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Evidence for a seasonally dependent ring plasma
in the region between Saturn’s A Ring

and Enceladus’ orbit

A. M. Persoon’, D. A. Gurnett', W. S. Kurth’, J. B. Groene’, and J. B. Faden'

"Department of Physics and Astronomy, University of lowa, lowa City, lowa, USA

Abstract Equatorial electron density measurements from the Cassini Radio and Plasma Wave Science
experiment are derived from the upper hybrid resonance frequency from Saturn Orbit Insertion (SOI) on

1 July 2004 through 21 May 2013. These densities are used to determine the characteristics of the plasma in the
inner magnetosphere of Saturn between the outer edge of the A Ring and the orbit of Enceladus. Electron
densities obtained when Cassini first arrived at Saturn on 1 July 2004 showed a plasma distribution decreasing
radially outward from Saturn in the direction of Enceladus, the expected distribution of a centrifugally driven
plasma expanding radially outward from a source in the main rings. We examine equatorial electron densities in
the region between 2.4 and 4.0 R, and show that the density measurements in this region exhibit a strong
seasonal dependence resulting from photon-induced decomposition of icy particles on the ring surfaces, a
decomposition process which is controlled by the solar incidence angle. This seasonal dependence will have
plasma density implications for Cassini when the spacecraft returns to the region just beyond the A Ring

in 2016.

1. Introduction

The plasma in Saturn’s inner magnetosphere has many potential sources. In the region between 2.4 and 4.0
Saturnian radii (R), two are of primary interest: the plasma source at the icy moon Enceladus and the plasma
source in the atmosphere of the main rings. Other possible sources include the tiny moons and the narrow
and tenuous arcs and rings in this region. These are not expected to be significant sources of Saturn’s
magnetospheric plasma.

As early as the Pioneer/Voyager era, Saturn’s main rings were believed to be an important source of plasma
and neutrals in the main ring system and in the plasma torus beyond the rings [Frank et al., 1980; Wilson and
Waite, 1989]. Photodissociation of the icy ring particles, ion-induced sputtering, and micrometeorite
bombardment were all believed to contribute to the decomposition of the icy particles on the ring
surfaces and the creation of the ring atmosphere [Carlson, 1980; Frank et al., 1980; Morfill et al., 1983;
Johnson et al, 1989; Wilson and Waite, 1989; Pospieszalska and Johnson, 1991; Ip, 1995]. Cassini
measurements of neutrals and ions over the ring system have confirmed the importance of the main rings
as a source of neutrals and plasma in Saturn’s magnetosphere. H, [Tseng et al., 2011] and O,, the main
atmospheric constituent [Tseng et al, 2010], are released into the ring atmosphere through the
decomposition of icy ring particles by UV photons [Ip, 1995; Waite et al., 2005; Young et al., 2005; Johnson
et al, 2006a], suggesting that photodissociation is the primary decomposition process acting on the ring
particles. Subsequent photoionization of these molecules in the ring atmosphere creates a thin layer of
ionospheric plasma in the main ring system [Gurnett et al.,, 2005; Tokar et al., 2005; Wahlund et al., 2005;
Waite et al., 2005; Young et al., 2005]. Photodissociated oxygen molecules from the ring atmosphere are
also scattered, possibly by micrometeorite bombardment [Pospieszalska and Johnson, 1991] or by ion-
molecule collisions [Ip, 2005; Johnson et al., 2006a; Tseng et al., 2010], into the extended ring atmosphere
beyond the A Ring and are subsequently ionized, providing a source of ring plasma in the region beyond
the outer edge of the A Ring at 2.3 R,.

In the years between the Voyager flybys of Saturn and the arrival of Cassini at Saturn, efforts were made
to calculate flux rates from the decomposition of ice by sputtering and meteoroid impacts on the main
rings as well as the icy moons and more tenuous rings, but the results were inadequate to account for
the large neutral cloud observed by the Hubble Space Telescope [Shemansky et al., 1993; Shi et al., 1995;
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103 | uy. L .ay. L Richardson et al., 1998; Jurac et al., 2001]. An

|2,,/<0.05 R additional water source in the vicinity of Enceladus
was needed, and Cassini found it during two
\’ close flybys of the icy moon in 2005. Water and

i i ice molecules were discovered to be venting
from the moon'’s southern polar region [Dougherty
et al., 2006; Hansen et al., 2006; Porco et al., 2006;
Waite et al, 2006]. Through neutral-neutral
collisions, charge-exchange interactions, and ion-
neutral collisions, the water molecules and their
dissociated water group neutrals are scattered into
the vast neutral torus of Saturn’s magnetosphere
[urac et al, 2002; Jurac and Richardson, 2005;
Johnson et al., 2006b; Farmer, 2009; Hartogh et al.,
2011; Cassidy and Johnson, 2010]. The ionization of
10 T T T T T T these neutrals is the source of the Enceladus

2 > 10 20 plasma. One of Cassini's greatest achievements

R, Saturnian Radil (Rs) is the discovery that the geysers of Enceladus

Figure 1. A radial profile of all RPWS electron density are the dominant source of plasma in Saturn’s
measurements within 0.05 R of the magnetic equatorial magnetosphere (see review by Arridge et al. [2012]).
plane from 1 July 2004 to 21 May 2013. The densities beyond
3 R, show the typical distribution of the Enceladus plasma, . .
with plasma diffusing both inward and outward from a broad density database used in Persoon et al. [2013] to
density peak just beyond the Enceladus orbit. The red line investigate equatorial electron distributions from
in Figure 1 is a power law fit to the bin-averaged density different plasma sources in the inner magneto-
measurements derived from the radial dependence model of sphere. We use the Radio and Plasma Wave
Persoon et al. [2013]. The density measurements obtained as
Cassini moved outward from the main rings on 1 July 2004 . .
(SOI) show the distribution of the ring plasma as it diffuses surements derived from the upper hybrid
outward from a source in the main rings. emissions from 1 July 2004 to 21 May 2013 to illus-
trate the electron distributions characteristic of

plasma from a source at Enceladus and from the main ring system and to study seasonal effects on the ring
plasma in the inner magnetosphere. To minimize latitudinal variations, we define the equatorial densities to

be those measurements within 0.05 R, of Saturn’s magnetic equatorial plane.
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2. Distribution Characteristics for Two Plasma Populations

Electron density measurements from the Cassini Radio and Plasma Wave Science (RPWS) experiment, from
the RPWS/Langmuir Probe instrument (RPWS/LP), and from the Electron Spectrometer of the Cassini
Plasma Spectrometer (CAPS/ELS) have been used to map the electron distribution from 3 R; to 10 R, and
beyond [Persoon et al., 2006, 2009, 2013; Schippers et al., 2008, 2013; Sittler et al., 2008; Morooka et al.,
2009]. After statistical binning and averaging for 7 years of density measurements, Persoon et al. [2013]
found that the equatorial electrons have a density distribution slightly offset from Enceladus with a broad
peak from 4 R, to 5 R,. The density increases radially outward from Saturn as R*© between 3 R, and 4 R,
and falls off with increasing distance as R~*® outside 5 Rs (see Figure 3 in Persoon et al. [2013]). A similar
electron distribution was observed in the RPWS/LP and CAPS/ELS electron density data beyond 5 R
[Schippers et al., 2008, 2013; Morooka et al.,, 2009], in the equatorial electron density model for Saturn’s
inner magnetosphere beyond 3 R, derived by Sittler et al. [2008] and in the RPWS/LP ion distribution
between 2.4 and 12 R, [Holmberg et al., 2012]. This distribution is characteristic of a plasma that is radially
diffusing both inward and outward from the plasma source at Enceladus.

The characteristic distribution of the Enceladus plasma is seen for 94% of the equatorial orbits for which there
are RPWS density measurements inside the Enceladus orbit [Persoon et al., 2005, 2013]. Figure 1 is a radial
profile of all RPWS equatorial densities from 1 July 2004 to 21 May 2013 for measurements within 0.05 R;
of the magnetic equatorial plane. It can be easily seen that the density profiles beyond 5 R; are
consistently repeatable with a spread in the densities of ~30%. But inside 4 Ry the density distribution is
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lC/A ats 2 W i 'ﬂ highly variable with a spread that is

nearly twice as large. The red line in

10° \ “ for 0 Md Figure 1 is a power law fit to the equa-
‘ torial density measurements which

have been averaged in radial bins of
0.2 R,. The bin-averaged equatorial
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‘ electron density measurements have
10— ) & ) been fit to the hybrid power law equa-
' o T tion from the radial dependence model
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derived by Persoon et al. [2013]:
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where n; , refers to the model equator-
ial electron density, ng is the density at
the peak of the distribution, Rq is the
radial distance of the peak, and m and
n are the radial dependencies of the
10 electron distribution inside and outside
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3 Orbit 165 parison between the fit shown in

UL Figure 1 and the radial dependence

UT 04:00 08:00 12:00 16:00 20:00 model in Persoon et al. [2013] shows

Rs 6.72 4.67 3.27 4.13 6.13 the same broad density peak between
Lat 021 0.04 -0.30 -0.31 -0.15 , y P

LT 2158 23.38 331 701 10.16 the orbits of Enceladus and Tethys,

L 6.72 4.67 3.28 4.13 6.13 with the same peak density of 72 cm™3

at the same radial distance of 4.6 R;.

May 2, Day 123, 2012 ]
Beyond 5 R, the radial dependence of

Figure 2. (top) An electric field spectrogram and (bottom) an electron  the plasma distribution also remains

density profile of a Cassini pass through the inner magnetosphere on the same with the plasma decreasing
2 May 2012. This density profile illustrates the typical Enceladus plasma radially outward as R™*® (n=48)
distribution where the density peaks on the inbound and outbound beyond 5 R.. Inside 4 R, the densities

segments at 4.55 and 4.34 R, respectively. Inside the density peak region

the densities roll off, forming a density trough centered on closest are again increasing radially outward
approach (C/A). from Saturn toward the plasma source

at Enceladus. However, the slope of
the electron distribution is now reduced to B2 (m = 3.0) due to the addition of enhanced electron densities
inside the orbit of Enceladus in late 2011/early 2012 (see Figure 4).

Not all of the electron density profiles inside the orbit of Enceladus show the same R® dependence.
Gurnett et al. [2005] identified a large density depletion over the main rings and a 2 order of magnitude
increase in the electron density measurements at the outer edge of the A Ring (see Figure 5 in Gurnett
et al. [2005]). Also shown in Figure 1 is a radial density profile of the Saturn Orbit Insertion (SOI)
equatorial density measurements (in blue) obtained within 0.05 R; of the magnetic equatorial plane at
radial distances of 2.4 to 2.7 R, in the region just beyond the A Ring. These densities decrease with
increasing distance from Saturn suggestive of a centrifugally driven plasma diffusing outward from a
source in the main rings.

SOI currently provides the only electron density measurements in the region just beyond the A Ring, but
there are 32 equatorial orbits that provide RPWS electron density measurements in the region inside 4 R;.
Twenty seven of these orbits have a well-defined electron density peak just beyond Enceladus’ orbit and
the densities roll-off inside the density peak. Figure 2 is a typical example of the Enceladus plasma
distribution. The top plot is an RPWS electric field spectrogram for a Cassini pass on 2 May 2012. The solid
white line is the electron cyclotron frequency (f.) derived from the magnetic field measurements. Above
the f. line are the upper hybrid resonance frequency (fyur) emissions from which the electron densities
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are derived [Persoon et al, 2005].
Cassini's closest approach (C/A) to
Saturn occurs at 12:33 UT when the
spacecraft is at 3.2 Ry, just inside the
inner edge of the E Ring. The bottom
plot in Figure 2 is the electron
density-time profile for the same time
interval. The density profile clearly
shows an Enceladus density peak
on the inbound orbital segment at
08:14 UT and a second density peak
on the outbound orbital segment at
2" : ] ; ™ 16:27 UT, when Cassini was at 4.6 and
300 ' : 4.3 R, respectively. Inside the density
peaks, the density falls off with increas-
ing distance from the Enceladus
source, creating the appearance of a
density “trough” centered on closest
approach.

Frequency (Hz)

100

The remaining five orbits with electron
density measurements inside 4 R show
evidence of the trough being partially
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(98]
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Orbit 162
3 T T T I 1 1 1 I 1 T T I T T T I T 1 1 I 1
UT 1600 20:00 00:00 04:00 08:00 12:00  Or completelyfilled in. Figure 3 has the
Ry 7.56 5.50 3.65 3.52 528 735 same format as Figure 2 and illustrates
Lat 0.28 0.16 -0.15 -0.42 -0.25 -0.11 the electric field spectrogram and elec-
LT 21.19 2254 1.40 6.37 9.50 10.95 tron density-time profile for the orbit on
L 7.56 5.50 3.65 3.52 5.28 7.35 9 and 10 March 2012. Closest approach
March 9-10, Days 069-070, 2012 occurs at 02:13 UT when Cassini was at
3.3 Rs. There is a density peak during
Figure 3. (top) An electric field spectrogram and (bottom) an electron  the outbound portion of the orbit at
density profile of a Cassini pass through the inner magnetosphere on . . -
9 and );(?May 2012. This derl)nsity proﬁ?e does not shov(\-:/j the ef:pected 4'93 Rs and a slight .roll—off Just .|nS|de
density roll-off inside the Enceladus orbit. The density peaks at 4.03 R this peak but there is no peak in the
during the outbound portion of the orbit but there is no peak in the inbound density profile. The density
inbound density profile. In the region inside 4 R, the density trough trough is nearly filled in.
appears to be nearly filled in, suggesting that plasma has been added to
the system in this region.

Figure 4 illustrates the radial density
profiles for the five orbits showing evi-
dence of a filled-in density trough,
superimposed on the electron density distribution in Figure 1. The five density profiles are not typical
of the Enceladus plasma distribution inside Enceladus’ orbit and highlight the dynamic nature of the
plasma chemistry in the inner magnetosphere. Possible dust-charging effects in the E Ring region need
to be investigated. Elevated densities also suggest a local enhancement in the Enceladus plasma produc-
tion and/or an enhancement in the ring plasma production and subsequent transport of the ring plasma
into this region to merge with the Enceladus plasma.

3. Seasonal Variability of Ring Plasma

When the Cassini spacecraft passed above the dark side of the rings on 1 July 2004, the instruments detected
an enhancement in the electron density over the Cassini division [Coates et al., 2005; Wahlund et al., 2005;
Young et al, 2005; Farrell et al, 2008] and an inverse correlation between the electron density
measurements and the opacity of the B Ring and the A Ring [Esposito et al, 1983; Coates et al., 2005;
Young et al., 2005], suggesting that a photon-induced decomposition process was acting on the icy ring
particles on the sunlit surface of the rings, creating the ring atmosphere. The photodissociated oxygen
molecules in the atmosphere [Bouhram et al., 2006; Johnson et al., 2006a] are subsequently photoionized
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Figure 4. Radial density profiles for five orbits showing evidence of enhanced densities and a filled-in density trough inside
Enceladus’ orbit, superimposed on the electron density distribution in Figure 1. These density profiles are evidence of the
dynamic nature of plasma production and transport in the inner magnetosphere.

to create the tenuous ring ionosphere, dominated by O,* and O* ions [Coates et al., 2005; Gurnett et al.,
2005; Tokar et al., 2005; Young et al., 2005]. lon and electron densities in the ring ionosphere are 2 orders
of magnitude lower than the densities measured just beyond the outer edge of the A Ring [Gurnett
et al, 2005; Young et al., 2005; Farrell et al., 2008]. The low plasma densities in the ring ionosphere
are believed to be due to plasma absorption by the ring particles and diminished photodissociation
of the icy particles on the shadowed ring surface during the outbound portion of SOI [Wahlund et al.,
2005]. The very high plasma densities seen just beyond the outer edge of the A Ring result from the
photoionization of the photodissociated water group neutrals which, by ion-molecule collisions, have
scattered outward into an extended ring atmosphere in the region beyond the main rings [Ip, 2005;
Johnson et al., 2006a].

Photon-induced decomposition of icy ring particles would indicate that the source rate of the photodissociated
neutrals in the ring atmosphere and beyond would vary with the incident angle of the Sun on the ring surfaces
[Tseng et al., 2010], subsequently affecting the ionization process in the region beyond the A Ring. The top plot
in Figure 5 illustrates the angle of the Sun above/below Saturn’s equatorial plane for one seasonal cycle. In the
bottom plot are the equatorial density measurements inside 3.25 R; derived from both equatorial orbits and the
equatorial portion of high-inclination orbits. The densities are binned in 3 month increments and averaged
(black dots). Cassini arrived at Saturn in mid-2004, nearly 2years after the southern summer solstice. The
equatorial electron densities measured during Cassini’s first orbit were some of the highest densities
measured outside the main ring system. The lowest averaged equatorial electron densities were
measured in the year preceding the Saturn equinox (11 August 2009), when the rings were edge-on to
the Sun and photon-induced decomposition of the icy ring particles would be restricted by the low solar
incident angle of the Sun on the ring surfaces. Density measurements in 2012 are again increasing as
Saturn approaches the midpoint between the equinox and the northern summer solstice. The solid red
line represents a cosine fit through the bin-averaged data points. The density value from the fit is given by

Ne = —A cos <360(t_—Tt°) n 45) e )
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Figure 5. The top plot illustrates the angle of the Sun above/below the equatorial plane for one full seasonal cycle. The
bottom plot shows the RPWS equatorial electron density measurements between 2.40 R and 3.25 R, binned in 3 month
increments and averaged. A cosine fit through the averaged points (solid red line) shows a strong seasonal effect, with a
density depletion 10 months before the 2009 equinox and densities increasing toward the summer solstices.

where A and C are the cosine-wave amplitude and offset, respectively, ¢ is the phase in degrees measured
from the Saturnian equinox (11 August, 2009), t, is the time of the 2009 equinox in years, t is the time of
the averaged density value in years, and the period T is 14.73 years, half of Saturn’s rotational period which
includes the 2002 southern summer solstice and the 2017 northern summer solstice. Although there is a
lot of scatter in the data, the cosine fit shows a density minimum 10 months before the 2009 equinox with
densities increasing toward the summer solstices. The fit is in good qualitative agreement with the
seasonal effect seen in the thermal ion distribution at L =3 by Elrod et al. [2014].

Figure 6 is a multipanel plot of the equatorial electron density measurements inside 5.25 R, grouped in bins of
0.5 R,. All of the measurements have been averaged in 3 month increments. The top plot reproduces the
averaged data points and the cosine fit for the electron density measurements inside 3.25 R, shown in
Figure 5. The 0.85 R, radial bin for the top plot is greater than the 0.5 R; bins for the lower four plots because
of the reduced number of electron density measurements inside 3.25 R;. The radial bin has been expanded
to accumulate sufficient density measurements over the 9year time interval to provide a reasonable fit to
the data. The cosine fit to the data for each panel in Figure 6 is shown in red.

The coefficients for the cosine fits are listed in Table 1. The highest amplitude of the seasonal variation on the
density distribution occurs inside 3.25 R,. Beyond 3.25 R;, the amplitude and cosine wave offset (A and C in
Table 1) fall significantly with increasing radial distance. As the amplitude continues to diminish with
increasing radial distance, the cosine fit approaches a straight line beyond 4.25 R; where the seasonal
dependence vanishes. The uncertainty in the phase coefficient ¢ is lowest inside 3.25 R; and increases with
increasing radial distance. Beyond 4.25 R, where the cosine fit tends to a straight line, the phase cannot be
determined with reasonable certainty, indicated by the *** in Table 1. The uncertainty in the cosine fit to
the density measurements (the last column in Table 1) is largest in the first radial bin, due to the large
variability in the density measurements and the fewer number of density measurements inside 3.25 R..
The uncertainty falls with increasing radial distance as the spread in the density measurements diminishes
and the number of density measurements increases. Beyond 4.25 R, the uncertainty in the cosine fit is
equal to or greater than the amplitude of the fit, which now approaches a straight line.
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Figure 6. These five panels show the RPWS equatorial electron densities averaged in 3 month increments and grouped in
bins of 0.5 R,. The top plot reproduces the averaged data points and the cosine fit for the electron density measurements
inside 3.25 R, shown in Figure 5. The 0.85 R, radial bin for the top plot is greater than the 0.5 R bins for the lower four plots
to accommodate the reduced number of electron density measurements in this bin and to provide a reasonable fit to the
data. Cosine fits through the averaged data points (red lines) show that there is a strong seasonal variability inside 3.25 R
(Figure 6, top). This seasonal dependence becomes negligible beyond the Enceladus orbit (fourth and fifth panels).

Because the seasonal variation grows weaker with increasing distance from the rings, disappearing beyond
the orbit of Enceladus, we propose that the seasonal dependence observed inside 4 R, is a marker identifying
the presence of the ring plasma in this region. The maximum spread in the density measurements during this
9year time interval due to a seasonal dependence is much less than the order of magnitude spread in the
density measurements observed inside 4 R, in Figure 1. More study is needed to determine the factors
affecting plasma production on shorter time scales (see Figures 2 and 3).

Table 1. Coefficients of Cosine Fit

Radial Bin A ¢ (deg) C Uncertainty
<3.25 R, 63.9cm > 219427 940cm > 247cm >
354025 R, 300cm > 93433 659cm > 13.0cm >
40+025 R, 215em > 226+38 746cm > 108cm 3
45+025 R, 10cm > xoex 73cm 3 10cm >
5.0+0.25 R, 4em™3 wex 65cm > 5cm
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Enceladus 4. Summary

A Ring E Ring
The waning of the seasonal variation in
the inner magnetospheric plasma with
increasing distance from Saturn suggests
that the ring plasma expands radially
outward from the main rings and over
the E Ring, becoming a small component
of the magnetospheric plasma popula-
tion beyond 4 R,, where the Enceladus
plasma component dominates. Because
of the strong dust-plasma absorption in
the ring ionosphere, the bulk of the ring
— plasma expanding radially outward is
E generated in the region just beyond the
B A Ring by the photoionization of oxygen
B and hydrogen molecules scattered into
the extended ring atmosphere just
beyond the outer edge of the A Ring.
The second plasma component in this
region has its source in the icy particles
venting from Enceladus’ southern polar
region. The decomposition of these
particles and subsequent ionization
creates the Enceladus plasma which dif-
fuses both outward and inward toward
the A Ring. The Enceladus plasma has
no known seasonal dependence. In the
inner magnetosphere, the two plasma
populations merge. Figure 7 illustrates
the merging and mixing of these two
plasma populations in the region
between the A Ring and the orbit of
Enceladus. The solid black line repro-
duces the power law fit for the equatorial electron density measurements in Figure 1, and the solid red line traces
the inbound SOI equatorial density profile from Figure 1. The dashed lines are extrapolations in the regions where
density measurements are not available. The Enceladus plasma (black) peaks between 4 R; and 5 R, [Persoon et al.,
2013] and rolls off inside 4 R, as the plasma diffuses inward toward the A Ring. The ring plasma (red) peaks just
beyond the outer edge of the A Ring at 2.4 R, and falls off with increasing radial distance from Saturn.

41 ¢—> Orbit
I I ¢
| |
| Ring |
i Plasma

Enceladus

10 Plasma

Equatorial Electron Density (cm™)

10 T .
2 3 4 5 6
Saturnian Radii (Rg)

Figure 7. An illustration of the merging and mixing of the two primary
plasma populations in the region between the outer edge of the A Ring
and the orbit of Enceladus. The solid black line reproduces the power law
fitin Figure 1, and the solid red line traces the inbound SOI density profile
from Figure 1. The ring plasma (red) peaks in the region just beyond the
outer edge of the A Ring and falls off with increasing distance from Saturn.
The Enceladus plasma (black) has a broad peak between 4 R and 5 R, with
densities falling off both inward and outward from the peak density
region. The illustration shows that the Enceladus plasma dominates in
the region beyond the Enceladus orbit and the ring plasma dominates in
the region just outside the A Ring.

Enceladus is the dominant plasma source in Saturn’s magnetosphere. Plasma created through the ionization of
water group neutrals from Enceladus’ plumes dominates the total plasma population in the region beyond
Enceladus. The seasonally dependent ring plasma peaks in the source region just outside the A Ring and, at
least near summer solstice, is likely to have peak densities comparable to the peak densities measured at
Enceladus. The SOI density measurements, taken near the outer edge of the A Ring less than 2 years past the
southern summer solstice, are very high, on the order of the highest densities at Enceladus (see Figure 1).
Electron densities are currently increasing again as Cassini moves toward the northern summer solstice in May
2017. Just 9 months before the northern summer solstice, Cassini will return to the region just beyond the A
Ring in a series of high inclination orbits near the F Ring and will likely encounter high ring plasma densities again.
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