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a b s t r a c t

We characterize the relative importance of energetic electrons and protons to the weathering of five of

the inner satellites of Saturn. To do this, we present data from the Magnetospheric Imaging Instrument

on the Cassini spacecraft, some of which is averaged over the whole mission to date. We also compute

averaged proton and electron energy spectra relevant to the distances of these inner satellites. Where

data are available, we estimate the power per unit area into a satellite’s surface. For electron energy

deposition into satellite leading hemispheres, we find the power per unit area is greatest at Mimas and

falls off with distance from Saturn. Using fluxes of 1–50 MeV protons detected within the sweeping

corridors of Mimas and Enceladus, we find the corresponding deposition would be about 2�108 and

3.7�107 eV/cm2 s.

& 2011 Elsevier Ltd. All rights reserved.

1. Introduction

A number of physical and chemical modifications of icy
surfaces in space have been attributed to weathering by charged
particles. In some cases, laboratory studies exist to provide a basis
for connecting weathering agents with expected effects. However,
the applicability of such studies to surfaces in space has limita-
tions because of simultaneous weathering by different particle
species over broad energy ranges. For this reason, we believe that
an empirical approach to correlate particle bombardment pat-
terns with optical features is warranted. In this paper, we present
energetic charged particle data obtained near five of the inner
satellites of Saturn and illustrate major differences in the weath-
ering environments of these moons.

The importance of charged particles in surface modifications has
been described in the literature for several decades (see, Johnson,
1990 and references therein). Recent examples in Solar System
contexts support the importance of charged particle weathering in
modifying the optical surface. For example, Khurana et al. (2007)
have explained the so-called bright polar cap feature of Ganymede
(e.g., Johnson, 1985) by mapping the edge of the bright region to the
open/closed field line boundary of the internally generated magnetic

field of that moon. Open and closed Ganymede field lines have been
observed to have different levels of charged particle flux (Williams
et al., 1998). Khurana’s work provided some of the most compelling
evidence to date of the role of charged particles in modifying
surfaces. Other studies have noted pronounced leading versus
trailing hemisphere differences in the abundances of trace atoms
and molecules identified spectrally in the surface (e.g., Johnson et al.,
2004; Carlson et al., 2009). Leading–trailing asymmetries in albedo
are also present (e.g., McEwen, 1986; Buratti et al., 1998). Candidate
weathering agents that exhibit such differences are charged and
neutral particles, and dust.

Among charged particles, there are distinct energy ranges that
are important for weathering. These can be loosely termed the
cold plasma, ring-current particles, and radiation belt particles,
following Schulz and Lanzerotti (1974). Schulz and Lanzerotti (1974)
distinguished the ring-current energy range from the radiation
belt energies by the relative importance of the corotation electric
field on the particle’s motion. In Saturn’s inner magnetosphere,
electrons with energies above approximately one to a few MeV
(depending on L shell and pitch angle) have their net guiding
center motion in the direction opposite to the plasma flow. This
means that they are moving opposite to the direction dictated by
the corotation electric field and for our purposes may be con-
sidered radiation belt particles. For protons in the few MeV
energy range, the corotation drift is a fraction of the gradient-
curvature drift and in the same direction.
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While the cold plasma flows onto all the inner satellites, the
differences in the two other populations from the point of view of
weathering are very dramatic. Tethys (r¼4.89RS) is approxi-
mately at the outer boundary of the most intense radiation belts,
whereas Enceladus (r¼3.95RS) is near the inner boundary of the
injected ring-current particles.

In this paper, we will focus on data from Cassini’s Magneto-
sphere Imaging Instrument (MIMI) described by Krimigis et al.
(2004). We mostly use data from the Low Energy Magnetospheric
Measurement System (LEMMS) and the Ion and Neutral Camera
(INCA). Together these sensors can detect charged particles from a
few keV to tens of MeV in energy.

2. Distribution of energetic electrons

The radiation belts of Saturn are much less intense than those of
Earth, Jupiter or Uranus (Mauk and Fox, 2010). In Fig. 1, we show
data from the Cassini LEMMS sensor obtained between mid-2004
and mid-2010. These data are average intensities of 0.79–4.75 MeV
electrons. The large spatial bins and the wide energy channel
passband obscure some structure in physical space and in energy.
But this plot does illustrate that the approximately MeV electron
fluxes decrease by several orders of magnitude between the orbits
of Mimas and Rhea. Below this energy, the distribution of energetic
electrons by radial distance varies dramatically (Carbary et al.,
2009; Kollmann et al., in press). We will discuss this further below.

At Saturn, the gradient-curvature drift of energetic electrons is
opposite to the direction of the cold plasma flow. As noted above,
the guiding centers of very energetic electrons can have net long-
itudinal motion that is retrograde. With respect to the satellites, the
prograde versus retrograde transition energies for electrons with
mirror latitudes of 151 (equatorial pitch angles of about 59o) are
1.12 MeV (Mimas and Enceladus), 1.01 MeV (Tethys), 0.835 MeV
(Dione), and 0.612 MeV (Rhea). Thomsen and Van Allen (1980) call
these transitions ‘‘resonant energies.’’ Electrons at these energies
can diffuse radially through the moon’s orbit and avoid absorption.
Below the resonant energies, electrons encounter the satellite first
along the trailing hemisphere whereas above it they first encounter
the satellite along its leading hemisphere.

To quantify the differences in leading hemisphere weathering
by energetic electrons at the different satellites, we show energy
spectra in Fig. 2 corresponding to the distances of the five main

inner satellites. These values are obtained from median-average
fluxes obtained by binning data from the LEMMS sensor on
Cassini. Any time the spacecraft visited the spatial region repre-
sented by the bin, between mid-2004 and mid-2010, the data
were included in the average. Here we have selected five electron
channels from LEMMS based on various factors. These factors
include properties of the energy passband and the level of back-
ground counts we expect the channel to receive in the radiation
belt region. Even with these restrictions, the intensities corre-
sponding to 50 and 75 keV have some contributions from elec-
trons that are not in the nominal passband of the channel.

At the low energies, the highest fluxes correspond to the
largest distances from the planet; this is likely due to the presence
of injections and will be discussed in more detail below. Above
about 1 MeV, the intensities are fairly well organized from the
highest to the lowest with increasing distance from the planet. It
is useful to note that at about 2 MeV, the intensities are an order
of magnitude lower at Dione than Tethys. Furthermore, at
approximately the MeV energy range, the spectrum steepens
near the outer satellites. A way to understand this is that the
radiation belt flux is below the instrument’s background levels at
Dione’s position (Fig. 1).

We previously connected leading hemisphere weathering by
energetic electrons with optical features on Mimas and Tethys
(Schenk et al., 2011). We argued in that paper that equatorial
latitudes on satellite leading hemispheres would be heavily
weathered by MeV electrons. This can be appreciated by consider-
ing the following. Among retrograde electrons at a satellite’s orbit,
those with the highest number are near the drift resonance in a
falling energy spectrum. Such electrons have very slow motion in
the longitudinal direction relative to the satellite. At the same
time, their bounce motion is very fast. These electrons therefore
precipitate as soon as their guiding-center field line comes into
contact with the satellite. This occurs near the leading hemisphere
equator. We note further that E ring grains preferentially impact
Mimas’s trailing hemisphere and Tethys’s leading hemisphere
(Hamilton and Burns, 1994). Therefore, unlike dust and lower
energy charged particles, energetic electrons are the only weath-
ering agents that deposit significant amounts of energy on the
leading hemispheres of both Mimas and Tethys. A lens-shaped
feature appears in visible images of the leading hemispheres of
these moons and is likely the result of the interaction of energetic
electrons with the icy surfaces (Schenk et al., 2011).

Fig. 1. Intensity map of 0.79–4.75 MeV electrons as a function of dipole L shell and local time. Fluxes obtained between mid-2004 and mid-2010 have been averaged and

binned.
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As Fig. 2 illustrates, the ring-current electrons have completely
different behavior from the radiation belt ones. Tens to hundreds
of keV electrons are likely supplied to small Saturn radial distances
by rapid injections. A possible scenario for creating these electrons
is that they are first heated by the induced electric field associated
with dipolarization. These electrons are then further energized by
inward transport and conservation of adiabatic invariants of
motion. Both Carbary et al. (2009) and Paranicas et al. (2010)
presented summary plots of tens to hundreds of keV electrons in
Saturn’s magnetosphere. Both studies found decreasing intensity
of these electrons inward of about Rhea’s orbit (see, also, Kollmann
et al., in press). Both also revealed strong local-time asymmetries,
with much higher fluxes near midnight. Higher intensity near
midnight is consistent with the spacecraft encountering more
large-scale injections at that local time.

The data in Fig. 2 show that the lower energy fluxes are
organized with the highest intensity at the largest distance (oppo-
site to the radiation belt energies). The decrease of intensity with
decreasing radial distance may be due to the fact that the inward
motion of injected electrons is inhibited by the stronger dipole field
of the inner magnetosphere. Furthermore, the region inward of
about Enceladus’s orbit is not strongly populated by direct injec-
tions (see, Paranicas et al., 2010). Loss rates are a factor as well;
once electrons are injected deep into the magnetosphere, they are
cooled and scattered in the environment dominated by dense
neutral gas and grains.

3. Distribution of energetic protons

For the region of interest to us here, the above separation into
three energy ranges is also very useful for ions. This is because the
neutral gas in Saturn’s inner magnetosphere has a much larger
effect on charged particles with ring-current energies. For exam-
ple, protons below about 200 keV and singly charged oxygen ions
up to MeV energies undergo charge-exchange (CE) with neutrals
(e.g., McEntire and Mitchell, 1989) and are lost as energetic

neutral atoms (ENAs). In these collisions, the energetic ion is
effectively replaced by a lower energy ion. In charge exchange at
lower energies, there is no net loss of plasma ions because these
collisions begin and end with one ion. Radiation belt protons
survive longer than lower energy ions because their CE cross-
sections with neutrals are typically very low.

The ionic radiation belts of Saturn are characterized by a
several-order-of-magnitude increase in particle intensity from
cosmic-ray background levels to peak levels (e.g., Krupp et al.,
2009). Roussos et al. (2008) demonstrated that MeV ion absorp-
tion at Tethys isolates the inner belts (Lo5) from the middle and
outer magnetosphere. Armstrong et al. (2009) found much higher
fluxes of protons in the radiation belts than other ions. For ions
whose source is CRAND (cosmic ray albedo neutron decay, see, for
instance, Cooper, 1983), this is expected because it involves
neutron decay. Roussos et al. (2011) have examined ways to
populate the radiation belts in other ions to explain the data.

Below this energy in the ring-current range, the inner magneto-
sphere appears to be injection dominated (Paranicas et al., 2008).
For a portion of the energy spectrum for each ion, there are very
low steady-state fluxes with higher fluxes associated with recent
injections. To illustrate this, we show an ENA image of Saturn’s
inner magnetosphere taken from high latitude in Fig. 3. This figure
combines about 13 h of 55–90 keV neutral hydrogen data projected
onto the equatorial plane of Saturn. This figure has been corrected
for the Compton–Getting effect as it applies to ENAs.

It is noteworthy that the dominant ENA signal shown in Fig. 3
is near the orbit of Rhea. Carbary et al. (2008) surveyed the
injected ion populations that create these ENAs in the Cassini
INCA data. They found that large-scale injected ion populations
tend to have their peak emission at about Rhea’s orbit with some
injected populations reaching inward of that distance. The nearly
absent emission from inward of about Dione’s orbit, where we
know the neutral densities are high, means these ion fluxes are
drastically reduced in a steady-state sense at these distances.

To quantify the effects of the neutral gas on energetic ions, we
next turn to energy spectra. Dialynas et al. (2009) have shown

Fig. 2. Differential energy spectra (electrons per cm2 s sr keV) at the L shells of the five inner satellites of Saturn. The fluxes represent background-corrected data averaged

from mid-2004 to mid-2010.

C. Paranicas et al. / Planetary and Space Science 61 (2012) 60–6562



Author's personal copy

proton and oxygen spectra during a few separate time periods.
Here, we have averaged LEMMS data from about mid-2004 to mid-
2010, excluding times of transient radiation belts (Roussos et al.,
2008). In Fig. 4, we show proton energy spectra near the five inner
satellites of interest. The data are logarithmic averages using all
local pitch angles. We have excluded points where background
counts were a concern. Also, some channels are pure proton
channels while others are total ion channels that we believe are
dominated by protons. For the two inner satellites, we use a narrow
radial range corresponding to fluxes inside the sweeping corridor to
create the spectra. The intensity peak in Fig. 4 in the tens of MeV
energy range, most prominent at Mimas, is due to CRAND.

Regarding weathering, these particles would produce features
with patterns similar to those produced by the electron spectra
presented in the previous section. That is, at the highest energies
corresponding to radiation belt particles, the highest fluxes are
near the innermost moons. At low energies there are higher fluxes
at Rhea than Tethys or Dione, because the principal source of
injections is outside Rhea’s orbit and also because Rhea is outside
the densest part of the gas cloud.

4. Discussion

In this section we discuss the relative effects of charged particle
weathering on the inner satellites. Cold plasma will flow first onto a
satellite’s trailing hemisphere as it overtakes the moon in its orbit.
This tends to give a bull’s-eye pattern to the bombardment that
is centered on the trailing hemisphere apex. At higher energies,
the pattern departs from this simple geometry. For example,
Pospieszalska and Johnson (1989) showed how the bombardment
pattern changes between the eV and the keV energy range on
Dione. A crude way to estimate the energetic particle pattern onto
an inert body is to compare the time for a charged particle to move
up a field line and be reflected back (the half bounce time) with the
time it takes the particle’s guiding center to move a distance of
about the moon’s diameter in the longitudinal direction, as we
showed at Europa earlier (Paranicas et al., 2001). For electrons, the
bounce time is typically shorter than the net drift time across the
body and hemispherical asymmetries in the bombardment pattern

are predicted. As noted above, there is also a shift from preferen-
tially trailing to preferentially leading bombardment when elec-
trons above about 1 MeV are considered. More refined descriptions
of the morphology of the plasma effects on these bodies that
include, for instance, corrections due to the ratio of the gyroradius
to the moon radius and flow diversion around the moon are being
considered.

When particles have access to a moon’s surface, the energy per
unit time deposited into the ice gives a measure of the steady-
state effect. The net integrated isotropic flux across a surface in
space is, p

R
j(E)dE (e.g., Sullivan, 1971). If each particle carries an

energy E, then the energy flux deposited into the surface is

P¼ p
Z

jEdE ð1Þ

To perform this integral, we fit the electron energy spectra
in Fig. 2 with the function,

j¼ joEa 1þ
E

Eo

� �� �b

ð2Þ

We present the fit parameters in Table 1 near the five
satellites. Since there is a lot of variation at the low energies
from injections, we tailor the fits to roughly approximate the data
at low energy and closely fit the power law at high energy. We
have calculated a goodness of fit, S(log(xi)� log(fi))

2, where x is a
data point and f is its fit value. We find S¼0.1 (M), 0.3 (E), 0.5 (T),
0.07 (D), and 0.07 (R). But it should be kept in mind that the

Fig. 3. Intensity map of energetic neutral hydrogen (55–90 keV) obtained on days

49–50 during 2007 using the INCA sensor. The data have been projected onto the

equatorial plane and corrected for the Compton–Getting effect. The x-axis points

sunward, while the y-axis points towards dusk.

Fig. 4. Background-subtracted proton energy spectra near the five main inner

satellites of Saturn. These data are averaged over the time period from mid-2004

to mid-2010. The LEMMS total ion and proton channels are used. The data were

binned in Saturn radii as follows: 3.0870.01, 3.9570.01, 570.5, 670.5, and

970.5.
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integrated quantities are approximations. The coverage of the
energy range of interest by the LEMMS instrument channels is
very coarse.

In Table 1, we also include an integration of Eq. (1) done in two
different ways. In the first integration, we begin at the electron
resonance energy appropriate to the satellite in question and
integrate to 10 MeV; this gives the approximate energy into the
leading hemisphere from energetic electrons. For comparison, in
the second integration, we use the energy limits 30 keV to 10 MeV
at all the satellites. The table shows that the leading energy input
maximizes at Mimas and is a falling function with increasing
radial distance. This is consistent with the conjecture in Schenk
et al. (2011).

For the moment of the distribution function presented by
Eq. (1), the power per unit area is likely to be dominated by the
energetic plasma. To confirm this we integrated the Rhea spec-
trum down to 100 eV assuming it as a reasonable approximation
to extrapolate the fit to low energies. We find this adds about 15%
to the power per unit area at Rhea. Therefore, we hypothesize that
the power per unit area is dominated by energetic electrons.
These deposit their energy much deeper into the ice than incident
cold electrons or energetic ions. In assessing the nature of the
electron weathering on the surface reflectance spectra (e.g. where
the ice might be brightening in a specific range of wavelengths),
the penetration depth of the relevant charged particles must be
compared to the range of depths at which photons are reflected
from the surface.

Next we consider protons. At radiation belt energies, there is
also an evidence of significant weathering in the macrosignatures
of Mimas and Enceladus. Krupp et al. (2009) have shown the large
flux differences inside the sweeping corridors of the moons and
just outside of them. For our work here we will use the fluxes
inside the sweeping corridors of Mimas and Enceladus, because of
the large radial variations in flux. For the other three moons, we
use the average fluxes near their orbits.

In the ring-current range of energies, there is evidence that
some ions are nearly absent due to rapid CE with the neutrals and
absorption by the bodies at larger distances. ENA imaging shows
that tens to hundreds of keV protons are not present in large
numbers inside of about Dione’s orbit. The shape of proton energy
spectra also suggests that the hundreds of keV energies are not
fully populated. This likely means that there is an important
weathering component missing, except possibly at Rhea. We have
not fully explored energetic heavy ions here partly due to
measurement limitations. Dialynas et al. (2009) have begun the
process of describing the radial dependence of energetic oxygen
spectra from the Cassini data.

To quantify these effects further and compare the ring-current
and radiation belt energies, we fit the proton spectra displayed
in Fig. 4. For the three outer moons, we fit power-law spectra in
the energy range between about 100 keV and 1 MeV and compute
the power using Eq. (1), see Table 2 for details. We do not

compute this power for the two inner moons because penetrating
background in the energy channels at these distances is a
problem. Among the three outer moons in our study, the fluxes
are comparable. In Table 2, we also present an estimate of the
power from the CRAND peak. To estimate this power, we divided
up the 1–50 MeV energy range and used an interpolation between
data points at each energy to perform a sum that approximates
the area under the peak.

5. Summary

We have considered several-year average charged particle data
obtained in Saturn’s inner magnetosphere. Using these averages, we
have also computed energy spectra near five of Saturn’s satellites and
integrated to find power per unit area into the surface. Our goal has
been to compare the particle environments near these satellites to
make predictions about their contributions to the weathering of
these icy bodies. We have shown that all five satellites receive most
of their electron power from energetic particles. Energetic electrons
whose net motion is retrograde relative to the icy satellites deposit
the most power per unit area into Mimas’s surface. This is consistent
with the correlation to features obtained by optical remote sensing
that was reported in Schenk et al. (2011). In that paper, slightly less
intense electron energy spectra were used near Mimas and Tethys.

If we restrict ourselves to fluxes within the moon sweeping
corridors of Mimas and Enceladus, we find an important con-
tribution to weathering from the CRAND peak. But because we are
working with different energy ranges in these estimates, it is not
appropriate for instance to compare the ion and electron levels.
The steep proton power-law behavior below the CRAND energy
range is likely due to the replacement of energetic ions by lower
energy pick-up ions in CE with the dense neutral cloud. Hence
these particles play a much smaller role in modifying the surfaces
of the inner satellites.
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