalter,
1996). While Cassini has a dedicated dust instrument on board, the Cosmic Dust Analyzer (CDA; Srama et al.,
2004), that is designed to measure the size, density, velocity, charge, and composition of the dust particles,
other instruments (e.g., Radio and Plasma Wave Science [RPWS], Cassini Plasma Spectrometer [CAPS],
Electron Spectrometer [ELS], Ion and Neutral Mass Spectrometer [INMS], Magnetospheric Imaging Instrument
[MIMI], Low Energy Magnetospheric Measurement System [LEMMS]) have demonstrated the ability to register
dust impacts when the spacecraft flew through dusty regions (Dong et al., 2015; Hill et al., 2012; Jones et al.,
2009; Krupp et al., 2017; Kurth et al., 2006; Wang et al., 2006; Ye et al., 2014; Ye, Gurnett, & Kurth, 2016).

On 26 April 2017, Cassini dove into the gap between Saturn’s main ring and its atmosphere, starting the
Grand Finale orbits. This region had never been visited by any spacecraft before, so the dust hazard posed
a concern for the safety of the spacecraft and the instruments on board. During the first ring plane
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crossing, the High Gain Antenna (HGA) was pointed toward the ram direction, shielding the spacecraft and
most of the payloads from possible damage by dust impacts. The RPWS was the only instrument on board
that was able to measure the dust density and size distribution during this ring plane crossing, because
CDA was shielded by the HGA and the angle between the dust ram and the CDA boresight is larger than 60°.

In this paper, we analyze RPWS data collected between the D ring and the atmosphere of Saturn. We start
with a brief discussion of the detection mechanisms. We then show the RPWSmeasurements around the ring
plane crossings and compare them with the Ring Grazing orbits observations. Finally, we inspect the wave-
forms of the impact signals in detail and discuss the possible connection between the shape of the impact
signal and background plasma properties. We expect these in situ observations to provide new insights into
dust in a previously unexplored region close to Saturn.

2. Dust Detection by Electric Antennas

The technique of using electric field antennas to detect dust impacts dates back to the Voyager 2 encounter of
Saturn (Aubier et al., 1983; Gurnett et al., 1983). The kinetic energy of an impact is converted to thermal energy
which vaporizes the dust particle and part of the surface material, creating a partially ionized gas of ions and
electrons. Depending on the potential of the spacecraft body and antenna elements, these charged particles
are either collected or expelled from the impact site, setting up a potential difference between different ele-
ments of the dipole and monopole antennas. The spacecraft body is also considered as an antenna element
(of the monopole antenna). Ye, Kurth, Hospodarsky, Averkamp, and Gurnett (2016) showed that the mono-
pole antenna is sensitive primarily to dust impacts on the spacecraft body and the dipole antenna is sensitive
primarily to dust impacts on the antenna booms. The rise time of the signal is a function of the ion/electron
thermal speed, which is determined by the kinetic to thermal energy conversion during the impact (Meyer-
Vernet et al., 2017). Laboratory simulations of the antenna signals induced by dust impacts indicate that
the rise time is dependent on the polarity of the target potential (this determines whether ions or electrons
escape, which have different thermal velocities; Ye, Kurth, Hospodarsky, Averkamp, Gurnett, Sternovsky,
et al., 2016). The elements of the electric antennas (including the antenna booms and the spacecraft body)
will recover to their equilibrium potential by recollecting charges from the background plasma (Zaslavsky,
2015). The recharging timescale is determined by the ambient plasma density, the surface area, and capaci-
tance of the antenna elements, which are significantly different for the spacecraft body and antenna booms.
The overshoots often observed in the waveforms of the dust impacts can be explained by this difference in
recharging timescales. However, O’Shea et al. (2017) recently demonstrated through kinetic simulation that
the antenna elements are inefficient charge collectors and some unknown mechanism besides the difference
in the recharging timescales could be responsible for the characteristic overshoots in the dust impact signals
observed by Solar Terrestrial Relations Observatory, another spacecraft that is sensitive to dust impacts.

3. Observations

Before the Grand Finale orbits, the region between Saturn and the D ring was only observed by remote
sensing instruments (e.g., Imaging Science Subsystem). The phase curves of diffuse rings like Saturn’s G ring
and D ring have been shown to be forward scattering (Hedman & Stark, 2015). Images obtained at high phase
angles (low scattering angles) show that the brightness of the inner edge of the D ring decreases exponen-
tially from the radial distance 67,000 kmwith a scale length around 1,000 km (Hedman et al., 2013; Hedman &
Showalter, 2016). For comparison, the radius of Saturn at its equator is 60,268 km. The brightness at
65,000 km radial distance was estimated to be equal to the brightness of the G ring core, so the estimated
brightness at 63,300 km radial distance, where the first dive took place, was thought to be a few times that
of the Janus/Epimetheus ring (M. M. Hedman, personal communication, March 2017). Assuming the dust
density is proportional to the brightness of the ring, the dust density at this radial distance should also be
a few times higher than that observed in the Janus/Epimetheus ring. An individual impact signal is propor-
tional to the impact charge released, which is proportional to the product of the particle mass and the ram
speed to the approximate fourth power (Collette et al., 2014). Given the 1.5 times higher ram speed during
the Grand Finale orbits, each impact signal would be ~5 times larger. The spectral power of the ensemble
dust impact signature is proportional to the product of impact signal squared and impact rate (Meyer-
Vernet et al., 2009), which is proportional to the dust density times the ram speed. So for the Grand Finale
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orbits, the spectral power of dust impacts was estimated to be 40–80 times higher than that of the Ring
Grazing orbits. However, surprisingly, when Cassini took the first dive between the D ring and Saturn (orbit
271) on 26 April 2017, no intense broadband signal typical of dust impacts (e.g., spikes indicated by arrows in
Figure 1) was observed near the ring plane. Close inspection of the waveforms revealed only a few dust
impacts, not enough for characterizing the density profile or the size distribution function. The following four
orbits (orbits 272–275) yielded similar results, with different spacecraft attitudes, receiver bandwidths, and
antenna modes. During orbits when CDA was pointed toward the ram direction near the ring plane, the
High Rate Detector only detected a few large (~1 μm) particles (Hsu et al., 2018).

Figure 1 shows two RPWS electric field power spectrograms for the orbit 280 ring plane crossing, which
provided clearer dust impact signals for characterizing the particle properties in this region (~63,810 km
radial distance). The top panel shows the low rate data, and the bottom panel shows the high rate
Wideband Receiver (WBR) data. The low rate data covers a wide frequency range (2 Hz to 16 MHz). Since
Cassini was very close to Saturn during this orbit, the magnetic field is very strong. As a result, the electron
cyclotron frequency (indicated by the white curve in the top panel) is higher than the local electron plasma
frequency, which is determined from the upper cutoff of the whistler mode wave (Persoon et al., 2018). The
plasma density derived from the cutoff frequency agrees well with the Langmuir probe measured electron
density. With the enhanced electron/ion density and low electron/ion temperatures measured by the
Langmuir probe, it was concluded that Cassini was in the ionosphere of Saturn during these periods
(Wahlund et al., 2018). The ionosphere of Saturn was found to be quite dynamic, as the peak plasma densities
measured during perikrones of similar altitudes exhibited variations of up to 2 orders of magnitude. The spike
around 10:54 is from dust impacts, which is independent of the electron plasma and cyclotron frequencies
and therefore cannot be due to any plasma waves. The broadband spectral shape is a result of Fourier
transforming the voltage impulses. Such voltage power spectra have been modeled and used for dust
density estimations when high rate data are not available (Meyer-Vernet et al., 1996, 2009; Schippers
et al., 2014, 2015).

The high rate data (Figure 1 bottom) gives us a high-resolution picture of the waves detected around the ring
plane crossing. Besides the main dust signal at the ring plane (10:54), there are many broadband impulsive
signals detected away from the ring plane, which are also due to dust impacts. The narrowband harmonic
emissions drifting in frequency have been identified as lower hybrid resonances, which for a strongly mag-
netized plasma are very close to the ion plasma frequency (Sulaiman et al., 2017). These narrowband drifting
harmonics should provide important clues to constraining the ion density and even ion species in
Saturn’s ionosphere.

Figure 2 shows the statistics of dust impacts observed during the ring plane crossing on day of year (DOY)
174, 2017. Figure 2a shows the impact counts as a function of voltage and time. Figure 2b shows the gain
of the receiver, which is automatically set based on waveform amplitudes to maximize the use of the
analog-to-digital converter dynamic range while minimizing clipping (signal exceeding the range of the
analog-to-digital converter; Gurnett et al., 2004). These two panels show that the sensitive size range of
the instrument is inversely correlated with the gain (impact signals due to small particle impacts cannot be
resolved in lower gains, and those due to large particle impacts are clipped in higher gains), which reached
its lowest level at the ring plane crossing.

Figure 2c shows the dust density (1-μm-size threshold) calculated from the impact rates, assuming an effec-
tive impact area of 1 m2 (The dipole antenna is sensitive to dust impacts on the antenna booms and maybe
the part of spacecraft body near the antennas). The sizes are calculated from the magnitude of voltage spikes
based on the charge yield relations measured for the surface materials of the spacecraft, Kapton, BeCu, and
HGA paint (Collette et al., 2014; Grün et al., 1984). We took into account of the different ram speed (spacecraft
velocity � Keplerian velocity) when calculating the particle sizes from the voltage signal sizes. Details of the
voltage to size conversion can be found in Ye, Gurnett, and Kurth (2016). Since the sensitive size range of
RPWS changes with gain (smaller particles not detectable in the low gains), we scaled the impact rates to a
fixed size threshold of 1 μm, assuming the size distribution has the same slope within and outside the sensi-
tive size range. The red and orange lines are dust densities (1-μm threshold) inferred from Langmuir probe
measurements (difference in ion and electron densities), assuming a power law differential size distribution
with an index of�5.5 and�6.0, respectively. The comparison between the density profiles indicates that the
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size distribution slope could be steeper away from the ring plane, perhaps because it is easier for the smaller
grains to migrate away from the ring plane (Morooka et al., 2018).

Figure 2d shows the power law index of differential size distribution estimated within a 10-s moving window
(blue diamonds). The voltage impulse sizes recorded in the moving window are sorted into equal size bins of
a histogram. The bin with the most voltage signals is selected as the voltage threshold Vthd. Then the number
of voltage jumps larger than Vthd, 2Vthd, and 4Vthd are fitted with the associated threshold values. Since we

Figure 1. Cassini Radio and Plasma Wave Science electric field power spectrograms for the orbit 280 ring plane crossing
(day of year 174, 2017). (top) Low rate data. The low-frequency broadband continuum is whistler mode, the upper
cutoff of which is the local plasma frequency. The electron cyclotron frequency is indicated by the white curve. The
broadband burst that extends above the electron cyclotron frequency at 10:54 is due to dust impact signals. (bottom) High
rate wideband receiver data. The broadband bursts are dust impact signals. The narrowband drifting harmonics are
ionospheric lower hybrid waves. fce = electron cyclotron frequency.
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know that particle mass is proportional to the voltage jump size (Ye, Gurnett, & Kurth, 2016), the fit would give
us the power law index of the cumulative mass distribution η + 1, which can be converted to the power law
index of the differential size distribution μ = 3η + 2. The red line indicates smoothed values of the individual
size slopes (blue diamonds) using a 120-s moving window. This smoothed size slope is also used to scale the
density values to the fixed size threshold shown in Figure 2c. Note that these power law size distribution
slopes are shallower than those inferred from the fit with Langmuir probe measurements, which showed a
depletion of electrons near the ring plane due to the absorption by nanoparticles. There are two possible
sources of this discrepancy. One is the uncertainty in the micron-sized dust density measured by the RPWS
WBR, which could be as large as 1 order of magnitude. If our estimates of the micron-sized dust density
were low, this would cause us to overestimate the slope (i.e., require more nanoparticles) to fit with the
Langmuir probe measurements. The other possibility is that the power law size distribution may have a
break somewhere, so that the size distribution for nanoparticles is steeper than micron-sized particles.
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Figure 3 shows a Lorentzian function (red curve) fit of the dust density
profile for the ring plane crossing on DOY 174, 2017 (orbit 280). The
Lorentzian density model is given by

n ¼ n0w2

z � z0ð Þ2 þ w2
(1)

where n0 is the peak density and z0 is the vertical offset of the peak density.
From this model fitting, the peak density and half width at half maximum
(w) of each density profile can be determined. For this ring plane crossing,
the measured vertical thickness (w) of the dusty ring is ~ 153 km and the
peak density (n0) is ~5×10

�5 m�3, about 2–3 times thinner and 2 orders
of magnitude lower than those measured by RPWS in the
Janus/Epimetheus ring (Ye et al., 2018). During the orbits when CDA had
Kepler ram pointing, High Rate Detector measured a few large (micron-
sized) particles per orbit. Combining thesemeasurements, a density profile
was derived with a full width at half maximum of 900 km and maximum
density of (20 ± 10) × 10�5 m�3 (Hsu et al., 2018). The wider peak esti-
mated from CDA measurements could be due to the inclusion of multiple
orbits. Cassini crossed the ring plane at different distances from the D ring
during these orbits, where the density and ring width could also be differ-
ent. The difference in density measured by the two instruments is within
the uncertainty range estimated for RPWS measurements (Ye et al., 2014).

We inspected the dust impact waveforms from ring plane crossings at different altitudes and found that
the decay timescale changed from orbit to orbit. Figure S1 shows that during the first Grand Finale orbit,
the decay timescale of the dust impact signals changes with the radial distance of detection, with the long-
est decay time seen at the largest radial distance. Cassini traversed through the ionosphere of Saturn
during all of the periapses, and it is shown that the ionospheric density decreases with the altitude and
exhibits large variability (Wahlund et al., 2018). As modeled by Zaslavsky (2015), the decay time of the
impact signals depends on background plasma density, which determines the recharging current. It is
possible that the variation of decay time is mainly due to the variation of the background plasma density,
though other factors like the antenna mode (dipole/monopole) and receiver bandwidth could
also contribute.

Figure 4 shows a WBR waveform snapshot near the ring plane crossing of orbit 282 (DOY 187, 2017). The
receiver was in monopole mode, which measures the voltage between the Ew antenna and the spacecraft
(Please refer to Figure 14 of Gurnett et al., 2004 for geometry of RPWS antennas with respect to the
Cassini spacecraft). Note that the dust impact signals were mostly positive (red diamonds) rather than nega-
tive (green diamond). As discussed by Ye, Kurth, Hospodarsky, Averkamp, and Gurnett (2016), RPWS primar-
ily detect impacts on the antenna elements, which means the Eu and Ev antennas for the dipole mode and
the Ew antenna and the spacecraft body for the monopole mode. This was also confirmed by laboratory
simulations of dust impacts on a Cassini model equipped with both dipole and monopole antennas
(Nouzak, Hsu, et al., 2017; Nouzak, Pavlu, et al., 2017). In the monopole mode, the polarities of the impact
signals are determined by the spacecraft potential. It has been shown during the ring plane crossings out-
side the main rings of Saturn that the polarities of the impact signals detected by the monopole antenna
were mostly negative, consistent with a negative spacecraft potential in those regions (Ye et al., 2014 and
Ye, Kurth, Hospodarsky, Averkamp, & Gurnett, 2016). So the mostly positive impact signals shown in
Figure 4 seem to indicate that the spacecraft was charged positively on the inner edge of the D ring, which
is surprising because the spacecraft was in the ionosphere of Saturn, where cold and dense plasma domi-
nates. Langmuir probe also measured positive spacecraft potential in the corridor between the D ring and
the atmosphere of Saturn, especially during the lower altitude orbits. It is possible that the positive potential
is due to secondary electron emissions induced by kinetic ion/fast neutral impacts when the spacecraft cut
through the deep ionosphere, similar to what the Langmuir probe observed in the deep ionosphere
(Wahlund et al., 2018).
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4. Discussion

The RPWS dust observations during the Grand Finale orbits revealed a
significant lower density of micron-sized dust particles between the D
ring and the atmosphere of Saturn than the hazard analysis estimation
based on optical observations (Hedman et al., 2013), which predicted
similar density to the Janus/Epimetheus ring. Figure S2 compares a radial
brightness profile from the optical observations (Horányi et al., 2009) and
the RPWS measurements of micron-sized dust surface density (inte-
grated vertically) in the Janus/Epimetheus ring (Ye et al., 2018) and
around 64,000 km, where orbits 276–282 ring plane crossings took place
(this study). RPWS measurements at these two places showed larger
contrast than the optical data did. The relative brightness between
Janus/Epimetheus ring (~150,600 km) and the orbit 280 ring plane cross-
ing location (~63,800 km) is about 2–3 to 1. However, the brightness of
radial distance 62,000–64,000 km is around the background noise level,
so the real brightness might be much lower, which would be more con-
sistent with RPWS observations.

The lack of micron-sized dust in this region is still not fully understood.
Inside the main rings of Saturn, the Keplerian velocity becomes faster than
the corotation speed of the background plasma, which puts a drag on the
dust particles through either kinetic or Coulomb impacts. After losing
speed, these particles cannot sustain their orbit and will fall into the atmo-

sphere of Saturn. A similar mechanism has been proposed to explain the precipitation of small dust particles
(8,000 to 50,000 amu) from the main rings observed by Magnetospheric Imaging Instrument (MIMI) Ion and
Neutral Camera (INCA) and Charge Energy Mass Spectrometer (CHEMS) instruments (Mitchell et al., 2018).

RPWS monopole measurements during the Grand Finale orbits revealed mostly positive hits, indicating a
positive spacecraft potential. However, a spacecraft immersed in cold dense plasma, like in the ionosphere,
would normally be charged negatively. Another interpretation of the positive hits would be related to the
strongmagnetic field close to Saturn, where the Larmor radius of the electrons from the impact plasma cloud
are smaller than the dimension of the spacecraft. So the electrons in the impact plasma cloud will be
reabsorbed by the spacecraft while the ions can escape due to their larger Larmor radius. After an impact
on the spacecraft body, the spacecraft will be charged negatively, while the antenna potential remains
unchanged. This will result in a positive potential difference between the Ew antenna and the spacecraft
body, as would be observed by the WBR. However, the ion escape model would make the rise time of
the impact signals longer, as the ions in the impact plasma cloud travels slower than the electrons. The
increase in rise time was observed in the laboratory simulation when the bias potential of the model
spacecraft body was switched from negative to positive (Ye, Kurth, Hospodarsky, Averkamp, Gurnett,
Sternovsky, et al., 2016). Such an increase in rise time could be difficult to detect in our data due to the
limited time resolution of the WBR data (36 μs for the 10-kHz mode; the monopole antenna cannot be used
with the 80-kHz mode).

5. Summary

On 26 April 2017, Cassini dove into the gap between Saturn’s main ring and its atmosphere starting the 22
Grand Finale orbits. Contrary to our expectations, RPWS observed few micron dust impacts during the first
5 and last 10 proximal orbits, not enough for characterizing the size distribution. During the higher-altitude
D ring crossings (orbits 276–282), RPWS detectedmore dust impacts with the density estimated to be about 2
orders of magnitude lower than that measured during the Ring Grazing orbits. The monopole antenna
measurements of dust impacts near the D ring indicated that the spacecraft was charged positively (the
impact signals weremostly positive, whereas at larger radial distances the impacts detected by themonopole
antenna weremostly negative). The positive potential might be due to secondary electron emissions induced
by kinetic ion/fast neutral impacts when the spacecraft cut through the deep ionosphere. It is also possible
that the positive polarity is due to the strong magnetic field near Saturn, which allowed only the ions to
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escape after impacts. The increase of the heavy negative ion concentration in Saturn’s ionosphere could also
be responsible for the positive spacecraft potential (Kim & Merlino, 2006). The decay time of the dust impact
waveforms seems to be dependent on ionosphere plasma density, which showed variations up to 2 orders of
magnitude from orbit to orbit.
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