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Abstract

Icy grains and satellites orbiting in Saturn’s magnetosphere are immersed in a plasma that sputters their surfaces. This limits the

lifetime of the E-ring grains and ejects neutrals that orbit Saturn until they are ionized and populate its magnetosphere. Here we re-

evaluate the sputtering rate of ice in Saturn’s inner magnetosphere using the recent Cassini data on the plasma ion density, temperature

and composition [Sittler Jr., E.C., et al., 2007a. Ion and neutral sources and sinks within Saturn’s inner magnetosphere: Cassini results.

Planet. Space Sci. 56, 3–18.] and a recent summary of the relevant sputtering data for ice [Famá, M., Shi, J., Baragiola, R.A., 2008.

Sputtering of ice by low-energy ions. Surf. Sci. 602, 156–161.]. Although the energetic (410 keV) ion component at Saturn is much

smaller than was assumed to be the case after Voyager [Jurac, S., Johnson, R.E., Richardson, J.D., Paranicas, C., 2001a. Satellite

sputtering in Saturn’s magnetosphere. Planet. Space Sci. 49, 319–326; Jurac, S., Johnson, R.E., Richardson, J.D., 2001b. Saturn’s E ring

and production of the neutral torus. Icarus 149, 384–396.], we show that the sputtering rates are sensitive to the temperature of the

thermal plasma and are still robust, so that sputtering likely determines the lifetime of the grains in Saturn’s tenuous E-ring.

r 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

The sputtering of water ice is of interest in the outer solar
system where icy bodies are exposed to energetic ions
trapped in the magnetospheres of the giant planets.
Sputtering, along with out-gassing, is responsible for
populating the magnetospheres with neutrals which orbit
Saturn, often referred to as a neutral cloud or, if they are
long-lived, a neutral torus. Atoms and molecules in these
clouds are eventually ionized by the solar UV photons or
the local plasma producing ions that are picked-up and
accelerated in the planet’s rotating magnetosphere. These
ions are trapped in the magnetosphere until they are either
transported outward by plasma processes and escape or are
e front matter r 2008 Elsevier Ltd. All rights reserved.
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neutralized by charge exchange or electron recombination.
Therefore, there is an interesting but complex feedback
process between the production and loss of neutrals and
the production and loss of ions in a planet’s magnetosphere
(e.g., Johnson, 1990).
In Saturn’s magnetosphere the out-gassing from the

fractured south polar region of Enceladus, as well as
sputtering of icy bodies and ice grains, are sources of the
extended neutral atmosphere of water molecules and their
dissociation products observed by the Hubble Space
Telescope (HST) (Shemansky et al., 1993; Richardson
et al., 1998; Jurac et al., 2002; Jurac and Richardson, 2005);
and by the instruments on Cassini (Esposito et al., 2005;
Waite et al., 2006; Johnson et al., 2006). Before the
discovery of active plumes of gas and dust from the south
polar region of Enceladus, sputtering from icy satellites
and small ice grains by magnetospheric ions was suggested
to be the principal candidate for explaining the population
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of this atmosphere (Johnson et al., 1989; Jurac et al.,
2001a, b). However, preliminary estimates of the sputter
flux (Shi et al., 1995; Jurac et al., 2001b) gave results for the
sputtering rate that were at least one order magnitude
below the production rate of water molecules required to
populate the OH cloud observed by HST unless there was a
large population of very small undetected grains (Jurac
et al., 2002). Sputtering was still expected to be an
important process for limiting the grain lifetimes of the
E-ring grains and was an important source of neutrals
outside the orbit of Dione (Jurac et al., 2002; Jurac and
Richardson, 2005).

The recent observations of plasma in Saturn’s inner
magnetosphere (o�10RS, where 1RS is a Saturn radius)
by instruments on the Cassini spacecraft reveal that the ion
composition is mainly protons and water group ions
(O+, OH+, H2O

+, H3O
+) with energies peaking at

hundreds eV (Young et al., 2005; Sittler et al., 2005,
2007a; Tokar et al., 2006). Famá et al. (2008) recently
obtained new sputtering data for water ice, which they
combined with earlier measurements to produce a semi-
empirical model for the sputtering yield (number of
molecules ejected per ion incident) that is applicable in
this energy region. These data are used here along with
recent measurements of the ion densities and temperatures
from the Cassini Plasma Spectrometer (CAPS) (Sittler
et al., 2006, 2007a, b) to give new estimates for the
sputtering rates in Saturn’s magnetosphere.

2. Saturnian plasma

Since heavy ions with energies 4�10 keV were found to
be the dominant sputtering agent for icy materials in the
Jovian magnetosphere (e.g., Johnson, 1990; Cooper et al.,
2001), this was initially assumed to be the case also at
Fig. 1. (a) The ion densities in Saturn’s inner magnetosphere as measured by th

like species summed together as W+ (O+, OH+, H2O
+, and H3O

+) (dashed l

relative to the plasma flow speed. The dotted line in (b) corresponds to the en

magnetosphere [approximately the gyro-energy that ions get when they are pi
Saturn (Shi et al., 1995; Jurac et al., 2001b). Cassini data
showed that the presence of a relatively dense and extended
population of neutrals suppresses the very energetic ions in
the region inside of 10RS (Paranicas et al., 2008). The
energetic electron population, which at Europa contributes
to forming the O2 atmosphere, is also considerably reduced
in Saturn’s inner magnetosphere (o�15RS; Rymer et al.,
2007; Paranicas et al., 2007). Therefore, the erosion of
E-ring grains, the erosion of the dust halo at Rhea (Jones
et al., 2008) and sputtering of satellite surfaces inside the
orbit of Rhea is likely dominated by ions with energies
o10 keV, opposite to what has been assumed in earlier
work. In the model below the O2 and H2 ejected due to
decomposition is included with water molecule ejection
giving the total sputtering rate in equivalent H2O ejected. If
one is only interested only in the production of O2, for
instance, then the energy deposited by energetic electrons
and ions must be included and compared with the
temperature dependent component of the yield used below.
This will be described in subsequent work.
Figs. 1a and b give the ion densities and temperatures in

Saturn’s inner magnetosphere as measured by the CAPS
instrument (Sittler et al., 2007a, b). These are given in
Saturn’s equatorial plane as a function of radial distance
from Saturn from 3.5 to 10RS (RSE60,268 km), a region in
which many of the icy satellites and the E-ring grains orbit.
The plasma is primarily produced from the water plumes
on Enceladus and the densities are given for H+ and for
water-like species summed together as W+ (O+, OH+,
H2O

+, and H3O
+). The composition of this component

varies with radial distance, with H3O
+ being an important

contribution near Enceladus (�4RS) (Tokar et al., 2006)
and O+ becoming dominant by 10RS near the orbit of
Rhea (Sittler et al., 2007a). Although a single temperature
is given at each value of R, the plasma ion velocity
e CAPS instrument. The densities are given for H+ (solid line) and water-

ine). (b) The ion temperatures for H+ (solid) and W+ (dashed) measured

ergy associated with the flow past a grain or satellite orbiting in Saturn’s

cked up by the field: mið~vco �~voÞ
2=2].
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distributions are not isotropic. The velocity distribution is
divided into components perpendicular to the local
magnetic field, T?, and parallel, TJ, with T ¼ (2T?+TJ)/
3. The relative contribution of these to the total flux differs
between ions and varies slowly with R. Sittler et al. (2007a)
suggest TJ/T?�0.5 for protons and TJ/T?�0.2 for W+ at
the magnetic equator. Such ratios indicate that the ion
lifetimes are too short for the temperature to isotrophize
(Tokar et al., 2008). Since these temperatures are measured
relative to the plasma flow speed, we also show in Fig. 1b
the energy associated with the flow past a grain or satellite
orbiting in Saturn’s magnetosphere. That is, the ions
obtain gyro-motion on pick-up given as mið~vco �~voÞ

2=2,
where ~vco is the tangential velocity of rotation of the
magnetic field which confines the plasma, and ~vo is the
orbital speed of the body. Since Saturn’s field is closely
aligned with its spin axis, for bodies in circular orbit these
velocities have, roughly, the same direction; using Saturn’s
rotational speed and gravity at its equator, the speeds
are vcoE9.87R(RS) km s�1 and voE25.1/[R(RS)]

1/2 km s�1,
where R is the radial distance in RS. These ion speeds and
densities are used below to calculate sputtering rates.

3. Calculation of sputtering flux

Sputtering can occur in ice by direct momentum transfer
from the projectile to a target atom, by long-lived repulsive
electronic excitations which lead to atomic or molecular
motion, or by chemical reactions (e.g., Johnson, 1990,
1996). Momentum transfer sputtering, often called elastic
nuclear, collision cascade or knock-on sputtering, is well
understood in atomic solids. A detailed theoretical,
computational and experimental compilation is found in
Behrisch and Eckstein (2007). However, the sputtering
of molecular insulators by either momentum transfer
events or electronic processes is not well understood since
molecular dissociation and chemistry play a critical role so
that the erosion rates depend on the surface temperature.

For an ion penetrating ice, the sputtering yield Y, the
number of molecules ejected per ion incident, has been
shown to depend on the energy deposited by the incident
ion per unit path length in the material, (dE/dx), often
called the stopping power. The yield due to momentum
transfer to target atoms was found to depend nearly
linearly on (dE/dx)n, the elastic nuclear component of (dE/
dx) (Famá et al., 2008), which is well known for atomic
materials but was debated for icy molecular solids. Brown
et al. (1980) noted the importance of electronic processes
for sputtering ice and showed this component varied
roughly as ðdE=dxÞ2e , where the subscript implies the
electronic component of the energy deposited. These
dependences have since been shown to apply over a broad
range of ion energies and types for ice temperatures
o�120K (Brown et al., 1982; Johnson, 1996; Baragiola
et al., 2003; Famá et al., 2008). Since dE/dx depends on the
molecular density of the material, n, it is typically written
as dE/dx ¼ nS, where S is called the stopping cross section.
In addition, as the angle of incidence relative to the surface
normal increases, the energy is deposited closer to the
surface increasing the yield (e.g., Johnson, 1990; Famá
et al., 2008). Finally, due to the dissociations produced by
both the elastic nuclear collisions and electronic excita-
tions, chemistry occurs with an activation energy Ea.
Therefore, the yields are modified by [1+A exp(�Ea/kT)]
where T is the surface temperature and Ea and A are
determined empirically (Johnson, 1990; Famá et al., 2008).
The second term determines the contribution to the yield
due to decomposition of ice producing O2 and H2 (e.g.,
Reimann et al., 1984; Johnson and Quickenden, 1997;
Teolis et al., 2005).
Based on the above discussion, the yield is linear in

Sn(Ei), the elastic nuclear stopping cross section, but
quadratic in Se(Ei), the electronic stopping cross section
where Ei is the incident ion energy. Therefore, it can be
written as (e.g., Johnson, 1990; Famá et al., 2008):

YH2OðEi; yÞ ¼
½C0ðmiÞSn þ ZðZiÞS

2
e �½1þ A e�Ea=kT �

½cos yi�ð1þxÞ
;

Ei � Et, (1)

where the empirical constants C0,Z, A, Ea and x are given
below. The terms in the second bracket give the enhance-
ment due to surface temperature, the terms in the third
bracket the enhancement due to incident angle, yi (Johnson,
1989), and Et is a threshold energy below which sputtering is
improbable and the yield is essentially zero. For sputtering
of water ice by a singly charged ion of mass mi and
nuclear charge Zi at speeds below the maximum
in Se, Famá et al. (2008) used Ea ¼ 0.06 eV; A ¼ 220;
C0ðmiÞ�0:0332 1þ4:9 expð�0:870miÞþ1:48 expð�0:105miÞ½ �

(eV Å2)�1; x � 0:3þ 0:13 lnðmiÞ; ZðZiÞ � 0:0004939þ
0:0029613 sin2½2:72923ðZi � 1Þ0:31812� (eV Å2)�2 with mi in
atomic mass units. The resulting yields compare reasonably
well with earlier estimates (e.g., Johnson, 1990, 1996). Since
the temperatures are less than 100K for the icy surface in
the Saturnian system, T=80K is used below. The Sn and Se

can be obtained from the freeware program SRIM (Ziegler
et al., 1985; http://www.srim.org/) for stopping of ions in
water. Alternatively, an analytic expressions based on a
scaled energy variable was given by Famá et al. (2008). The
yield expression was tested experimentally down to �100 eV
with some simulations for slightly lower energies. Because
these are mass loss measurements, given here as equivalent
H2O molecules ejected per ion incident, the implantation of
the incident H+ or O+ is accounted for in the net yield, as is
the loss due to production of O2 and H2. Threshold energies
have been estimated for a variety of solids (Behrisch and
Eckstein, 2007) but not for ice. Based on the incident ion to
target molecule mass ratio, a value of �10 times the
sublimation energy, or �5 eV is appropriate for protons at
normal incidence and decreases slightly with increasing
angle of incidence. Since the threshold region is steep we use
a simple cut-off, and set the yield to zero below 5 eV. For
O+, the 5 eV threshold energy has no effect on the

http://www.srim.org/
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Fig. 2. Sputtering yield of ice for H+ and O+ at normal incidence vs. ion

energy, Ei (eV amu�1): T (solid, 80K); (dashed, 100K); (dotted, 120K);

Et ¼ 5 eV (the region near Et has not been studied experimentally for ice).

These yields are roughly consistent with those in Fig. 3.22b in Johnson

(1990) and Fig. 2 in Johnson (1996) at the higher energies shown but are

larger at the lower energies.

Fig. 3. Sputtering rate of water molecules according to Eq. (3) and

including the threshold discussed: solid H+, dashed W+: (a) ion

temperatures ignored (W+-O+): note threshold effect for H+; (b)

includes ion temperatures (W+-O+); (c) includes ion temperatures

(W+-H2O
+).
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calculated results. Fig. 2 shows results for the sputtering
yield of ice, according to Eq. (1), for H+ and O+ at normal
incidence for Ei45 eV and T ¼ 80, 100, and 120K.

Using the ion density, ni, and velocity distribution, f ð~vÞ,
along with the sputtering yield above, YH2OðEi; yÞ, the
surface-averaged sputter flux can be written (e.g., Johnson,
1990; Cooper et al., 2001):

Fsputtering ¼

ZZ
YH2OðEi; yÞ½�n̂ð~uþ~vÞ�nif ð~vÞd

3v
dOs

4p
. (2)

Here ~u is the average flow velocity of the ions relative to
the body and n̂ is the local surface normal. The flux is
averaged over the body by integrating dOs over the
direction of the surface normal which varies with the
position on the body. The flow speed at a grain or satellite
orbiting Saturn is ~u ¼ ~vco �~vo. Replacing YH2OðEi; yÞ by
one give the incident flux averaged over the surface, Fi.
The average yield per incident ion, which is useful if
the plasma density estimates change, is then written as
Ȳ ¼ Fsputtering=Fi. The sputter flux can also be given as a
surface erosion rate by dividing by the molecular number
density of ice, nice and the surface erosion speed is
Fsputtering=nice in depth per unit time.

The local sputter flux and yield can be calculated at any
point on the surface by not averaging over the orientation
of the surface normal. However, here we use Eqs. (2) and
(3) which are averages over the body, giving a result that
can be used in a number of circumstances. Initially we
ignore surface porosity or roughness. If we assume an
approximately spherical body, the integrals simplify.
Holding ~vi ¼ ~uþ~v fixed, the average over a spherical
surface is the same for each ~vi. Writing Y ðEi; yiÞ ¼
Y ðEiÞgðcos yiÞ then the average over dOs/4p is
ḡ ¼

R 2
cos ym

gðcos yiÞ2 cos yi d cos yi, where yi=ym is the
incident angle beyond which the yield rapidly decreases due
to ion scattering at grazing incidence. Here that angle is
used as a cut-off. Using the angular dependence given in
Eq. (1), gðcos yiÞ � 1=cos1þx yi, the integral becomes
ḡ � ð2=ð1� xÞÞ½1� cos1�x ym�. Therefore, we can write
the sputter flux averaged over a spherical surface,

Fsputtering ¼ ḡ
ni

4

ZZ
Y ðEi; 0Þj~uþ~vjf ð~vÞd

3v; (3)

with Ei ¼ mij~uþ~vj
2=2. This applies to a grain, but for a

rough or porous satellite regolith a correction is required
since sputtered molecules can re-condense on surface of a
nearby grain prior to escaping from the regolith (Cassidy
and Johnson, 2005).
We calculate Fsputtering for two cases. First, since the ion

temperatures are not high we ignore the velocity distribu-
tion f ð~vÞ and assume that v ¼ 0 so that Ei ¼ ð1=2Þmiu

2 and,

Fsputtering ¼ ḡ
uni

4
Y ðEi; 0Þ. (4)

Therefore, on the average, ions flow onto the object at a
speed, u, equal to the co-rotation speed minus the orbital
speed: u ¼ j~vco �~voj ¼ 18:4½ðR=RxÞ � ðRx=RÞ1=2� km s�1

with Rx ¼ 1.86RS. We compare this to a calculation in
which we use TJ and T? to get a product of Maxwellian
distributions in the form f ð~vÞd3v ¼ f ðvkÞf ð~v?Þdvk d

2v?. For
the ion temperature Ti ¼ (2/3)T?+(1/3)TJ, with T? ¼ 2 TJ

for the protons and T? ¼ 5TJ for W
+.
4. Results

Ion density and temperature data from Figs. 1a and b are
used to calculate the globally averaged sputter flux shown in
Fig. 3, by first assuming only plasma flow onto an icy body
and assuming the W+ ions are well represented by O+.
Then, we include the ion thermal motion. Not surprisingly,
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this inclusion increases significantly the sputter flux, due to
the more energetic ions in the tail of the distribution. When
considering the flux tube content, Sittler et al. (2007a)
showed that the mean ion mass was consistent with mass 18.
Therefore, for comparison we also repeat the calculation
assuming all W+ are H2O

+; that is, SESO+2SH in Eq. (1)
for both the nuclear elastic and electronic stopping powers
producing a further increase in the sputter flux. As better
measurements of the ion composition and energy distribu-
tions become available, the expressions here can be used to
obtain more detailed estimates of the sputtering rate.

5. Results and conclusions

The net sputter flux of icy surfaces in the Saturnian
system is primarily due to the water ion plasma. These yield
are not negligible even though the energetic ion component
of the plasma in Saturn’s inner magnetosphere differs from
that in the Jovian magnetosphere, both in the absence of a
significant ‘hot’ component (410 keV) and in the absence
of energetic sulfur ions which sputter very efficiently (e.g.,
Cooper et al., 2001). It is also seen that for the sputtering of
the icy satellites in the Saturnian system, where the (vco�vo)
is much smaller than it is for the icy jovian satellites, the
yield is sensitive, not surprisingly, to the ion temperature.
Therefore, accurate ion temperatures, as well as ion
composition are important in determining satellite and
grain erosion rates. Here we have used recently available
spacecraft and laboratory data, as described above, to
determine sputtering yields that can be used to calculate the
lifetime of E-ring grains and the sputter contribution to the
neutral torus. Inside about of 6RS the small negative grain
charge (Jurac et al., 1995) can slightly increase the ion
impact energy and the corrections for sputtering of very
small grains can be included (Jurac et al., 1998, 2001b).

The rates presented here are for the total surface loss
given in equivalent H2O, some of which is due to ice
decomposition producing O2 and H2. This small compo-
nent is contained in the temperature dependent term (�3%
at 80K). To accurately estimate the total O2 source rate,
the decomposition due to the energy deposited by the
energetic ions and electrons needs to be included (e.g.,
Johnson et al., 2003).

Noting that the plasma is predominantly molecular in the
inner magnetosphere, an average erosion rate �109 cm�2 s–1

is applicable, so that a grain with a 1mm diameter would
survive �50 years, which is not very different from earlier
estimates (Jurac et al., 2001b). In addition, although
sputtering is a small contributor to the total neutral supply
rate and the escape from Enceladus is dominated by the
plumes at the south pole (�1028H2O s�1), Burger et al.
(2007) showed that the Cassini INMS observations of the
spatial morphology of the local Enceladus cloud appear
to require a small, additional ‘global’ contribution of
�8� 1025H2O s�1 (see also, Waite et al., 2006). Using
the globally averaged sputter flux for incident H2O

+ in
Fig. 3 (�2� 109 cm�2 s�1) and the area of Enceladus
(�8� 1015 cm2), a source of the order of that required in
Burger et al. (2007) is obtained, allowing for the consider-
able uncertainties. Similarly, we note that the sputter rates
near Tethys and Dione are robust and the neutral source
rate due to sputtering of the icy dust halo around Rhea
(Jones et al., 2008) can now be estimated. Although the mass
loading close to Rhea appears to be small (Khurana et al.,
2008), the plasma has access to the surface and dust particles
so that the sputter contribution to the local neutral torus is
not negligible.
The net sputtering rates given here were calculated

assuming a laboratory-like surface. This is appropriate for
the sputtering of grains and the dust particles in Rhea’s
halo. However, the icy satellites are known to have rough
and porous regoliths, which result in a reduction of the
sputter flux if the ejected molecules stick to neighbors
(Cassidy and Johnson, 2005; Jurac et al., 2001a). At
Enceladus this reduction is likely more than compensated
for by the fact that its surface is continuously coated with
fresh, fluffy deposits from its plumes and such deposits of
small grains can have higher sputtering yields (e.g.,
Johnson, 1990). Therefore, plasma ion sputtering remains
an important consideration in the distribution of neutrals
and in the erosion of icy surfaces throughout Saturn’s inner
magnetosphere.
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