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Abstract

The Cassini Langmuir Probe of the Radio and Plasma Wave Science instrument
has measured an electron depletion in a region extending at least 50 satellite
radii away from Saturn’s small but geologically active icy moon Enceladus. The
maximal imbalance between the electron and ion densities was observed in the
dust loaded plume and to date is attributed to the electron attachment to abun-
dant dust grains. We report the results from a three dimensional particle-in-cell
simulation of a plasma structure formed around a charged spacecraft in the
conditions relevant inside the Enceladus torus and in the moon’s plume. In
addition to the plasma population the plume simulation includes singly charged
nanograins detected by the Cassini Plasma Spectrometer. The accompanied
spacecraft plasma perturbations can significantly modify an ambient plasma
at the Cassini Langmuir probe positions and thus impact the plasma measure-
ments. Our modeling reveals a domination of water group ions over the electron
population due to the formation of a conventional plasma sheath at the ram-
oriented probe positions in the Enceladus torus and in the plume regions with
low dust density (ngg < meo). In the dust-dominated plume (ngg > neo) the
plasma perturbations are strongly reduced in the ram direction but can signif-
icantly compromise the probe measurements in the orbiter wake. Simulation

results can qualitatively explain the long profiles of the electron-ion imbalance
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registered by the Cassini Langmuir probe during the flybys E2, E3 and E5. In
either case, the plasma perturbations associated with the moving Cassini or-
biter appear to be important for reliable interpretations of the Langmuir probe
measurements.

Keywords: Saturn, Enceladus, Plume, Cassini, Plasma, Dust,

Spacecraft potential, Wake.

1. Introduction

The geologically active small moon Enceladus (radius Rg ~ 252 km) rep-
resents a significant source of gas from geysers located at the moon’s southern
pole (Porco et all 2006). It is assumed that the plumes of gas that extend
at least several Rp into space produce a radially narrow ~1Rg (Saturn radius
Rg = 60268 km) torus of water-group neutral atoms and molecules centered
on Enceladus’ orbit (Johnson et al.l 2005). The main constituents of a weakly
ionized plasma in the moon’s torus are co-rotating water group ions and thermal
electrons.

Another plasma occurs in the direct vicinity of the eruptive south pole of
Enceladus. The plumes of neutral water-vapor interact directly with Saturn’s
co-rotating plasma, loading the magnetosphere with fresh cold ions and decel-
erating the co-rotating plasma flow up to its stagnation (ZTokar et al., 2006).
The Enceladus plumes also contain copious amounts of charged dust. The
micron-sized dust was detected by the Cassini Cosmic Dust Analyzer (CDA)
instrument (Spahn et al.;|2006]) and is visible in the forward scattering sunlight
images from the Cassini Ultraviolet Imaging Spectrometer (Porco et al., [20006).
The smallest, nanometer-sized, icy grains have been registered by the Cassini
Plasma Spectrometer (CAPS) (Jones et all|2009). Hill et al., 2012 reported the
number densities up to ~10% cm™3 for negatively charged nanograins observed
by CAPS at the close moon flybys. Numerous icy grains emanating from the
moon interior and charged by an ambient plasma form together with thermal

electrons and ions a dust-loaded plasma which is associated with the term



25

30

35

40

45

50

"plume”. In the direct proximity to the moon’s orbit, we thus can distinguish
two different plasmas: a co-rotating electron-ion plasma of the Enceladus torus
and a dust-loaded plasma of the plume with an almost stagnated plasma flow.

The Cassini spacecraft (SC) has made several targeted Enceladus flybys.
The passages E3 (12 Mar 2008), and E5 (9 Oct 2008) are of specific inter-
est since Cassini traversed a continuously changing plasma from the Enceladus
torus to the dust-loaded plume and most instruments were favorably oriented to
study variations in the plasma parameters. Since the SC charging process and
the wake formation depend on the local plasma characteristics, the electrostatic
configuration around the orbiter inevitably exhibits these changes. Indeed, the
previous studies show that the SC in Saturn’s magnetosphere achieves its equi-
librium potential and forms a stable potential configuration during a few ion
plasma periods, wp_il (Yaroshenko et all 2011). In the near-Enceladus envi-
ronment, this process typically develops at time scale ~ 1072 s which is much
shorter than the Cassini passage time through the moon’s plume ~ 10% s. The
orbiter hence adjusts almost instantaneously to the equilibrium potential follow-
ing changes in the local plasma parameters. A SC electrostatic configuration
governs self-consistently the plasma particle distributions around the orbiter.
In this study we present simulations of such a plasma structure when the or-
biter passes two characteristic regions within the Enceladus proximity: (A) the
Enceladus torus (far away from the south-pole plume); (B) the dust-loaded
plume. To this end we calculate a self-consistent spatial plasma-wake distribu-
tions around a spherical SC model employing a three-dimensional particle-in-cell
DiP3D code (Miloch et al., 2009; [Miloch, 2010]). Previously, the SC-plasma con-
figurations in Saturn’s magnetosphere have been studied under the assumption
that either all plasma species co-rotate with the planetary magnetic field (Olson
et al.,[2011; | Yaroshenko et al.,|2011)), or involve cold, new-born water group ions
(Yaroshenko et all [2012). Our present simulations now are mostly focused on
the specific features of the near Enceladus environment relevant for the Cassini
plume flybys E3 and E5, and include an effect of the charged dust species.

The main goal of these numerical studies is to highlight significant differences
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in the plasma-wake configurations formed around SC in the Enceladus torus
and in the plume plasmas, and to examine how they could help to explain the
Cassini Langmuir Probe (LP) of the Radio and Plasma Wave Science (RPWS)
instrument data obtained during the E3 and E5 flybys.

2. Model and numerical code

CAPS, RPWS instrument and Cassini magnetometer data have been used to
constrain the parameter space for the modeling of the SC-plasma interactions.
Here we consider the cumulative effect of the water group ions, introducing
their average mass m; = 18 amu. In the Enceladus frame of reference the
rigid co-rotation speed is V.. ~ 26.4 km/s. CAPS data however indicate an
sub-corotating ion flow velocities ( ~80% of co-rotation) in the vicinity of the
moon orbit (Wilson et al.,|2009). Measurements of the upper hybrid resonance
frequency by the RPWS instrument provide estimates of the electron density
in the range neo ~ (45, 70) cm™2 at the moon’s orbit (Gurnett et al. 2004). It
is reasonable to identify these estimates with a total plasma density ng in the
Enceladus torus. The CAPS observations during a few equatorial flybys of 2005
through the moon’s torus, yielded the core electron and ion temperatures T, €
(1,2) eV, T; € (20, 30) eV, respectively (Tokar et al., 2008 2009).

In the plume plasma interpretations of the LP measurements predict a local
strong enhancement of the ion density up to nyg ~ 3 x 10* cm™3 (Morooka
et all [2011} [Shafig et al.l |2011). It was assumed that some of ions can be
trapped withing the sheaths of the sub-micron and micron-sized dust particles
Wahlund et al.| (2009). In any case, the reported high ion densities are not
consistent with free ion population inferred from the magnetic field perturba-
tions measured by Cassini during the available Enceladus flybys (Kriegel et al.
(2011}, 2014)). Moreover, recent studies of the RPWS data obtained during a
few plume crossings indicate a rather weak local increase of the electron density
up to neo ~ 102 em™3 (Ye et al, [2012)). In our modeling the plasma number

density is associated with the ion density (as it would be in the absence of neg-
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Table 1: Input parameters of the simulations

Region 749 T; Vi Teo T, o Ty Vi nio — Neo
(em™3) (eV) (km/s) (cm™3) (eV) (ecm™3) (eV) (km/s) (cm™3)

(A) 60 30 28 60 1 - _ - 0

(B1) 102 3 14.4 90 1 10 0.03 144 10

(B2) 10 3 14.4 240 1 760 003 144 760

atively charged dust) and we adopt for the plume region values, ng = n;y ~
102-10% cm ™2, matching well the Cassini magnetic data (Kriegel et al| (2011]
2014)). Admitting a production of the water-group ions from the cold plume
neutral exosphere, we assume the ion temperature to be of T; ~3 eV. Note that
the latter quantity is not constrained by Cassini observations, but is close to
the predictions of the plume modeling by (Fleshman et al.,|2010)). Furthermore,
we introduce a new plasma species - nanometer-sized dust grains - as negatively
singly charged (gq/e ~ 1) heavy ions with mass/charge ratio ~ 103 amu/e. The
nanograin densities, nqg, registered by the CAPS instrument varied in a range
~ 1-10% cm~2 deeply inside the plume (Hill et al.,[2012). Incorporating charged
dust, we consider two plume cases. The first one (B1) describes a more rarefied

3. As we will see later,

plasma with ng = n;o ~ 10> cm™2 and ngg ~ 10 cm™
even such small amount of dust particles enables significant modifications of
the plasma structure around the orbiter. The second case, B2, accounts for the
densest part of the plume where the plasma density is assumed to be constrained
by the measurements of the Cassini magnetometer, i.e. ng = nijy ~ 10% cm™3
(Kriegel et al.| (2011} [2014))). Simultaneously, we consider the high dust density
ndo ~ 760 cm~3 close to values registered by CAPS (Hill et al., [2012)). In both
B1 and B2 cases, the plume dust particles are assumed to be cold with temper-
atures close to the neutral gas and we assign Ty ~ 0.03 eV. Table 1 summarizes

the input average plasma parameters adopted in the PIC simulations for the

regions of the Enceladus torus (A) and plume (B).
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The difference between A and B plasmas includes not only variations in the
plasma parameters and composition, but also modifications of the ”geometry”
of SC-plasma interactions. To clarify the geometrical aspect we consider the
plume flyby E3 which took place on 12 March 2008 with the closest approach
to Enceladus of ~50 km. The projection of the Cassini E3 trajectory onto
the XZ plane of the coordinate system associated with the moon is shown
in Fig. 1. Here we use a so called Enceladus Interaction Coordinate System
(ENIS), co-rotating with Saturn. Its Z-axis is aligned with the moon’s rotation
axis, pointing roughly toward ecliptic north. The Y-axis points toward Saturn.
Then the X-axis completes the right handed coordinate system in the direction
of motion of Enceladus around Saturn. The two panels in Fig.1 illustrate the
difference between the plasma regions A and B. The left one shows a part of
the Cassini trajectory, when the orbiter is at large distances > 40Rpg from the
moon and when the ion flow, being unaffected by the plume products, is in
the azimuthal direction. Since the co-rotating ion flow and the SC velocity
vector constitute an angle > 7/2, this ensures a high relative SC-ion velocity
Vil = [Veor — Vse| ~ 30 kim/s. In our simulations for the case A we assign
V; ~28 km/s. The latter quantity matches the ion flow velocity at 18:51 UT (12
March, 2008), if the ideal co-rotation velocity is reduced to Vo ~ 23 km/s. As
Cassini approached the moon’s plume (right panel in Fig. 1), the neutral water-
vapor reacts with Saturn’s co-rotating plasma, loading the magnetosphere with
fresh cold ions with subsequent slowing of the co-rotating flow to its stagnation
(Tokar et all|2006). In a central part of the plume we hence assume V.. — 0,
so that the relative ion velocity becomes V; ~ —V go. Admitting that the plume
dust is initially coupled to the neutral gas yields the same relative velocity for
the grains, i.e. Vg ~ V,; ~ —Vgo. For the SC velocity in the plume (case B)
we take Vso ~14.4 km/s close to the Cassini speed at 19:07 UT.

At this stage it is convenient to introduce a local coordinate system (z,y)
related to the moving orbiter where a relative plasma flow velocity, V,, deter-
mines the positive x direction. Both panels of Fig.1 show schematically such

a coordinate system (z,y) , as it would look like if the SC moved only in the



140

145

150

155

160

X Z-plane of EICS. Note, that in a real situation the z-axis is directed along a
three dimensional vector of the ion flow velocity V; in the SC frame of reference
so that only scalar velocities are involved in our simulation.

To study spatial plasma structures around the moving SC we employ a
three dimensional particle-in-cell DiP3D simulation code, which calculates a
self-consistent potential on an object and wake formation in the electrostatic
approximation in intricate plasma environments. More details about this code
are given elsewhere (Miloch et all [2009; |Miloch) [2010) and here we present
only the basics of the numerical modeling. In the particle-in-cell (PIC) method
the plasma particles interact with each other via a computational grid that is
used to calculate the force field. This reduces the complexity of calculations and
makes the large-scale plasma simulations feasible. DiP3D is an electrostatic PIC
code that operates in Cartesian coordinates and uses a regular grid. Its main
computational cycle is standard (Birdsall and Langdon| (2009))), and consists
of weighting numerical particles to the nearest grid points, solving the Poisson
equation and finding forces on the grid, projecting forces to the particles, and
advancing particle trajectories. Trajectories of simulated particles are advanced
with the leap-frog method (Birdsall and Langdon|(2009))), which is characterized

by a shifted time-mesh for velocities:

Ti(t+ At) = Ti(t) + Gt + At/2)At

1
Ti(t+AL)2) = Tt — At/2) + fi(t)At/m; .

where i refers to a simulated particle, ﬁ = qiE is an electric force projected on
the i-th particle from the nearest grid points, and At is the computational time
step. For solving the Poisson equation, a multigrid method is used (Press et al.
(2009).

The boundaries of the simulation box are open for simulated particles, and
the particles can leave the box during simulation. At each time step the particles
are also introduced through the boundaries according to fluxes accounting for
relevant velocity distributions. Thus, the number of particles in the system

is not fixed, but since the number of simulated particles is usually more than
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107, quasineutrality at large scales is well maintained. DiP3D can simulate
multispecies plasmas, with each of the species having a different drift velocity.

Spherically shaped objects can be introduced into the system, far away from
the boundaries. The objects are charged self-consistently by plasma currents
throughout the simulation. In addition, charging by photoemission due to uni-
directional light can be included. DiP3D can simulate perfectly insulating and
perfectly conducting objects. For insulators the charge of the particles that hit
the surface remain at the object’s surface in the hitting position and contribute
to the local electric field at all later times. For conducting objects, the charge
is redistributed on the surface as to cancel internal electric fields. In both cases,
the objects act as sinks for the simulated particles.

The validity of the DiP3D code for Saturn’s magnetosphere and for the dense
Enceladus torus has been discussed by (Yaroshenko et al.l 2011} 2012)). We use
the same numerical procedure and approximations. In particular, our simula-
tions do not include the effect of the planetary magnetic field except through
the variations of the plasma flow: in the Enceladus torus the plasma ions are
assumed to be frozen in Saturn’s magnetic field and co-rotated with the planet
(region A); in the plume region B, on the contrary, due to the magnetic field
line draping and the mass loading the ion flow is slowed-down up to stagna-
tion. Plasma particle gyration in Saturn’s magnetic field is also not taken into
account since their Larmor radii are much larger than the Cassini dimensions
(e. g. the smallest electron gyro radius is of the order of 14 m). Following
the analogy with the probe theory, we assume that in such a case the plane-
tary magnetic filed does not significantly affect the SC charging process (see
e.g|Demidov et al. | (2002) and references therein). Moreover, based on results
of | Yaroshenko et al.| (2011} [2014) we can neglect photo-emission and contribu-
tion of the photo-electrons to the SC charging in the direct vicinity of the moon.
Finally, our studies employ a spherical model of the SC. Such an idealization
is justified at distances larger than the plasma Debye length: in this case the
numerical analysis reveals only small discrepancies due to the shape of the ob-

ject (Miloch et al| (2007)). On the other hand, this simplified representation
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will also be valid, as a first approximation, for non-spherical objects at smaller
distances. In other words, we expect that a simplified spherical model captures
the main physical features and thus can provide insight into intricate process
of SC/plasma interactions in the near-Enceladus plasmas. By modeling the SC
as a spherical conducting object of ~ 6.6 m diameter, we adapt the code to
include a new heavy plasma species - charged nanograins. The dust contribu-
tion is twofold. First, the charged grains can produce additional dust-associated
currents and thus affect the equilibrium SC charge and the plasma configuration
around the orbiter. On the other hand, negatively charged dust initially reduces
the electron population (neg = n;0 — ngo). To compare the plasma-wake con-
figurations formed around the orbiter in the almost dust-free Enceladus torus
(case A) and inside the dust-loaded plume (cases B1 and B2) we have simulated

the SC/plasma interactions for the three sets of parameters given in Table 1.

3. Results

Figures 2 shows the contour plots of self-consistent potential and plasma dis-
tributions surrounding the orbiter in the A and B regions. All plots are given
in the zy plane, cutting through the center of the spacecraft. In the consid-
ered cases, the plasma electrons are mainly responsible for the plasma screening
(Yaroshenko et al| (2011)) and thus length scales in Fig.2 are measured in units
of the electron Debye length, defined through Ap = (4me?neo/me)"/?. The upper
contour plots illustrate the case A, when the SC traverses the almost co-rotating
plasma of the Enceladus torus and forms a wake-like structure downstream of
the orbiter. The SC potential is of the order of ¥gc ~ —3 V, however for
presentation purposes, only small potential variations (¢ € (—0.5,0) V) are
colored in Fig. 2(A). While around an immobile spherical object embedded in
a plasma the sheath potential drops equally in all directions due to a spheri-
cally symmetric distribution of the net space charge, the plasma flow around a
charged SC produces a wake asymmetry in both, potential and plasma config-

uration downstream of the orbiter. Indeed, in case A the most of the potential
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drop occurs on length scales of ~ 5Ap (downstream) and ~ 3\p (upstream) in
the white area. Cold electrons with thermal energy T, ~ 1 eV< e || cannot
overcome the negative potential around the orbiter directly, and the resulting
electron distribution is also asymmetric with similar scales ~ 5Ap (downstream)
and ~ 3Ap (upstream). Contrary to the electrons, the water group ions do not
reveal significant density perturbations in the upstream direction, and form only
a pronounced wake of ~ 3\p downstream of the orbiter (upper right panel).
There is no sign of an ion focusing effect: the ion kinetic energy K; ~ 80 eV in
the Cassini frame prevails over the thermal energy T; ~ 30 eV and significantly
exceeds the SC electrostatic potential e [sc| ~ 3 eV. On the other hand, due
to high ion thermal energy (7; ~ 30 eV) the ions can effectively fill the negative
potential well downstream of the orbiter. Such a plasma configuration is in good
agreement with typical potential distributions found for Cassini during Saturn
orbit insertion flyby in the inner magnetosphere (Figs. 2-5 in|Yaroshenko et al.
(2011))).

The presence of dust grains in the plume modifies the potential and plasma
configurations as shown in the lower plots of Fig.2. Introducing even a diluted
grain population ( ~ 10 % of the plasma density), we found a much more
pronounced spatial distribution of the potential % (x,y), and plasma species,
ne (x,y) and n; (z,y), downstream of the orbiter, which is charged to a lower
potential, 1»gc ~ —4 V. In the downstream region there is a clear sign of the
extended (> 20Ap) Mach cone in a potential structure v (x,y) and associated
with this a n.— depletion region with a weak electron focusing far downstream
from the orbiter surface, ( © ~ 25Ap). Another negative plasma component
- the cold dust grains with a high kinetic energy K; > 1 keV>> Ty ( K4
in the SC frame of reference) displays a conventional geometric wake in the
downstream region (similar to that shown in the lowest panel of Fig.2). The
ions being not so energetic and much warmer than grains (K; ~ 20 eV >
T; ~ 3 €V) form a kind of dispersed wake structure. The ion wake boundaries
are not well defined and the wake scale, transverse to the plasma flow - along

the y axis, becomes even larger than the SC size, similar to the enhanced wake
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discussed by |Yaroshenko et al| (2011)). Comparative analysis of the A and Bl
ion structures of Fig. 2 shows that a relation between the actual ion wake length
and the plasma parameters is not straightforward. On the one hand, increase of
the ion temperatures (as outside the plume) allows the ions to diffuse into the
wake more efficiently and thus it shortens the wake structure. We see this effect
when comparing the wake lengths in the cool plume (case B1) with the case
of warm ions in the Enceladus torus (case A). On the other hand, the growth
of the relative plasma flow in case A causes the wake to lengthen. It seems,
however, that for the parameter regime relevant in the near-Enceladus plasmas
the temperature effect dominates.

Continuing with the denser dust-loaded case (B2) and accounting for the ad-
ditional dust-associated impacts, yields a less negative Cassini potential (¢ sc ~
—3V). Nevertheless, Fig.2 illustrates an even more extended and inhomogeneous
plasma and potential configuration around the charged SC than the case B1.
While the main carriers of negative charge - dust grains - form a geometric wake
similar to the case B1 (lowest panel in Fig.2), the electron depletion around the
orbiter becomes more widespread. It occurs now not only in the direct vicinity
of the orbiter but predominantly along and adjacent to the grain’s Mach cones.
In contrast to the rarefied case B1, one finds a strong local electron density
enhancement (by a factor of 2-3) directly in the vicinity of the SC, at distances
> 3\p downstream. Moreover, the ions do not form a dispersed wake structure
as in B1 case, but reveal a rather typical extended wake configuration with the
density reduction downstream and weakly depopulated Mach cones. The self-
consistent potential perturbations demonstrate the well pronounced Mach cone
structure with scale sizes of > 30\p and display a slow growth of the electric
potential deeply in the wake (up to ¢ ~ +1 V). Such a configuration engenders
an electron accumulation and ion depopulation within the wake as discussed
above.

As seen, the plume conditions B2 give rise to a totally different plasma
structure around the orbiter. This presumably originates from a combination

of two tendencies. On the one hand, decrease in the electron Debye length
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in the regime B2 (compared to A and B1) means that the orbiter has to be
more strongly shielded. This engenders electron depletion much more closely to
the SC surface and extends the quasineutral plasma region up to the distances
~ 2.5\p ~ 1 m in the upstream direction. On the other hand, both dominat-
ing species - the positive ions and negative heavy dust grains - form narrow
elongated wakes downstream. Interplay between the two structural features re-
sults in the inhomogeneous potential configuration which self-consistently redis-
tributes the plasma species providing the observed spatial picture in Fig.2(B2).

The most important consequence of our modeling is that the resulting plasma
structure around the SC can be a priori significantly modified at the points
characteristic for positions of the Cassini LP, and thus a probe mounted on the
orbiter most likely cannot accurately measure an ambient plasma. The Lang-
muir probe is attached to Cassini on a 1.5 m deployable boom (Gurnett et al.|
2004)), and in Figure 3 we give the angular distributions of the plasma imbal-
ance on = (n; —n.) calculated at 1.5 m from the SC spherical surface in the
xy plane for A, B1 and B2 cases shown in Fig.2. The angle 8 counts from the
positive z-direction so that § = 0 points to the wake center. Figure 3 indicates
a similar dependence of én(#) in both plasmas - in the Enceladus torus and
inside the plume. As seen, an instrument mounted at a 1.5 m-boom on the
spherical model of the orbiter and oriented inside the wake (0 ~ 0) would reg-
ister only a small misfit 6n/ng < 10% in A and B1 plasmas. Such discrepancies
are at the upper limit of the accuracy of the LP measurements ( Wahlund et al.,
2009) and thus can hardly be reliably resolved. On the contrary, in the ram
(6 ~ ) direction the instrument would see a significant imbalance between the
electron and ion densities in both A and B1 cases. In the moon’s torus this
effect is solely a manifestation of the inhomogeneous plasma sheath structure at
the orbiter surface disturbed by the presence of the plasma flow, as discussed
above. In accordance with Fig.3 the electron depletion in case A could reach
on/ng ~ 60 — 65% at the upstream direction. An even stronger imbalance up
to on/ng ~ 70 — 75% at @ ~ 7 in the moon’s plume caused by the simulta-

neous action of two factors - the formation of a SC sheath structure and the

12
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presence of negatively charged dust, which decreases the initial electron den-
sity and self-consistently modifies a space plasma distributions around the SC
(see e.g. Fig. 2, case B1). It is important to stress that in our simulation of
the plume case B1 the electron depletion is mainly caused by a spatial plasma
distribution around the charged SC and to lower degree is imposed by the pres-
ence of a small fraction (ng/ng ~0.1) of negatively charged dust. Although at
first glance a further growth of the dust number density seems to enhance the
net imbalance dn in the upstream region, a high dust population can signifi-
cantly alter a spatial plasma structure around the SC. Indeed as found in the
dust-dominated case B2, the initial electron depletion (n;o — neo)/no ~ 76% is
not strongly modified at the ram-oriented LP positions (see Fig.3, right panel).
A maximal net electron depletion én/ng ~ 85% is achieved at a LP position
0 ~ 100° and with further growth of # the plasma imbalance reduces to the al-
most ambient plasma value ~ 76%. Consequently, the electron depletion in the
ram direction mainly reflects the existence of numerous negatively charged dust
particles initially accumulating the plasma electrons. The LP measurements in
the ram direction will thus be weakly subject to the plasma perturbations in
agreement with plasma distributions shown in Fig.2 (B2). In contrast to the
ram direction, the wake-orientated LP will sense an almost quasineutral plasma
(6n/ng ~ 2 — 4%) instead of the realistic value én/ng ~ 76%.

The Cassini LP/RPWS measurements made during Enceladus flybys E3
and Eb suggest that the electron density is less than the ion density already
at large distances from the moon achieving n; > n. in the dust loaded plume
(Fig. 5, in (Morooka et al. 2011)). The electron depletion has been solely
attributed to the electron attachment to the abundant sub-micron-sized dust
particles (| Yaroshenko et al.,[2009; |Farrell et al., 2009} |2010; |Shafig et al.l |[2011)).
In the light of the results shown in Fig. 3, however, the measured electron deple-
tion could be a manifestation of the plasma structure formed around the moving
orbiter. Indeed, during both flybys, E3 and E5, LP registered a strong plasma
imbalance extended far away from the moon with the maximum én/ng ~ 95%

in the central part of the Enceladus plume (19:06:45 UT for E3 and ~19:07
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UT for E5, respectively) (Morooka et all|2011;|Shafiq et al) 2011). During the
plume traversing the probe was oriented at angles 5 ~ 27° (E3) and g ~ 23°
(E5) with respect to the SC velocity. Using the Cassini ephemeris database
(http://www-pw.physics.uiowa.edu/ jbg/cas.html) around ~19:06:45 UT (E3)
and 19:07 UT (E5) and keeping the azimuthal ion flow velocity (Vo) as a free
parameter we have retrieved the reference angle 6 involved in our modeling. It
turns out that an assumption on slow plume ions (V.. € (0,2) km/s) gives
the narrow window for angles 6 € (150°,160°) for both plume passes. Such
upstream LP positions in the plume, according to Fig. 3, immediately provide
the maximal plasma imbalance dn/ng ~ 70% — 75%. It seems quite reasonable
to assume that this effect is most likely due to the presence of the numerous
negative grains in the dust-dominated part of the plume (ngo > neo, B2 case).
Outside the densest plume region (ngg < neg, Bl case) dn is rather a manifesta-
tion of inhomogeneous plasma structure at the LP position. Prior to and after
the plume passage the LP orientation angle 5 was slowly increased during both
flybys. Moreover, the azimuthal co-rotating flow comes into play significantly
increasing the relative ion flow velocity V;. These factors decrease the angle 6
with distance from the plume. For example, assuming a full co-rotating flow
far away from the plume yields the angle § ~ 45° at distance Z ~ 115Rg (at
18:30 UT) and 6 ~ 70° at distance Z ~ —77Rg (at 19:30 UT). In accordance
with curves A and B1 in Fig.3, such a decreased 6 could provide a consequent
reduction in the plasma imbalance to dn/ng ~ 25% — 30% and dn/ng ~ 50%,
respectively. The latter tendency is fully consistent with the Cassini LP mea-
surements during E3 flyby: weak misfits of the plasma densities dn/ng < 20%
before (Z ~ 50RE) and after (Z ~ 80Rg) the plume encounter, and a significant
increase (n; — ne) /no ~ 95% in the dust loaded plume (see Fig. 4 in (Morookd
et all [2011))). As we have checked, similar conclusions are also valid for the
E5 flyby (9 Oct. 2008) for which the maximal density imbalance dn/ng occurs
at the central part of the plume, when the LP looks in the upstream direction
(0 ~ 140° — 160° at 19:07 UT), while far from the plume the angle 6 decreases
(e.g. 6 ~ 80° —90° at 19:30 UT and Z ~ —90Rg ) with a consequent drop of
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Our simulations show that a radial dependence of the plasma imbalance,
on, recorded by the Cassini LP/RPWS might be at least partially, if not dom-
inantly, a result of the inhomogeneous plasma structure formed around the
SC. Indeed, the electron depletion én can reach significant values providing ra-
tios ne/n; ~ 0.3 — 0.25 without invoking negatively charged dust at possible
LP/RPWS positions.

Before closing this section, it is worth speculating about possible application
of our results to the Enceladus flyby E2 (14 July, 2005), when for the first time
the Cassini LP detected a significant electron depletion in the vicinity of the
moon ( Yaroshenko et all,2009;| Wahlund et al.;|2009)). The LP registered n. # n;
between ~ 19:44 - 20:02 UT with a maximum plasma imbalance at ~ 19:55 UT.
Following the same outline, we examine whether the proper LP orientation
corresponds to the maximum of the observed plasma imbalance dn. In contrast
to the E3 and E5 flybys, this encounter occurred upstream of the moon, and
the SC did not pass through the dust-loaded plume. The main difficulty in the
application of our models to the E2 passage is that the ion flow velocity has
been significantly slowed and deflected over a large volume extended more than
the region where the electron depletion has been observed (see Fig. 4 in Tokar
et al. 2006). In other words, this flyby does not corresponds to the discussed
geometry of Fig.1. The uncertainties in the plasma flow velocity might produce
a wide range of possible angles 6, and this hinders a determination of a single
value of the electron depletion at a certain point of the E2 trajectory. So only
some qualitative conclusions resulting from Fig.3 can be made. Assuming that
the co-rotating velocity is deflected by an angle « (counting from the azimuthal
direction within Saturn’s equatorial plane, positive from Saturn) we show in Fig.
4 the angle 0 as a function of the deflection angle « at reduced flow velocities
Veor <20 km/s. In the calculations we have used the Cassini ephemeris and LP
coordinates at ~ 19:55 UT. As seen, small flow deflections (o < 30°), ultimately
lead to the upstream LP positions with typical 8 ~ 125° — 175°. Based on our

results shown in Fig.3 (left panel) we anticipate a maximal plasma imbalance
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on/ng ~ 60—"70% mainly due to the SC sheath structure. Interestingly enough,
these numbers give an electron depletion close to those observed by the Cassini
LP (Fig. 1 by|Yaroshenko et al|(2009) gives (0n/10)maz ~ 65%). Assuming the
ion flow velocity at ~ 19:44 UT and ~ 20:02 UT close to interpolations given in
Fig.4 by|Tokar et al.|(2006) at t = t5 and t = t4, respectively, yields § < 100° and
reduces the plasma imbalance to dn/ng < 50%. As seen our results qualitatively
match the E2 electron depletion data measured between ~ 19:44 - 20:02 UT.
The rather large uncertainty introduced by the ion flow variations in the direct
vicinity of the moon cautions us to make exact quantitative comparisons with

the E2 LP measurements.

4. Summary

We have presented results of PIC simulations that predict how a spherical
model of the Cassini SC interacts with (A) the co-rotational plasma flow in the
Enceladus torus and (B) the stagnated ion flow and dust grains in the plume.
Our numerical analysis has two important consequences. First, it points out
that plasma perturbations accompanying the charged SC are strongly depen-
dent on the ambient plasma models, and even a small amount of negative dust
(ng/mo ~ 0.1) initiates a much more complicated plasma and potential distri-
butions around the orbiter than those formed in the conventional electron-ion
plasma (Fig.2). Second, the resulting plasma configurations can directly impact
the ambient plasma density measurements by the Cassini LP. In the Enceladus
torus and in the plume regions with the dust density obeying ngy < n.g we
found a significant domination of water group ions over the electron population
in the ram direction due to the formation of a conventional plasma sheath. This
leads to the electron depletion n./n; ~ 0.3 — 0.4 at 8 ~ 7 at distances ~ 1.5
m from the SC surface (Fig.3, A and Bl cases). The latter implies that the
ram-oriented LP will register a non-quasineutral plasma with n./n; < 1 instead
of ne ~ n;. In the dust-abundant plume with ng4y > neo (B2 case) the negative

dust provides an initial electron depletion (ambient plasma depletion) which re-
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mains a main factor affecting the plasma and potential distributions around the
orbiter. The associated plasma perturbations are strongly reduced at ram LP
positions and the probe can make relatively accurate measurements of the am-
bient plasma. Contrary to the upstream situation, in the downstream direction
the electron depletion at the LP positions decreases in all, A and B, plasmas
and in the limit 6 ~ 0 it is reduced to dn/ng ~ 0.1 (A, B1) and én ~ 0.02 (B2),
respectively. Hence the wake-oriented LP will always sense n. =~ n; which is
relatively accurate for A and B1 plasmas, but gives significantly compromised
measurements in the dust-dominated B2 case. Our findings therefore indicate
that great care has to be taken by inclusion of the LP orientation and plasma
models in the interpretations of the probe data. Moreover, the observed electron
depletion cannot not be always attributed only to the electron attachment to
the dust particles, as has been discussed in the previous studies (Farrell et al.|
2009, 2010; | Wahlund et all|2009; | Yaroshenko et al.,|2009; | Morooka et all 2011}
Shafiq et all 2011]).

Finally, note that although our modeling can qualitatively explain the trend
of some Cassini LP measurements with long intervals of the electron-ion misfit,
extending far away from the dust-reached regions, the simulation results need to
be systematically updated as more Cassini data on the near-Enceladus plasma

become available.
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Figure 1: Cassini Flyby E3 in the X Z plane of the Enceladus Interaction Coordinate System
(EICS) and local coordinate systems (z,y) used in simulation. Left panel illustrates case
A, when Cassini is exposed to the co-rotating electron-ion plasma far away from the plume.

Right panel shows SC encounter with the dust-loaded plume and stagnated ion flow (case B).
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Times (UT) are labeled at 1-min intervals during close approach on March 12, 2008.
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Figure 2: Contour plots of electric potential distribution v, normalized electron (ne/neo),
ion (ni/nio) and dust (ng/ngo) densities in the (xy) plane simulated for the SC positions A
(upper panel) and B (panels B1 and B2, respectively), shown in Fig. 1. Length scales are
in units of the electron Debye length, Ap = (4me2neo/me)t/2 which is 0.959 m (A), 0.783 m
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Figure 3: Angular distributions of the plasma imbalance, dn(0), in the (z,y) plane calculated
for a 1.5 m distance from the SC surface which corresponds to ~ 1.5Ap (A) ~ 2Xp (B1) and
~ 3Ap (B2). Left panel shows dn(6) for A and B1 plasmas; right panel presents én () in the
dust-loaded case, B2. Dashed lines indicate the ambient plasma imbalance for B1 and B2.

The actual LP orientations in terms of angle 6 are marked for the encounter E3.
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Figure 4: Variations of the LP orientation angle 6 due to deflection of the co-rotating flow
(angle a counts from athimuthal direction) for ion flow velocities Viorr = 16 and Veor = 20.

Calculations are performed using Cassini ephemeris during at SCET195:19:55 h (E2 flyby).

23



	Introduction
	Model and numerical code
	Results
	Summary
	Acknowledgment

