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Abstract Using a particle-in-cell electrostatic simulation, we examine the conditions that allow low-energy
ions, like those produced in the Enceladus plume, to be attracted and trapped within the sheaths of
negatively charged dust grains. The conventional wisdom is that all new ions produced in the Enceladus
plume are free to get picked up (i.e., accelerated by the local E field to then undergo vB acceleration).
However, we suggest herein that the presence of submicron-charged dust in the plume impedes this pickup
process since the local grain electric field greatly exceeds the corotation E fields. The simulations demonstrate
that cold ions will tend to accelerate toward the negatively charged grains and become part of the ion
plasma sheath. These trapped ions will move with the grains, exiting the plume region at the dust speed. We
suggest that Cassini’s Langmuir probe is measuring the entire ion population (free and trapped ions), while
the Cassini magnetometer detects the magnetic perturbations associated with pickup currents from the
smaller population of free ions, with this distinction possibly reconciling the ongoing debate in the literature
on the ion density in the plume.

1. Introduction

A surprising observation from the Cassini mission to Saturn is the detection of substantial gas and particulate
plumes emitted from the south pole of Saturn’s moon Enceladus [Porco et al., 2006;Waite et al., 2006; Hansen
et al., 2006; Dougherty et al., 2006; Spahn et al., 2006]. The jets originate from fissures cutting across the polar
region [Porco et al., 2006], and the associated gas emission is found to be mostly composed of water (90%),
CO2 (5%), and traces of various hydrocarbons [Waite et al., 2009]. The jets also possess large concentrations of
charged salty ice dust [Spahn et al., 2006; Postberg et al., 2009]. There have been over 20 flybys of the
moon/plume system.

While the understanding of the neutral gas densities and plume dynamics is coming into focus, there is the
very interesting development of a dilemma in the observed plume-created ion concentrations. Specifically,
the Cassini magnetometer detected a magnetic field perturbation [Dougherty et al., 2006] consistent with
ion pickup currents on the order of 105 A. High-quality detailed hybrid plasma simulations of the pickup
process [Kriegel et al., 2009, 2011, 2014; Meier et al., 2014] suggest that plume ion densities of <3000
ions/cm3 can account for the detailed structure in the B field magnitude and orientation. The model B field
from plume pickup ions and measured B field are remarkably close. In contrast, during the same encounters,
the Cassini Langmuir Probe (LP), which is part of the Radio and Plasma Wave Science (RPWS) instrument
[Gurnett et al., 2004], detected peak ion densities near 30000 ion/cm3 for the E3 encounter and close to
100,000 ions/cm3 for the similar north-south E5 pass [see,Morooka et al., 2011, Figure 5]. If every LP-measured
ion produced in the plume was free to undergo “pickup” in the local radial E field to ~30 km/s, the associated
ion pickup current would be near 107 A, creating an anomalously large magnetic field perturbation that is
simply not detected by the magnetometer [Farrell et al., 2014]. Table 1 lists the peak plasma and dust proper-
ties for the E3 encounter inferred from the B field [Kriegel et al., 2014,Meier et al., 2014] versus those from the
LP [Morooka et al., 2011; Farrell et al., 2014].

The contrast in observations creates an obvious dilemma, and reconciliation may lie in a better understand-
ing of the electrostatic effects of the plume-created ions in the pervasive dust environment in the plume.
Such electrostatic effects include the development of plasma sheaths about dust grains that act to trap
newborn cold plume ions. Such dust-plasma effects have not been included in past regional-scale
hybrid simulations.
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Figure 1 illustrates the situation. Specifically, the neutral gas (i.e., water-based molecules) ionizes via photo-
ionization, charge exchange [Johnson et al., 2006], and impact ionization at a rate ν. Thus, there is a source
of cold ions in the plume defined as S = ∂nw+/∂t = νnw with ν ~ 2 × 10�7/s [Johnson et al., 2006]. However,
if we drew a sphere about the plume of radius R of approximately an Enceladus radius of 250 km, the newly
formed ions would be lost out this sphere by transport at a rate of L = nw+< v>/R, where<v> is the average
transport speed of the ions through the sphere boundary, R is the sphere radius, and nominal transport time
as ~ R/<v>. In the steady state, these two termsmust balance, dnw+/dt = 0 = S� L, thereby defining a general
plume steady state ion density as nw+ ~ νnw R/<v>. The presence of such newly minted cold water ions has
been reported by Tokar et al. [2009] and Morooka et al. [2011].

One can now see the dilemma: If the new ions in the plume, initially moving at <1 km/s are all picked up
to the corotation speed of <v>~ 30 km/s to move out of the sphere in the corotation direction (as illu-
strated in Figure 1) and nw ~ 5 × 108/cm3 (as measured by the Cassini Ion and Neutral Mass Spectrometer
[see Teolis et al., 2010, Figure 8]), we find that the steady state plume-originating ion density is only
nw+ ~ 1000 ions/cm3, consistent with the ion densities inferred via the magnetometer [Kriegel et al., 2014].

However, if a large fraction of these newly minted plume ions get entrapped in the sheath of the submicron
dust grains, they will not get picked up and will effectively remain slow, moving at the speed of the dust grain

at a few hundred meters per second
(<v>~ 500 m/s). The dust grains
charge to values between �0.5 and
�6 V [Morooka et al., 2011;Dong et al.,
2015], and for a ~ 0.5 m Debye length
[Morooka et al., 2011; Shafiq et al.,
2011], the local E fields from the ran-
domly spaced dust approach values
near 10 V/m. These random dust-
created E fields could impede or
disrupt the pickup process, at least
for low-energy ions. For example,
consider a scenario presented pre-
viously [Farrell et al., 2014] where
97% of the ions get entrapped in
the sheaths of dust grains, which
themselves leave the near-plume
region at ~500 m/s. In this case, the
steady state ion density via the conti-
nuity equation (i.e., nw+ = νnw R/<v>)
is nw+ ~ 50,000 ions/cm3, consistent
with LP-measured values. Assuming
the remaining 3% of the ions possess
an energy that exceeds the sheath
trapping potentials, then about 1500
ions/cm3 are energetic enough (i.e.,
“free”) to get picked up to create the
ion pickup current, more consistent

Table 1. A Comparison of Peak Plasma Values Measured by the Cassini RPWS Langmuir Probe and Those Derived From
Inversion of the Magnetometer Data Via Hybrid Codes

Plasma Parameters for E3 Flyby
Langmuir Probe (see Figure 4 of

Morooka et al. 2011)
Magnetometer/Hybrid Model (see

Figure 4d of Kriegel et al. 2014)

Ion density (e/cm3) ~ 30000 ~1500
Electron density (e/cm3) ~ � 1000 ~ � 500 (inferred)
Submicron grain charge Density (e/cm3) ~ � 29000 Not included
Nanoparticle charge density (e/cm3) Not measured ~ � 1000

Figure 1. Illustration of water ions, W+, exiting the plume region via pickup
processes.
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with the densities inferred from the B
field perturbation.

In other words, the submicron dust
and associated ion trapping could
be the cause of the apparent obser-
vational dilemma. We suggest herein
that there are two ion components:
(1) a substantial population of trapped
ions measured by the LP and (2) a
smaller population of free ions that
affect the perturbation in B.

Figure 2 illustrates the effect of the
charged dust grains on ion sheath
formation. This figure is adapted from
Figure 13 of Wahlund et al. [2009]
who previously discussed low-energy
ion trapping in grain sheaths in the E
ring. Dust grain plasma sheaths
create local perturbations in the
plasma potential profile, with local
excursions to values below �5 V
[see Dong et al., 2015, Figure 6]. If
new plume ions are initially injected
at low energy, they will get trapped
in these dust grain potential wells.
For ions trapped in plasma sheaths
about individual grains, a structure
forms that is analogous to a plasma
wave instability-created “water bag”
feature in phase-space plots [Chen,
1984, Figures 7–13 and 7–24]. These
micropotential wells contain ions
that effectively orbit about the grain
in a modified central potential about
the center of the well. These trapped

ions will have a velocity of vx = 0 at the well edge (where they are turned around) and maximum velocity in
the well center. When plotting ion velocity as a function of position, these water bag-like structures in phase
space provide evidence of trapping.

The Enceladus plume is considered “rich” in dust, with direct detection of micron-sized grains [Spahn et al.,
2006] and also direct detection of “nanograins” of a few nanometers in radius [Jones et al., 2009; Hill et al.,
2012; Dong et al., 2015]. Using the Langmuir Probe, Shafiq et al. [2011] also inferred that submicron grains
from 30 to 100 nanometers must also be present in large quantities in order to explain the loss of elec-
trons in the plume plasma, with the LP-measured ratio of electron-to-ion density, ne/ni, being as low as
0.03 in the central plume region. They argued that in equilibrium, the electrons are absorbed onto the
submicron grains such that ~30 nm grains can maintain ~100–400 e of negative charge [Farrell et al.,
2014]. As shown in Table 1, local charge neutrality is maintained by including the negative charge on
the ~100 submicron grains/cm3 in the plume region [Shafiq et al., 2011; Morooka et al., 2011; Dong
et al., 2015]. In order to maintain local neutrality, ion sheaths also of 100–400 e positive charge should also
form around these submicron grains.

One can picture a very complicated micropotential structure in the Enceladus plume, with numerous, highly
local negative dust grain potential wells of various depths associated with grains of micron to submicron sizes
[e.g., Goertz, 1989, Figure 4]. In essence, the subcorotational E field in and about the plume at millivolts per

Figure 2. Illustration of (bottom) negative charged dust grain potentials and
the (top) phase-space distribution expected for trapped ions in the sheath.
The blue line in the top panel represents the location of ions in velocity
space. The spatial width of the potentials is a few Debye lengths, and the
strength of the negative potentials is 5–10 V.
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meter levels that would otherwise initiate the ion pickup process would be overpowered/disrupted by the
large quasi-random noise, ΔE ~ 1–10 V/m, in association with the randomly spaced dust sheaths. For low
speeds ions, this ΔE would thus interrupt ion pickup and dominate the ion dynamics.

In this paper, we examine the conditions that will create dust trapping of ions using a 1-D particle-in-cell (PIC)
plasma simulation having negatively charged dust, electrons, and ions in the system. The simulation provides
a demonstration of the trapping process, and the results are used to guide inferences regarding the dusty
plasma at Enceladus. The environmental ion population will be examined at various simulated
temperatures (cold, cool, and warm). The ions are initially placed uniformly in the simulation and are all
initially free. However, if their energy is low enough, the ions will indeed get entrapped. At lowest simulated
temperatures, substantial ion trapping is clearly evident. We find that as temperature increases the number of
free ions increases; their presence evident in the resulting ion density profiles.

2. Simulation Model

We apply a 1-D particle-in-cell code that has been used in the past to model the plasma expansion into the
lunar wake [Farrell et al., 1998, 2008] and more recently to model the increase in the escape flux of photoelec-
trons from the lunar surface during a CME passage [Farrell et al., 2013].

In this present case, we apply periodic boundary conditions at simulation edges. We assume that simulation
dimension is along the ambient B field. The total number of negative and positive charges in the simulation
remains balanced (the system is charge neutral). However, we form negatively charged dust grains by
“bunching” individual simulated electrons into concentrations located at specific predefined locations in
the simulation. These electron bunches can also be given a “dust velocity” such that they can move in the
simulation, but initially they are stationary and uniformly spaced (Δx) along the simulated x direction. We
can vary the number of electrons in a “bunch” (i.e., on the dust grain) from 1% to 100% of the electron content
in the surrounding 2 Debye length region about the grains. We will compare results from as many as nine
different runs, so we optimize for speed: In order to speed up the effects, we assume the simulated ion mass
is 20 times the electron mass, which will act to make the ions appear more energetic than they really are at
Enceladus. However, this alteration is performed to allow the simulations to be run in a reasonable time span.
While the simulations might reveal some extra detail in two dimensions, we in fact can show the require-
ments for the development of ion sheath formation about grains using only a 1-D code that assumes ion
mobility along the ambient magnetic field line—and this choice further optimizes simulation run times. We
then run cases under varying simulated ion temperatures, defining a cold ion thermal speed, vti, as vte/45
(or 45 times smaller than the electron thermal speed, vte), cool ion thermal speed at vte/9 and warm thermal
speed at vte/5.

We note that in the Enceladus plume, the electrons have a temperature near 2–3 eV, making vte ~ 900 km/s. In
contrast, the newly minted ions in the plume likely have speeds near 1 km/s. Thus, the real thermal speed
ratios, vti/vte, are 1/900, and the plume ions are much colder than modeled here. We consider this simulation
a demonstration of the possibility of trapping, and even cooler temperatures associated with newborn ions
should create greater trapping.

When there is strong ion trapping near a dust grain, the plot of ion concentration in an x versus t format (e.g.,
Figure 3) creates vertical stripes since the ions concentrate in the sheaths of the equally spaced negative dust
grains. This visual effect, appearing as a “picket fence” in the x versus t plot, is the signature of strong
trapping/sheath formation.

We run the simulations for the early period in the dust-ion interactions—in the first 200 plasma periods when
the sheaths first form. We specifically are targeting this early time when initially free ions interact with nega-
tive charged bunches (dust grains) to form the sheaths. On these short timescales, we assume that the initial
charge in the bunch (or the charge on the grain) stays constant (see further discussion in section 5). For
longer times, dust grains will alter their charge state as the plasma and surrounding charged dust environ-
ment changes. For example, in and near the Enceladus plume, submicron grain charging reaction times
are on the order of 10–100 s [Farrell et al., 2012; Dong et al., 2015]. In this environment, the charge state of
the submicron grains is changing on timescales substantially longer than those modeled herein. Thus, we
assign each electron bunch/dust grain a charge state that conserves system-level equilibrium (number of
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free electrons and bunch-bound electrons equals the number of ions in the system) but not local equilibrium
in the few Debye-length neighborhood about the bunch/grain. We then allow the free electrons and free ions
to reconfigure themselves under the electrical influence of the bunches/dust grains to determine ion sheath
formation as a function of grain charge, grain configuration, and ion thermal velocity.

We note that hybrid simulations typically do not include these grain-scale electrostatic effects, like ion
trapping and sheath formation. Meier et al. [2014] conceived of a clever new nanograin charging module
incorporated into a hybrid code. The small grains of <10 nm were allowed to charge under the influence
of the local simulated plasma environment and were then treated as a single-charged heavy ion in the simu-
lation to self-consistently add to the plasma density, currents, E fields, and B fields in the system. This new
approach produced a simulated charged nanograin profile that closely matched that observed by the
Cassini Plasma Spectrometer (CAPS) [Jones et al., 2009; Hill et al., 2012]. They modeled grains of less than
10 nm in size and did not include the charging and ion sheath formation in the larger submicron grain popu-
lation between 10 and 500 nm. We thus now use our 1-D particle-in-cell code as a demonstration of grain-
plasma sheath formation for larger grains (10–500 nm) but applied in a limited space (~many tens of meters).
We then use the model results to further interpret the Cassini/Enceladus observations.

The plume is considered weakly collisional: Over the scale size of the plume (~ 2–3 Enceladus radii), there is a
likelihood of collisions especially of electrons and ions with the neutral water molecules. The mean free path
for an electron-water molecule collision is approximately 10 km, and the collision frequency is about 100 Hz
—well below the electron plasma frequency. Ion-neutral collision frequencies are substantially less (by a
factor of 200 or so). We do not consider the effect of these collisions herein since the collision frequency is
less than the electron plasma frequency. Past PIC codes of terrestrial upper-atmosphere charged particle
motion have included such collisions as a bulk drag force on electron and ion motion. However, the

Figure 3. The E field and ion density x versus t plots for 16 dust grains in the case of (left column) warm ions and Qdust
absorbing 1% of the local electron population and (right column) cold ions and Qdust absorbing 98% of the local
electron population. The grey scale is autoscaled from max to min value, defined with relative enhancement in concen-
trations appearing as white and relative depletions as black. The greatest concentrations in E and ion density are thus
indicated by white and depleted regions indicated by black. Note that the grey scale is automatically adjusted in each
figure to the maximum and minimum value for E and density in that plot. This format accentuates the visualization of the
concentration of ion bunches, which manifest themselves as local maxima about each dust grain.
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collisions are so infrequent, any inclusion of such effects would likely have to be in the form of a Monte Carlo
quasi-random change in motion of randomly selected electrons and ions. This addition to that specific cod-
ing is unnecessary especially for considering the creation of a trapped ion population about dust grains.

Within the plume, there are also electron and ion collisions with the charged dust (or very localized electro-
static fields associated with dust) and these plasma-dust collisional effects are exactly the ones being
modeled herein. This code is specifically designed to obtain a greater understanding of the electron-dust
and ion-dust “collisional” effects, especially given the trapping E fields of the charged dust that alter ion
dynamics on the small scale.

3. Results

Figure 3 shows the results of the ion dynamics as a function of time in two extreme cases. Specifically, the E
field and ion density are plotted as a function of position (x, plotted horizontally from 0 to 100 Debye length)
and time (plotted vertically in the first 150 plasma periods). We initially place 16 equally spaced dust grains in
the simulation, with Figure 3 (left column) displaying E(x) and ni(x) for dust charged with only 1% of the
surrounding electrons and with warm ion thermal speeds. We expect little trapping and indeed little trapping
is evident with ion densities showing only thermal fluctuations (as if the electron bunch/charged dust was
not present in the simulation). In this case, most of the ions are free and we would expect nearly all ions to
move in bulk under the influence of a corotation E field. However, Figure 3 (right column) also display E
and ni but now with increased dust charge concentrations to 98% of the surrounding (2 Debye length) elec-
tron content and now with cold ion thermal speeds. While the ions are initially placed in the simulation free
and unbounded, they very quickly congregate to the negative dust concentrations, forming long-lasting ion
density enhancements in the form of ion sheaths about the grain (as evident in the vertical stripes in Figure 3,
bottom right). The associated E field also displays obvious structure associated with the dust potentials. In
both E and ni, the “picket fence” signature of strong ion trapping is clearly present.

A careful examination of Figure 3 (right column) reveals an initial modulation in both the E field and ion
sheath. Specifically, in the E field in Figure 3 (top right), we note that about 10–20 plasma periods into the
simulation, the E field picket fence structures for a brief period disappear (the “blurred” layer near bottom
of the panel). At the same time, the ion densities are at their largest concentrations. At this early point, the
initially free ions have all spatially moved to merge and surround the negative charge cluster to thus create
near-perfect neutrality. However, the motion in the sheath ions is similar to a harmonic oscillator, and the
moment of near-perfect neutrality is lost as many of these sheath ions then move past their central site to
spread to their largest spatial separation from the negative dust grain in the sheath. This oscillatory nature
continues over the next few tens of plasma periods (see the periodic intensifying and “blurring” effect in
the ion densities in Figure 3 (bottom right) and eventually this effect damps out. Recall in the derivation of
the electron plasma frequency, a common analytical approach is to displace a slab of electrons and let them
oscillate about the more massive, stationary positive ion charge [see Gurnett and Bhattacharjee, 2005, page
11]. We note in our simulation, which now includes large negative dust grains, that the ions are now the
lighter, less massive charge species compared to the dust grains. Thus, the ions are now undergoing an
analogous oscillatory motion about the quasi-stationary negative grains.

Figure 4 is a more thorough parameter examination of the evolution of ion density as a function of dust grain
charge and ion temperature. Each individual panel shows ion density as a function of x (horizontally, 0 to 100
Debye lengths) and time (vertically, 0 to 150 plasma periods) in an identical format to Figure 3. If trapping is
evident, it would present itself as enhanced ion concentrations (i.e., the picket fence morphology in the x
versus t plots).

As with Figure 3, for low dust grain charge and warm ion thermal velocities (bottom left), the ions behave as if
the dust is not present and we find mobile ions that possess thermal fluctuations. Such unbounded ions
would be free to get picked up by the weak corotation E field. However, as dust charge increases, there is
progressively more trapping of the ions, with the most extreme case occurring for substantial dust charging
and cold ion temperatures (Figure 3, top right). We note that sheath formation and ion trapping is evident
even for warm ions in the case when the dust is highly charged. However, the trapping structures are more
diffuse and there is an increase in the background free ion level. In the real Enceladus plume, the newly
minted ion temperatures are low, more similar to the cold case in Figure 4 (top right corner).
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Figure 5 shows the results of the simulation for 50 grains in the simulation box (in 100 Debye lengths) with
grains randomly spaced and randomly charged. This situation is most similar to the Enceladus plume where
grains frommicron to submicron sizes have local potential wells of various depth and quasi-random spacing.
We again show x (0–100 λD) versus time (0–150 ωpe

�1) for (a) electron density, (b) E field, and (c) ion density.
The electron density includes both free electrons and those electrons predefined to be “bunched” to form the
dust grains. As such, the panel on the right of electron density actually reveals the location and charge level of
the dust grains themselves. Given that we randomized dust position and charge state, this plot provides the
electrostatic context for the simulation. As indicated in Figure 5a, because of the random nature, we naturally
form dust grain clusters where the intergrain spacing is on the order of or less than 2 Debye lengths. These
grain clusters are identified in Figure 5a.

In Figure 5b, the E field associated with the dust grains is most pronounced for grains with the largest nega-
tive charge. Grains of lower charge also appear to have a ΔE associated with them, but the E field excursions
are not as pronounced. However, very interesting microstructure appears in the ion densities in Figure 5c.
Ions are initially free but those near the dust feel the grain E field: They migrate and remain (i.e., congregate)
near the charged grains to form sheaths within the first few plasma periods (i.e., time scales of ~10 plasma
periods). However, a careful examination of the regions near the dust clusters indicates that the trapped
ion motion is indeed dynamic, with apparent “ribbon” structures forming in x versus t ion density plots.
These features are ions moving from grain to grain within the cluster. In essence, as grains in the cluster
get within a few Debye lengths of each other, the walls defining the potential well that act to isolate trapped
ion populations decrease, allowing the ions contained in individual sheaths to merge and hop across the
lower intergrain potential. As we show in section 5, these ribbons are merging ion phase-space water bag
structures that extend between dust grains in close proximity.

Figure 6 shows a simulation run for 50 grains randomly spaced and randomly charged, but each grain is now
given a random dust grain velocity. The panels are the same x versus t plots for (a) electron density (i.e., dust
charge and position), (b) E field, and (c) ion density as in Figure 5. As scaled, the dust grain velocity is actually
much faster than dust speeds at Enceladus. However, the modeling exercise is revealing, especially in regions

Figure 4. Ion density x versus t plots for 9 different simulations runs, each with 16 equally spaced dust grains but with
varying dust charge state and ion temperature. In each panel, X ranges over 0 to 100 Debye lengths and time increase
from 0 to 150 plasma periods.
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where the grain trajectories intersect and sheaths merge. Again, we note the development of ion ribbon
structures in the ion density (Figure 6c) indicating ions “jumping” from grain to grain. Where grains cross
paths, their ion sheaths merge temporarily. We note that the electric field greatly intensifies at the edges
of the merging regions.

Ions also appear to jump from grain sheath to grain sheath, and extending this to multidimensions, we can
even consider this a form of cross-magnetic field conductivity. Given ions attached to the grains, the cross B

Figure 5. Simulation results for 50 randomly spaced and randomly charged negative dust grains, with (a) negative charge
concentrations (i.e., grain locations), (b) E field, and (c) positive ion charge concentrations.

Figure 6. Simulation results for 50 randomly spaced and randomly charged negative mobile dust grains, with (a) negative
charge concentrations (i.e., grain locations), (b) E field, and (c) positive ion charge concentrations.
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field plasma transport is an intrinsic by-product of dust movement. However, while there is significant bulk
plasma transport associated with the moving grains, there is little net current because the positive ion sheath
and negative charged dust migrate nearly quasi-neutral—with only a very slight charge imbalance in the
slightly reduced positive sheath charge. Negatively charged dust pickup currents have been estimated for
grains<100 nanometers [Farrell et al., 2014; Dong et al., 2015]. However, the overall net charge (negative dust
charge and their ion sheath) defining the net current is relatively small for the electrically shielded dust grains
[Farrell et al., 2014].

4. Phase-Space Evidence of Ion Trapping

As discussed, if the new ions possess relatively low thermal velocities and become trapped in grain sheaths,
then the x versus v plots should not only show density enhancements (i.e., picket fence structures) but also
the classic water bag-like structures in phase space. Figure 7 shows the ion phase-space configuration for a
single grain withQdust = 98%. The formation of a water bag-like structure is clearly evident. While the ions were
initially injected with a random normal distribution with a standard deviation of vte/45 or ~0.02 vte, the ions are
locally accelerated in the potential wells of the dust grains and remain trapped in the (quasi-) central potential
formed by the dust negative charge center. The ions appear to get “heated” in the trapping process as they get
accelerated into the trapping well. Without electrostatic energy loss, the ions at the edge of the well would feel
the influence of the potential but remain on escaping hyperbolic trajectories. However, electrostatic losses to
surrounding particles via impulsive and wave activity dissipate energy and allow for increased trapping.

Pickett et al. [2015] reported on the presence of electrostatic solitary wave (ESW) structures in Saturn’s inner
magnetosphere that became nearly a factor of 100 times more intense in the Enceladus plume as compared
to external regions (see their Figure 3). They report that in the plume there were three classes of RF micro-
signatures: (1) dust impacts, (2) dust impacts with impact-generated plasma oscillation, and (3) clear and
distinct solitary wave structures/bipolar pulses similar to those found in particle trapping regions/water
bag structures of plasma wave activity. However, in the plume, these solitary structures were very intense
—far more intense than in wave activity found away from the plume.

Given our simulation results, we suggest this third category of plasma wave microsignatures, the ESWs,
could be related to the antenna passing though the ion sheath of a relatively large dust grain. In other
words, the grain did not impact the spacecraft to create an impulse, but the antenna was still capacitively
coupled to the fast-passing ESW that was in fact the grain sheath (e.g., Figure 7). The electric field
associated with the ion sheath like that in Figure 7 is spatially bipolar—forming an ESW. Note also that
the Debye length is ~0.5–1 m scale [Shafiq et al., 2011] and that the ion trapping feature extends about
3–5 Debye lengths. For a spacecraft traveling near 10–20 km/s, the change in E field associated with
the antenna transit though the sheath-created ESW is about 0.05–0.1 ms duration—like that observed
[see Pickett et al., 2015, Figure 4].

In the discussion section of Pickett et al. [2015] they suggest the “unique plasma environment surrounding
Enceladus could lead to generation of ESW’s with higher amplitudes than found elsewhere…”. This conclu-
sion is in agreement with our simulations: the dust-plasma interaction and the formation of ion sheaths may
be the process behind these anomalously large ESW events detected in the plume.

The spacecraft, Cassini, is another solid object (like dust) in the plasma and is found to charge negative in
the plume [Morooka et al., 2011; Dong et al., 2015]. Cassini is moving at ~10–20 km/s through the plume
and thus has an incident ion current about 3 times greater than the water ion thermal flux that would be
incident at the surface of a low velocity dust grain. Despite the larger ion currents, the spacecraft is found
to still charge negative. Our simulation results like Figures 5 and 7 would suggest that the fast-moving
spacecraft should also very quickly draw ions from the plasma (including ions trapped on other dust
sheaths) and consequently develop its own unique ion trapping region—its own spacecraft ion sheath
—about Cassini itself. Figure 7 shows that the cold plume ions are attracted to any negatively charged
object of the approximate size of a Debye length (or less), suggesting the negatively charged spacecraft
should develop its own trapped ion cloud. Thus, Figure 7 may explain the unusual energy broadened ion
signatures detected by the Cassini Plasma Spectrometer (CAPS) during the E3 and E5 plume passages.
Specifically, Figure 2 of Tokar et al. [2009] shows ion energy spectrograms during Cassini’s north to south
transits past the moon. Initially, at the plume entry, cold beams of ions are observed at distinct energy

Journal of Geophysical Research: Planets 10.1002/2016JE005235

FARRELL ET AL. ENCELADUS PLUME IONS 737



peaks in the tens of eV associated
with Cassini’s incidence at ~14 km/
s with nearly stationary newly
minted plume ions. However,
deeper into the plume region, the
initially cold beams get highly
dispersed in energy—with the
energy broadening extending from
~1 eV to ~10 eV. The Langmuir
probe [Morooka et al., 2011; Dong
et al., 2015] indicates that the space-
craft potential has large negative
values (�2 to < �6 V) during these
times, and this would be expected
to create a near-spacecraft E field

in excess of 1 V/m. Our simulation indicates that such an E field is capable of drawing the cold plume
ions to the passing spacecraft. In essence, the broad ion population observed by CAPS is the newly
minted plume ions now trapped in the sheath of the spacecraft itself. Even though the spacecraft is fast
moving, it will still attract ions to form its own sheath.

Figures 8 and 9 show the results of two dust grains with Qdust = 98% each moving toward each other at 0.1
times the electron thermal speed, which are allowed to merge in the simulation. The plasma ions are initially
free and have a cold temperature (vti = vte/45). Figure 8a shows the phase-space configuration for early times
just after the formation of the water bag structures. We note that even though the grains are moving faster
than the cold ion population, they will still attract ions and form ion-trapping sheaths (see also Figure 6 where
fast-moving dust grains clearly develop sheaths).

Besides these trapped ions, there is a portion of the ions that get accelerated moving as a precursor fast ion
front. These are ions accelerated but not fully captured by the dust-trapping potential. Note also the devel-
opment of trailing secondary water bag structures that form in the wake of the dust grain. These trailing

structures have some similarities to
a Cerenkov disturbance, where the
grains moving at constant velocities
initiate plasma wave oscillations with
the coupling mode to the plasma
defined by an index of refraction
varying with ~1/vdust. These second-
ary water bag structures are likely
related to dust-generated plasma
wave activity. Figure 8b shows the
time when the two dust grains and
their sheaths merge. Ions from one
initially isolated sheath can now fully
flow into the sheath of the other
grain. The water bag structure
appears very similar to that of a single
grain (Figure 7) but now is more
extended in velocity.

Figure 9 shows the evolution of the
ion density as a function of position
(100 Debye lengths) versus time
(200 plasma periods) for Figure 8.
While the ions are initially free, those
in the vicinity of the grain feel the

Figure 8. Ion phase-space configurations for two negatively charged dust
grains approaching each other at 0.1 Vte. Note that (a) each grain traps its
own set of ions forming an ion sheath. (b) When the grains merge, the ions in
each sheath also merge and the once-isolated populations are allowed to
interact.

Figure 7. The ion phase-space distribution at t = 200 plasma periods for a
single charged grain. Note the development of water bag-trapping struc-
tures in dust grain potential wells.
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dominant attractive force from the
negatively charged grain, to form
the sheath. The fast precursor ions
are evident, and also the trailing
disturbance is present as well as an
apparent darker region (i.e., a
trailing rarefaction).

A simulation run was also created
using a cluster of eight grains each
separated by 4 Debye lengths.
Figure 10 shows the ion phase-space
configuration after 200 plasma peri-
ods, revealing the development of
ion phase-space trapping and sheath
formation about each of the grains.
The simulation also reveals the
presence of energetic escaping ions
at v > 0.2 vte, these forming via
scattering from their interaction with
potential structures. These ions can
be considered free and would be
the ones expected to be involved in
pickup (see section 1). We anticipated
the presence of the trapped ions in
the dust potential wells, but the
presence of the higher energy

scattered population was initially a surprise. However, if we again rely on our analogy of particle trapping
via plasma wave potentials, we should expect that there is a population of ions that would undergo hyper-
bolic trajectories about the central grain potentials. These escaping ions also generate enhanced plasma
wave activity as noted by the formation of ion trapping in plasma wave created potentials. For example, such
wave-trapped ions are found immediately adjacent to the set of grains in the outflow regions—like those
between X = 22 and 32 Debye lengths.

Figure 11 shows the electron density in the vicinity of the cluster near the start of the simulation. By design,
the negatively charged dust is actually formed using electrons from the plasma population, and thus neutral-
ity in the simulation is maintained. As electrons are removed from the plasma and added to the dust/bunch,

Figure 9. The ion density as a function of position (100 Debye lengths) and
time (200 plasma periods) for the case run in Figure 8. While the ions are
initially free, those in the vicinity of the charged dust are attracted to the dust
potentials to form sheaths. These sheaths interact where the grain trajec-
tories intersect.

Figure 10. The phase-space distribution of ions that form about a dust cluster consisting of eight negatively charged
grains each separated by 4 Debye lengths. Note the formation of phase-space water bag structures associated with
ion trapping.
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there is a decrease in overall free electron content in the vicinity of the cluster, as indicated in the figure.
While the simulation was purposely constructed to conserve total negative and positive charge, the figure
illustrates the decreased electron concentrations in the vicinity of the cluster, similar to that observed by
the Cassini Langmuir probe during the Enceladus transits [Wahlund et al., 2009; Shafiq et al., 2011; Morooka
et al., 2011].

Figure 12 shows the ion density enhancements over 100 Debye lengths as a function of time during a 200
plasma period simulation run for the 8 grain cluster. While the ions initially were spaced homogenously in
the simulation and were free to thermally migrate, those near the cluster form ion sheaths on time scales
of 10 plasma periods. Also labeled is the outflow of more energetic ions from the cluster (which is a popula-
tion that could undergo pickup). We also find that at the front of this energetic ion outflow there is a slight
precursor disturbance in the form of an outward traveling ion density depletion. Clearly, with the grain
cluster, ions orbiting the negative charged grain undergo unusual accelerations under the perturbation of
the nearby adjacent grains.

While the simulations presented herein are considered demonstrations to guide our thinking on the charged
dust, ion, and electron dynamics, we suggest that Figures 10–12 are likely most applicable to the Enceladus
situation. Specifically, each simulation Debye length represents ~0.5–1 m in the space environment in the
Enceladus plume. As indicated in Table 1, in the plume, the Langmuir probe detected charge densities
ρi>> |ρe|. To maintain neutrality, it was then inferred that there is a substantial population of submicron dust
that provides a local negative charge density of |ρd| = ρi � | ρe| [Shafiq et al., 2011]. We initially start the simu-
lation herein with locally nonneutral conditions in the grain cluster, with dust charge densities dominating
over ions and electrons in the few Debye lengths about the grains. However, after tens of plasma periods,
the plasma rearranges itself to obtain quasi-neutrality with the sheath forming about the grains to
ensure ρi ~ |ρd| >> |ρe|.

However, we note that this quasi-neutrality is itself not perfect: As described in section 4 and Figure 3, the
ions in the sheath initially have their own oscillatory motion at the time of sheath formation, with the
inner-sheath E field and ion sheath concentrations modulated by this motion. Thus, the water bag
structure/sheath structure itself undergoes its own maturation as these oscillations damp and the phase-
space configuration of ions becomes more evenly distributed.

The simulations are also run with light ions having 20 electron masses, and the computed time for the light
ions to become trapped is about 10 plasma periods. Scaling this to water-like ions at Enceladus, the trapping
time is longer by a factor of the square root of the mass (or a factor of ~44) to near 400 plasma periods. We
tested this by running the case in Figure 10 (eight-grain cluster) using a mass difference between a 20 amu

Figure 11. The electron distribution for the case run in Figure 10. Within the cluster, the electron density is decreased in
order to maintain neutrality with the negative dust grains and ions across the simulation box. The simulation was purpo-
sely designed to take the electrons from the plasma and place them on the dust (or in bunches) thereby ensuring this
neutrality.
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ion and electrons of ~37,000 and found identical structures developed in phase space but at nearly a factor of
~40 slower rate.

The 1-D PIC code did not make a dynamic calculation for cases when there is more than one grain per Debye
length. In this case, the code would have to account for mutual capacitive effects that lower the charge per
grain dynamically. It is argued herein that on the time scales we are examining, the dust grains would not
have time to dissipate or collect substantial charge to alter their overall charge state, and the charge state
based on system-level neutrality at t = 0 would hold for the simulation runs of tens of thousands of plasma
periods. However, in the future, any extended runs to times that scale to seconds should include dust charge
dynamic effects including those associated with local plasma conditions and capacitive coupling to many
grains per Debye sphere.

We thus purposely targeted early times in order to fully understand the evolution of the initially free ions into
trapped sheath ions and to demonstrate that cold newly minted ions will feel the strong pull from the nearby
negatively charged dust grain over a weak subcorotation E field.

5. Conclusion

Our primary conclusion is the reconciliation of the observational dilemma of the ion concentrations in the
Enceladus plume: The Cassini Langmuir probe is measuring a population of ions contained within the sheaths
of negatively charged dust grains of >10 nm in size. These sheath ions are not free to get picked up by the
subcorotational E field but instead exit the plume region in association with the dust. These trapped ions are
moving relatively slowly—by a factor of 10–30 times more slowly than the free ions that get picked up and
accelerated to speeds near 30 km/s. Thus, the steady state density for the new plume ions will be large owing
to their collectively slower plume exit speed (which is at the dust exit speed). However, we also recognize that
some fraction of the ions have sufficiently high energies to remain free of the dust electrostatic trapping, and
these ions likely contribute to the ion pickup current and associated perturbation in magnetic field detected
by the Cassini magnetometer. The ratio of free-to-trapped ions is possibly only a few percent.

Our key simulation results applicable to the evolution of the new cold ions and dust sheath formation in the
Enceladus plume are shown in Figures 4 and 7, which demonstrate that new cold ions get accelerated toward
and trapped within the near vicinity of the grain, and the local electrostatic forces in the grain-ion central

Figure 12. The ion density as a function of position (100 Debye lengths) and time (200 plasma periods) for the cluster case
run in Figure 10. While the ions are initially free, those in the vicinity of the charged dust are attracted by the dust potentials
to form sheaths.
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potential dominate the dynamics of most of the low energy, trapped ions. Figures 8 and 10 show that dust-
dust interactions can liberate and energize ions, and this population is suspected to be that which ultimately
gets picked up—with the free ions at a few percent of the total trapped ion population.

We conclude that the cause for the confusion in the interpretation of the observations is the presence of
copious numbers of submicron particulates between 10 and 500 nm that, in equilibrium, are charged to
many hundreds of elementary negative charges. These grains possess substantial trapping ion sheaths.
The nanograins of ±1 e [Jones et al., 2009; Hill et al., 2012] can be considered differently, somewhat similar
to heavy negative and positive ions of ±1 e, which get picked up [Meier et al., 2014] but do not drag a sub-
stantial sheath with them. In contrast, the larger submicron grains should create randomly positioned and
relatively deep potential wells that entrap the cold plume ion population. These ions then remain in trapped
orbits about the dust grain and move in bulk with the grains. The Langmuir Probe on Cassini detects these
trapped dust sheath ions, but these ions will not contribute to the pickup current measured by the
Cassini magnetometer.

As described recently [Farrell et al., 2014], both the negative charge on the dust and its associated ion sheath
exit the plume at the dust speed, vdust, such that there is little net current associated with the moving dust. As
such, the trapped ion component (the most substantial component) likely does not provide a significant
perturbation to the ambient B field. In sharp contrast, the 2–3% of the overall ion population that is free to
contribute to the pickup current has Ji

free ~ ni
free vc e ~ 10�5 A/m2 (with ni

free ~ 1000–3000/cm3, corotation
vc ~ 26 km/s) and is unshielded by a corresponding electron current. This current creates a measurable B field
perturbation, while the net current associated with the charge on the slow-moving dust is substantially
smaller by a factor ~ 10–100 [Farrell et al., 2014].

The simulation results also lead to a new explanation for the intense electrostatic solitary structures/bipolar
pulses reported in the Enceladus plume by Pickett et al. [2015]. Figures 7, 8, and 10 all indicate that grain
sheath regions form natural electrostatic solitary structures that could be detected by the Cassini radio
system—especially if passing nearby a grain in an anomalously large charge state (within a few meters).

The simulations also provide a possible explanation for the ion energy broadening observed by CAPS [Tokar
et al., 2009] during the plume transit. In this case, the broadening is associated with newly minted low-energy
positive ions becoming entrapped in the sheath of the negatively charged Cassini spacecraft itself.

Finally, we examined herein a limited region of space, ranging from a single Debye length to about 100
Debye lengths (0.5–50 m). We find there can be nested potential structures, with grain-ion interactions
having a single-grain potential microwell nested within a larger cluster well and all contained in a regional
plume potential well. This regional-scale E field was not modeled herein (since we consider scale sizes of
<50 m) but would encompass a larger regional E field system like that shown in Figures 4b and 4e of
Meier et al. [2014]. The interconnection of these nested potentials from small to regional scale has yet to
be fully explored for the Enceladus plume.

The simulation results herein considered scales from the small to intermediate sizes, demonstrating the
possible presence of large-scale dust sheath-related E field microturbulence at 0.01–10 V/m on scale sizes
of a few Debye lengths. A regional-scale hybrid simulation of the Enceladus plume could possibly incorporate
(or at least mimic) these small and intermediate scale electrical effects by adding strong (~0.01–10 V/m) but
small-scale quasi-random turbulence to the E field in the plume region and then determining the efficiency of
ion pickup in this more turbulent E field environment.
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