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Abstract Electron density measurements have been obtained by the Cassini Radio and Plasma Wave
Science (RPWS) instrument covering the period from 30 June 2004 to 19 April 2017, spanning latitudes
up to ~30° and L values from 2.4 to 10. Near the F ring, electron densities are derived from RPWS
measurements of electron plasma oscillations at high latitudes and from the Langmuir Probe (RPWS/LP)
sweep data at low latitudes. The electron density measurements from the ring‐grazing orbits, beginning in
December 2016, have made it possible to extend the work of a previous diffusive equilibrium model to
include the distribution of the ring plasma. Beyond the ring‐grazing orbits, the densities are derived from
RPWS measurements of the upper hybrid resonance frequency. These density measurements are used to
anchor the fit of an expanded diffusive equilibrium density model for a two‐species plasma consisting of
water group and hydrogen ions in Saturn's inner magnetosphere. Density contour plots for the two ion
species and the electrons are presented. The distribution of the derived plasma densities is consistent with
two primary sources, the Enceladus plume and the extended ring atmosphere. There is also an indication of
a weaker plasma source at Dione. In the region just outside the A ring and in the region including the
Enceladus orbit, the diffusive equilibrium model also shows the expansion of lighter ions and electrons to
higher latitudes along the magnetic field lines with evidence of a weaker plasma expansion between the
orbits of Tethys and Dione.

1. Introduction

Between 1979 and 1981, the Pioneer 11, Voyager 1, and Voyager 2 spacecraft each flew by Saturn and
obtained the first measurements of the planet's magnetospheric plasma (Bridge et al., 1981, 1982; Eviatar
et al., 1983; Frank et al., 1980; Lazarus & McNutt, 1983; Maurice et al., 1996; Richardson, 1986; Sittler
et al., 1983; Trainor et al., 1980; Wolfe et al., 1980). Thermal plasma density measurements from the two
Voyager flybys were used to constrain a diffusive transport model for the plasma using the force balance
equation (see equation 1 below) to track the plasma along a magnetic field line (Richardson, 1995;
Richardson, 1998; Richardson & Sittler, 1990). Different models for the distribution of water group neutrals
(Jurac et al., 2002; Richardson, 1998; Richardson et al., 1998) were combined with the diffusive plasma trans-
port model, and the resulting neutral and plasma density equations were solved iteratively to develop a
self‐consistent density model based on neutral‐plasma chemistry, resulting in density contour maps of the
neutrals and magnetospheric plasma components (Jurac & Richardson, 2005; Richardson, 1998;
Richardson et al., 1998; Richardson & Jurac, 2004).

On 30 June 2004, Cassini arrived at Saturn to begin a series of more than 290 orbits through Saturn's mag-
netosphere that would last more than 13 years. Among the fleet of instruments onboard the Cassini orbiter
that would provide in situ measurements in Saturn's inner magnetosphere were two instruments that would
measure thermal plasma parameters, plasma waves and dust particles. The Cassini Plasma Spectrometer
(CAPS) investigation provided measurements of plasma composition, and plasma parameters derived from
moments of the charged particle distributions (Coates et al., 2005; Young et al., 2004, 2005). The Cassini
Radio and Plasma Wave Science (RPWS) investigation, including a Langmuir probe, measured electric
and magnetic fields over a wide range of frequencies to study radio emissions, dust impacts, and plasma
waves and to derive thermal plasma parameters (Gurnett et al., 2004, 2005; Wahlund et al., 2005). Density
measurements from these instruments were used to derive density models from power‐law fits to the data
measurements that illustrated the radial distribution of the equatorial plasma in the inner magnetosphere
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for ions (Thomsen et al., 2010; Wilson et al., 2008, 2017) and electrons
(Morooka et al., 2009; Persoon et al., 2005, 2013; Schippers et al., 2008,
2013). Density measurements at higher latitudes led to density models
with exponential scale heights that illustrated the gradual roll‐off in the
density with increasing latitude for the electrons (Morooka et al., 2009;
Persoon et al., 2006) and the ions (Thomsen et al., 2010; Wilson
et al., 2008).

When sufficient density measurements became available at higher lati-
tudes, more complex plasma density models were developed for a
two‐species plasma. Using the field‐aligned force balance equations from
Maurice et al. (1997) and CAPS ion and electron input parameters, Sittler
et al. (2008) self‐consistently solved for the ion distribution along mag-
netic field lines and created contour plots of the heavy water group ions,
the light hydrogen ions, and the electrons out to 10 Saturn radii (RS).
Persoon et al. (2009) used RPWS electron density measurements and
plasma input parameters from CAPS and RPWS to develop a diffusive
equilibrium density model for a two‐species plasma, derived from the
magnetic field‐aligned force equation of Richardson and Sittler (1990). A
series of coordinate transformations, substitutions, and assumptions
resulted in a simplified analytical model that, like the Sittler et al. (2008)
model, produced a series of contour plots to describe the distribution of
the heavy water group ions, the light hydrogen ions, and the electrons
out to 10 RS. These two‐species plasma distribution models for Saturn's

inner magnetosphere focused on the inner magnetospheric plasma that has Enceladus as the primary
source. The objective of this study is to extend the diffusive equilibriummodel of Persoon et al. (2009) inward
to include the distribution of plasma that is generated through photoionization in the extended ring atmo-
sphere just beyond the outer boundary of the A ring (Gurnett et al., 2005; Persoon et al., 2015).

By 23 April 2017, Cassini had completed 272 orbits through Saturn's inner magnetosphere beyond the main
ring system. Cassini's RPWS instrument had obtained more than 661,000 electron density measurements.
The data range from L‐shells of 2.4 to 10 and extend up to ~30° in latitude, providing sufficient latitudinal
coverage to resolve the light ion component of the magnetospheric plasma. Figure 1 is a meridional plot
showing the spatial distribution of the RPWS electron density measurements from Saturn Orbit Insertion
(SOI) on 30 June to 1 July 2004 to the last measurements of the ring‐grazing orbits obtained on 19 April
2017. The black lines indicate electron densities derived from the upper hybrid resonance emissions
(Persoon et al., 2005) and the electron plasma oscillations (see discussion in section 8 below). The red lines
indicate electron densities derived by the Langmuir Probe (RPWS/LP) instrument (see discussion in section
8 below). The electron densities obtained during the ring‐grazing orbits, along with the densities obtained
near the outer boundary of the A ring during orbit insertion in 2004, make it possible to extend the diffusive
equilibriummodel inward to L = 2.4 to include the ring plasma. These density measurements will constrain
the fit of the diffusive equilibrium density model for a two‐species plasma in Saturn's inner magnetosphere
out to L = 10.

2. RPWS Measurements of the Electron Density in the Inner Magnetosphere
2.1. The Ring Plasma: Electron Density Measurements

When Cassini arrived at Saturn on 30 June 2004, RPWS found evidence of severely depleted electron densi-
ties over the main rings and an electron density peak, several orders of magnitude greater than the densities
measured over the rings, in the region beyond the outer edge of the A ring (Gurnett et al., 2005). The
enhanced electron densities in this region are the result of photodissociated water group neutrals from the
ring atmosphere that have been scattered into the extended ring atmosphere beyond the outer boundary
of the A ring and subsequently photoionized (Ip, 2005; Johnson et al., 2006; Persoon et al., 2015).

Cassini would not return to the region just beyond the A ring again until the ring‐grazing orbits began in
November 2016. The ring‐grazing orbits were a series of 20 highly inclined orbits (30 November 2016

Figure 1. A meridional plot showing the distribution of the RPWS electron
density measurements from Saturn Orbit Insertion (SOI) on 30 June 2004
until the end of the ring‐grazing orbits on 19 April 2017. Densities near the
Janus/Epimetheus ring, measured by the Langmuir Probe instrument
(RPWS/LP), are shown in red. The distribution of the density measurements
is plotted in the (ρ, z) plane where ρ is the distance from Saturn's spin axis
and z is the distance above/below Saturn's equatorial plane.
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through 22 April 2017) that passed from north to south through the ring
plane between 2.46 and 2.52 RS near periapsis. For these orbits, RPWS
obtained electron density measurements from electron plasma oscilla-
tions at the electron plasma frequency (fp). The electron density (ne) is
derived from the electron plasma frequency using the simple equation f p
¼ 9

ffiffiffiffiffi
ne

p
where fp is given in kilohertz and ne is in particles per cubic cen-

timeter. Figure 2a shows the high‐inclination, north to south (left to right)
spacecraft trajectory for the 90‐min time interval centered on the ring
plane crossing at 01:31 UT on 26 December 2016. Cassini passes through
the ring plane beyond the outer edge of the A ring, located at 2.27 RS.
Figure 2b is an electric field spectrogram for the same 90‐min period.
The electron plasma oscillations can be found at the higher latitudes
before and after the ring plane crossing. At low latitudes near the ring
plane, strong Bernstein modes and very intense dust impacts on the elec-
tric antennas (Ye et al., 2014) obscure the much weaker upper hybrid
emissions making it impossible to derive the electron density near the
equatorial plane.

In the high‐density regions, we use electron density measurements
derived from the Langmuir Probe (RPWS/LP) sweeps (Gustafsson &
Wahlund, 2010; Morooka et al., 2011). Because the sweep method is not
sensitive to low densities, only measurements ≥10 cm−3 have been used.
This constraint removes most, but not all, of the LP density measurements
in the low density regions at higher latitudes where the LP and RPWS den-
sity measurements diverge. The LP measurements provide all of the
low‐latitude densities, and the fp measurements from the electron plasma
oscillations provide the high‐latitude densities that will anchor the fit for
the diffusive equilibrium model in this innermost region of the magneto-
sphere (see section 5). Figure 2c is a plot of the electron densities derived
from the RPWSmeasurements of the electron plasma oscillations in panel
b and the RPWS/LP density measurements derived from the sweep
method. For this highly inclined orbit, the electron densities peak at
~70 cm−3 just north of the equatorial plane (Morooka et al., 2018).
Because the ring‐grazing orbits are nearly perpendicular to the equatorial
plane at periapsis (see Figure 1), the densities are plotted along the z axis,
parallel to Saturn's spin axis, in the equatorial coordinate system. The
average uncertainty in the RPWS electron density measurements for orbit
254 is 15%. The average uncertainty in the RPWS/LP electron density
measurements for orbit 254 is 10%.

Figure 3 shows the north‐to‐south distribution of all of the nearly 1800
electron density measurements from the ring‐grazing orbits. The LP elec-
tron densities (in red) show the expected strong density peak near the
equatorial plane (Morooka et al., 2018). A few LP density measurements
at higher latitudes have survived the ≥10‐cm−3 constraint on LP density

measurements derived from the sweep method. In the binning and averaging process used in this study,
these LP measurements are combined and averaged with the RPWS densities. All of the RPWS electron den-
sity data used in this study are available in the Planetary Data System. These archived data files contain nor-
malized density errors for each measurement. The average uncertainty in the RPWS electron density
measurements in Figure 3 is 15%. The LP density data have an average density uncertainty of 10%. A more
detailed discussion of the error analysis in the LP data is contained in Morooka et al. (2019).

The electron density measurements in Figure 3 show a consistent density roll‐off with increasing distance
from the equatorial plane and a strong orbit‐to‐orbit variability at all latitudes, with the largest variation evi-
dent at the lowest latitudes. Morooka et al. (2018) attribute the highly variable electron densities measured

Figure 2. RPWS observations near the Janus/Epimetheus ring during orbit
254 on 26 December 2016. The high‐inclination of the spacecraft trajectory
from north to south (left to right) is shown in panel a. Panel b is an electric
field spectrogram for the 00:45–02:15 UT time interval showing the electron
plasma oscillations that occur at higher latitudes before and after the ring
plane crossing at 01:31 UT. Panel c is an electron density profile plot of the
RPWS high‐latitude electron densities (in black), derived from the electron
plasma oscillations for the same 90‐minute time interval, and the RPWS/LP
low‐latitude electron densities (in red) derived using the Langmuir probe
sweep method.
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during the ring‐grazing orbits to changes in the size and distribution of the
dust particles in this equatorial region that contains the dusty
Janus/Epimetheus and F rings. Dust grains in the Enceladus plume
region had been previously associated with the absorption of thermal elec-
trons (Farrell et al., 2009; Morooka et al., 2011) and have now been shown
to affect the distribution of electrons near the faint and dusty inner rings
just outside the main ring system (Johnson et al., 2017; Morooka
et al., 2018).

2.2. The Enceladus Plasma: Electron Density Measurements

With the exception of the ring‐grazing orbits, all of the RPWS electron
densities used in this study were derived from the upper hybrid resonance

emissions which peak at the upper hybrid resonance frequency, f UH

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
f 2c þ f 2p

q
, where fc is the electron cyclotron frequency and f p ¼ 9

ffiffiffiffiffi
ne

p

is the electron plasma frequency (in kilohertz) as a function of the electron
density ne in particles per cubic centimeter. The upper hybrid resonance
emissions are visible on nearly every Cassini orbit out to L = 10 and up
to latitudes of ~30°. Unlike the ring plasma, which is subject to seasonal
variations (Elrod et al., 2014; Persoon et al., 2015) and strong dust absorp-
tion effects (Morooka et al., 2018; Ye et al., 2014), the Enceladus plasma,
especially outside 5 RS, shows much less variability from orbit to orbit

(Persoon et al., 2005, 2013, 2015). Orbit‐to‐orbit variations in the plasma distribution due to strong dust
absorption effects are a significant factor in the vicinity of the plume. However, there are few RPWS density
measurements in the plume region due to the dust impacts on the electric antennas, which obscure the
upper hybrid resonance emissions (Ye et al., 2014).

3. The Diffusive Equilibrium Model

The terms in the magnetic field‐aligned force equation describe the forces
acting on a charged particle constrained to move along a magnetic field
line in a rapidly corotating magnetosphere (Richardson & Sittler, 1990):

∂P∥i

∂s
¼ P∥i− P⊥i

� � 1
B
∂B
∂s

þ nimi
∂
∂s

1
2
Ω2ρ2

� �

þ ni
∂
∂s

GMSmi

r

� �
−niqi

∂Φ
∂s

: (1)

The term on the left side of this equation is the parallel pressure gradient
force where s is the distance along the field line and P∥ is the parallel pres-
sure. The terms on the right side of the equation represent the magnetic
mirror force, the centrifugal force, the gravitational force, and the ambipo-
lar force, respectively, where P⊥ is the perpendicular pressure, B is the
magnetic field strength, ni and mi are the particle density and mass, Ω is
the plasma rotation rate, ρ is the distance from Saturn's spin axis, G is
the gravitational constant,MS is the mass of Saturn, r is the radial distance
from the center of Saturn, qi is the particle charge, and Φ is the electro-
static potential. Saturn's corotating magnetosphere results in a strong cen-
trifugal force that dominates over the planet's gravitational pull on all
charged particles beyond the synchronous point at 1.86 RS.

The equations for the density of the heavy water group ions (W+), the light
hydrogen ions (H+), and the electrons are derived from equation 1, assum-
ing charge neutrality:

Figure 3. The north‐south distribution of the RPWS electron density mea-
surements (in black) and the RPWS/LP electron density measurements (in
red) for all of the ring‐grazing orbits. The densities are plotted along the z
axis, parallel to Saturn's spin axis.

Figure 4. A plot of the RPWS electron temperatures obtained from the
quasi‐thermal noise spectroscopy (QTN) method (in blue) and the RPWS/
LP sweep method (in black) as a function of L‐shell. The temperature mea-
surements have been averaged in L‐shell bins of 0.4 RS (red circles) and
smoothed with a sliding average of 0.2 RS. The error bars represent one
standard deviation of the averaged temperatures.
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nWþ ¼ neqWþexp −AWþ þ ln
1

cos6λ
1þ 3sin2λ
� �1=2� �

−
1
3

L2

H2
Wþ

1− cos6λ
� �þ α

L
tan2λ
H2

Wþ
−

βWþ

H2
Wþ

Φ

" #
; (2)

nHþ ¼ neqHþexp −AHþ þ ln
1

cos6λ
1þ 3sin2λ
� �1=2� �

−
1
3

L2

H2
Hþ

1− cos6λ
� �þ α

L
tan2λ
H2

Hþ
−

βHþ

H2
Hþ

Φ

" #
; (3)

ne ¼ neqWþ þ neqHþ
	 


exp
Φ
We

� �
: (4)

In these equations, L and λ refer to L‐shell and latitude. α, βWþ , and βHþ are constants used to simplify the
gravitation and ambipolar terms and are defined in the Appendix of Persoon et al. (2009). The isotropic elec-
tron temperature We and the ion temperature anisotropies, Ai = (T⊥/T∥)i, are provided by the CAPS and
RPWS instruments (see discussion in the following section) as inputs to the diffusive equilibrium model.
The best fit of the diffusive equilibriummodel to the electron density measurements gives the ion equatorial
densities, neqWþ and neqHþ , and the ion scale heights, HWþ and HHþ . The electrostatic potential Φ is

Table 1
Plasma Parameters Used in the Model

L‐shell Electron temperatures (eV) W+ ion anisotropies H+ ion anisotropies

2.4 1.245 3.0 1.5
2.6 1.238 3.0 1.5
2.8 1.132 3.0 1.5
3.0 1.191 3.0 1.5
3.2 1.369 3.0 1.5
3.4 1.498 3.0 1.5
3.6 1.557 3.0 1.5
3.8 1.639 3.0 1.5
4.0 1.913 3.0 1.5
4.2 2.199 2.973 1.517
4.4 2.462 2.980 1.493
4.6 2.594 3.082 1.660
4.8 2.624 3.123 1.756
5.0 2.634 2.980 1.642
5.2 2.657 2.838 1.528
5.4 2.511 2.646 1.461
5.6 2.429 2.437 1.410
5.8 2.484 2.285 1.390
6.0 2.365 2.303 1.462
6.2 2.193 2.320 1.534
6.4 2.152 2.263 1.569
6.6 2.112 2.182 1.590
6.8 2.091 2.079 1.616
7.0 2.024 1.908 1.653
7.2 2.043 1.736 1.691
7.4 2.044 1.698 1.675
7.6 2.021 1.705 1.642
7.8 1.996 1.694 1.625
8.0 2.004 1.635 1.658
8.2 2.086 1.575 1.691
8.4 1.957 1.545 1.698
8.6 1.779 1.524 1.696
8.8 1.617 1.510 1.706
9.0 1.534 1.515 1.751
9.2 1.533 1.521 1.796
9.4 1.5 1.481 1.802
9.6 1.5 1.426 1.795
9.8 1.5 1.366 1.783
10.0 1.5 1.293 1.758
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numerically solved at each point along the integration path, the magnetic
field line, using the charge neutrality condition, ne ¼ nWþ þ nHþ , and
equation 4. The density is solved for each charged particle species along
the magnetic field lines, and density contour maps will be presented to
show the distribution of each species in Saturn's inner magnetosphere.
The full derivation of equations 2–4 can be found in the Appendix of
Persoon et al. (2009).

4. Inputs to the Model: Electron Temperature and
Ion Anisotropies

In the diffusive equilibrium model, eight L‐dependent parameters control
the electron density: the ion equatorial densities, the ion scale heights, the
electrostatic potentials, the electron temperature, and the ion anisotro-
pies. The electron temperature and the ion anisotropies are directly mea-
sured by the RPWS and CAPS instruments. The electron temperatures are
measured by the RPWS using the quasi‐thermal noise (QTN) spectroscopy
method (Moncuquet et al., 2005; Schippers et al., 2013) and by the
RPWS/LP instrument using the sweep method (Gustafsson &
Wahlund, 2010; Wahlund et al., 2005). Figure 4 shows a plot of the elec-
tron temperatures obtained using these two methods. The QTN electron
temperatures (shown in blue) are available at Planetary Data System
and online (http://www.lesia.obspm.fr/kronos/data/qtn/data/). The LP
electron temperatures (shown in black) are available in the Planetary
Data System. Both methods show a similar L‐shell dependence. The elec-

tron temperature increases out to ~L = 5. Beyond L = 5, the temperatures reach a steady plateau out to
~L = 8. This pattern is also evident in Schippers et al. (2013) and in Livi et al. (2014). The drop in the electron
temperature beyond ~L = 8.5 is consistent with the temperature drop observed by Schippers et al. (2008)
near the outer edge of Saturn's neutral OH cloud.

The LP and QTN temperature data have been averaged in L‐shell bins of 0.4 RS (the red circles in Figure 4)
and smoothed with a sliding average in increments of 0.2 RS. The electron temperatures are constrained only
by the requirement that the number of temperature measurements in each averaging bin must exceed 25
data points. The averaging bins too sparsely populated to provide reliable results were not included in this
study. The LP data have been further constrained to data derived when the electron density exceeds
10 cm−3, since the sweep method can reliably derive the densities and temperatures only in the
high‐density region of Saturn's magnetosphere. Electron temperatures are not available beyond L = 9.2.
For this study, we duplicate the averaged QTN electron temperature at L= 9.2 RS for the higher L‐shell bins.
The averaged electron temperatures used in this study are listed in Table 1. In this table, the L‐shell in the
first column represents the center of each 0.4 RS averaging bin.

The ion anisotropies used in this study, defined as T⊥/T∥, are obtained from a 3‐D forward model fit to the
CAPS W+ and H+ ion species data, assuming a Maxwellian distribution and restricting the analysis to data
within 10° of the equatorial plane. The ion data were acquired over a 9‐year period from the arrival of Cassini
at Saturn in 2004 until 2012 when the CAPS instrument was turned off. The 3‐D forward model fit is
described in detail by Wilson et al. (2017). The plasma parameters of the forward model fitting for both
the “good data” and the “bad data” (terms ae explained in Wilson et al., 2017) are available in Wilson
et al. (2017) for an L‐shell range of 5.5 ≤ L ≤ 30. For this study, the anisotropies were derived from the “good
data” and a median value was determined for each 0.5 RS bin. These median values are plotted as a function
of radial distance in Figure 5 and are listed in Table S2 in the supporting information for the L‐shell range of
this study.

Anisotropy values inside 5.5 RS are derived using the same forward model fits to the data with a cautionary
note. In the region inside 5 RS, the presence of pickup ions (Tokar et al., 2008), associated ion cyclotron
waves (Leisner et al., 2006) and penetrating background radiation, can result in elevated perpendicular tem-
peratures and, subsequently, elevated ion anisotropies with higher uncertainties. These values should be

Figure 5. A plot of the CAPS ion anisotropies for the water group ions (in
blue) and the hydrogen ions (in red). The median anisotropy values are
plotted in 0.5 RS bins from 3.75 to 10.25 RS. The error bars illustrate the
range between the 25% and 75% quartiles (see the Supporting Information).
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considered as upper limits on the ion anisotropies. The ion anisotropies for the 0.2 RS averaging bins in this
study are obtained by interpolating between the median CAPS values. These anisotropies are listed in
Table 1 for 39 averaging bins, where the L‐shell in the first column represents the center of each 0.4 RS

averaging bin. Inside 3.75 RS, no CAPS ion anisotropies are available.

For this study, we used two approaches to the problem of assigning ion anisotropies to the lowest L‐shell
bins. For the “low‐anisotropy” approach, we duplicate the interpolated anisotropy value at 4.2 RS for
L‐shell bins less than 4.2 RS, avoiding the high anisotropy values with the high uncertainties at 3.8 RS. For

Figure 6. The diffusive equilibriummodel is a best fit in four‐parameter space. This figure shows the fitting process for the
averaging bin centered on L = 3.4 ± 0.2RS. Panel a shows the local minimum (white circle) in chi‐square for the water
group ion equatorial density (vertical scale) as a function of the scale height (horizontal scale). Panel b shows the local
minimum in chi‐square for the hydrogen ion equatorial density and the scale height. In both panels, there are dark regions
surrounding the white circles which indicate the range of parameters that will provide the best fit of the model to the
distribution of the density measurements in the L = 3.4 averaging bin. Panel c shows the fit of the diffusive equilibrium
model to the measured electron densities, averaged over 0.4 RS and one‐degree of latitude for the L = 3.4 averaging bin
(shown as black circles). The error bars represent one standard deviation of the averaged densities. The black lines show
the solutions to the water group and hydrogen ion density equations 2 and 3. The solution for the electron density (red
line) is obtained from the charge neutrality condition. Panel d is a plot of the electrostatic potentials for L= 3.4, which have
been numerically solved at each point along the magnetic field line for 0 ≤ λ ≤ 35 degrees.
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the “high‐anisotropy” approach, we duplicate the interpolated anisotropy value at 3.8 RS for L‐shell bins less
than 3.8 RS. The low ion anisotropy values, used in this study, are listed in Table 1. A discussion of the high
anisotropy approach can be found in the supporting information.

5. Derivation of Ion Equatorial Densities and Ion Scale Heights From the
Diffusive Equilibrium Model

The diffusive equilibrium model is derived from a best chi‐square fit in four‐parameter space

neqWþ ; neqHþ ;HWþ ; and HHþ
� �

. The fitting process is illustrated in Figure 6 for the averaging bin centered

on L = 3.4 ± 0.2 RS. To fit the diffusive equilibrium density model to the measured RPWS electron densities,
the density measurements are averaged in bins of 0.4 RS and one‐degree of latitude. Figure 6c shows the nat-
ural log of the averaged electron densities (ℓn(ne)), plotted as black circles, as a function of (1− cos6λ) for the
L = 3.4 bin. The corresponding electron densities and latitudes are shown on the right vertical axis and the
top axis, respectively. The solution to the charge neutrality condition,ne ¼ nWþ þ nHþ, is shown as a red line
and represents the model fit to the measured densities. Using the right vertical axis, the black curved lines in
panel c represent the density solutions to equation 2 for the water group ions and equation 3 for the

Table 2
Plasma Parameters Derived from the Model

L‐shell W+ equatorial density H+ equatorial density W+ scale height W+ scale height

2.4 33.48 6.55 0.11 2.95
2.6 28.60 0.40 0.33 2.85
2.8 24.67 0.60 0.42 1.60
3.0 34.42 1.86 0.16 1.85
3.2 35.70 0.46 0.17 1.52
3.4 40.18 0.52 0.22 2.25
3.6 49.68 0.55 0.37 2.10
3.8 43.17 4.83 0.29 1.10
4.0 44.67 5.11 0.39 1.34
4.2 48.95 8.54 0.34 2.08
4.4 52.40 12.01 0.34 4.72
4.6 55.30 12.90 0.37 2.97
4.8 55.91 12.97 0.43 3.22
5.0 50.71 8.11 0.57 2.57
5.2 40.03 6.42 0.79 2.60
5.4 34.65 5.65 1.02 2.20
5.6 33.55 8.59 0.79 2.78
5.8 26.86 9.14 0.75 3.18
6.0 23.51 8.27 0.84 3.13
6.2 17.79 7.77 1.05 3.42
6.4 18.34 6.47 1.14 2.41
6.6 15.80 6.02 1.33 3.81
6.8 12.77 6.85 1.24 5.03
7.0 10.54 7.49 1.02 6.17
7.2 8.27 7.53 0.82 6.89
7.4 5.99 6.60 1.07 7.03
7.6 6.46 5.52 1.17 10.00
7.8 7.20 4.45 1.03 7.72
8.0 7.61 4.07 0.96 8.10
8.2 4.85 4.22 1.15 6.64
8.4 3.66 3.86 1.44 6.12
8.6 2.90 3.66 0.86 4.28
8.8 2.45 3.10 1.21 4.15
9.0 2.26 3.39 1.10 3.35
9.2 2.08 3.04 0.95 3.59
9.4 2.37 2.62 0.99 3.95
9.6 2.06 3.15 0.73 3.34
9.8 2.15 2.26 0.91 4.03
10.0 1.73 2.21 1.10 3.21
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hydrogen ions. The dominant water group ions constrain the fit at the
lower latitude end of the density distribution and the hydrogen ions con-
strain the fit at the higher latitude end.

Figure 6a shows the local minimum (white circle) in chi‐square for the
water group ion equatorial density (vertical axis) as a function of the scale
height (horizontal axis). Figure 6b shows the local minimum in chi‐square
for the hydrogen ion equatorial density and the scale height. The white
circles in these two upper panels represent the best fit solution of the den-
sity model to the measured electron densities in panel c. These circles are
bounded by dark regions, the local minimum in chi‐square that is repre-
sented by the color bar. The model fit shown in Figure 6c is a good fit to
the data. For this L = 3.4 bin, the model fit to the measured electron den-
sities gives neqWþ ¼ 40:18 cm−3,neqHþ ¼ 0:52 cm−3,HWþ ¼ 0:22, andHHþ

¼ 2:25. These ion parameters as well as the electron temperature (We) and
the ion anisotropies AWþand AHþð Þ, are listed in the upper corner of panel
c in Figure 6.

In addition to the equatorial ion densities and ion scale heights that are
derived from the diffusive equilibrium density model, the electrostatic
potential is numerically solved at each point along the magnetic field line,
using the charge neutrality condition, ne ¼ nWþ þ nHþ , and equation 4.
Figure 6d is a plot of the electrostatic potential along the L = 3.4 field line
from equatorial latitudes to λ = 35°, the highest latitude evaluated in the
diffusive equilibrium model. Values for the electrostatic potential along
each of the 39 field lines in this density model are listed in Table S1 in
the supporting information.

The diffusive equilibriummodel is fit to the averaged RPWS electron den-
sity measurements in 0.2 RS increments over the 2.4 ≤ L ≤ 10 range of
L‐shell values. Each of these 39 model fits yields best values for the ion
equatorial densities and the ion scale heights, which are listed in
Table 2. In this table, the L‐shell in the first column represents the center
of each 0.4 RS averaging bin. The distribution of the equatorial densities
with distance from Saturn is shown in Figure 7 for the water group ions
(panel a) and the hydrogen ions (panel b). The modeledW+ ion densities
are comparable to the CAPS densities over the same L‐shell range, but the
modeledH+ ion densities are roughly two times higher than the CAPSH+

densities (Wilson et al., 2017). The density of both ion species peaks at ~2.4
RS in agreement with electron density measurements in the extended ring
ionosphere (Gurnett et al., 2005; Persoon et al., 2015) and at ~4.5 RS, in
agreement with the Enceladus electron density peak (Livi et al., 2014;
Persoon et al., 2009, 2013). The weak density peaks in the H+ density pro-
file centered on L = 5.8 and L = 7.0, just beyond the orbits of Tethys and
Dione, are also observed in the earlier diffusive equilibrium model of the
H+ densities at L = 7 (Persoon et al., 2009) and in the RPWS/LP ion den-
sity measurements at the orbit of Tethys (Holmberg et al., 2012). The weak
density peaks occur in the same magnetospheric region as the broad peak
in the total ion flux tube content, calculated from CAPS measurements,
near Dione's L‐shell at ~6.3 RS (Sittler et al., 2008). Pioneer density mea-
surements of the oxygen ions showed strong density peaks at the orbits
of both moons (Frank et al., 1980). Burch et al. (2007) suggest that plasma
sources may be associated with Tethys and Dione, possibly by sputtering
off the moons' icy surfaces. Evidence for a sputtering‐induced atmosphere
at Dione is presented by Simon et al. (2011) and Teolis and Waite (2016).

Figure 7. Aplot of the equatorial densities for the water group ions (panel a)
and hydrogen ions (panel b), obtained from the best fit of the diffusive
equilibrium density model to the measured electron densities. The densities
of both ion species exhibit density peaks at L = 2.4 in the extended ring
ionosphere and broad density peaks just beyond the orbit of Enceladus.
Smaller ion density peaks are observed at L = 5.8 and L = 7.0.

Figure 8. A plot of the ion scale heights for the water group ions (in blue)
and the hydrogen ions (in red) derived from the best fit of the diffusive
equilibrium density model to the measured electron densities. The scale
heights for both species increase with increasing L value. The best fit lines
through the scale height distributions show an L‐shell dependence of 1.4 for
the water group ions and 0.9 for the hydrogen ions.
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Figure 8 shows the ion scale heights derived from the diffusive equili-
brium model fit to the RPWS electron density measurements.
Although they are highly variable, the ion scale heights for both spe-
cies expand with increasing L value. Consistent with the confinement
of the heavier ions near the equatorial plane, the scale height for the
water group ions is a half order of magnitude lower than the hydrogen
ion scale height at higher L‐shell values, increasing to an order of mag-
nitude lower than the hydrogen ion scale height at L = 2.4, and shows
a similar radial dependence to the water group ion scale heights in
Thomsen et al. (2010) and Wilson et al. (2017) over corresponding
L‐shell ranges. The water group ion scale heights vary from HWþ

¼ 0:11 at L = 2.4 to HWþ ¼ 1:1 at L = 10. The hydrogen ion scale
heights vary from HHþ ¼ 2:95 at L = 2.4 to HHþ ¼ 3:21 at L = 10.
The best fit lines through the ion scale height distributions over the
range of L‐shell values show an L‐shell dependence of 1.4 for the water
group ions, similar to the results in the earlier density model derived
from the magnetic field‐aligned force equation (Persoon et al., 2009).
The hydrogen ion scale heights are highly variable and show an
L‐shell dependence of 0.9, lower than the L‐shell dependence of 1.4
in the earlier model for L ≥ 3.6(Persoon et al., 2009).

Since the dimensionless scale height is a function of the ion temperature
(Persoon et al., 2009), the color‐coded ion temperatures corresponding
to the water group and hydrogen ion scale heights are displayed on the
right vertical axis in Figure 8. The best fit for the water group ion tempera-

tures (blue line) ranges from 0.4 to 80 eV over the range of L‐shell values and for the hydrogen ion tempera-
tures (red line) from 5 to 45 eV. At L= 10 RS, both of the ion temperatures are similar, as expected. Although
there is considerable scatter in the ion temperatures, the range of water group ion temperatures is consistent
with the CAPS water group ion temperatures in Wilson et al. (2008) but varies from the CAPS ion tempera-

tures in Thomsen et al. (2010) and Wilson et al. (2017) by ±50% over a
comparable range of L‐shell values. The range of hydrogen ion tempera-
tures is a factor of two higher than the CAPS hydrogen ion temperatures
(Thomsen et al., 2010; Wilson et al., 2008, 2017).

The process of fitting the diffusive equilibrium model to the electron den-
sity measurements, demonstrated in Figure 6, illustrates the strengths and
the difficulties in deriving the four plasma parameters shown in Figures 7
and 8. In Figure 6a, the dark oval region defines the local minimum for
the data fit. Both the equatorial density and the scale height for the water
group ions are well constrained within this oval. In Figure 6b, the equator-
ial density for the hydrogen ions is constrained inside the dark blue
region. However, the hydrogen scale height is not well constrained. The
best fit of the model for the other three plasma parameters is used to con-
strain the range of the H+ scale height parameter. These features in the
model fit are typical of most of the 39 averaging bins. The equatorial den-
sities and scale heights for the water group ions are well constrained
inside L = 9. These two parameters are poorly constrained for L ≥ 9.
This is attributed to the sparsely populated density bins at higher
L‐shells. Fewer available density measurements at higher latitudes result
in H+ equatorial densities that are not as well constrained inside L = 4
and contribute to the wide scatter in the H+ equatorial densities at
lower L‐shells in Figure 7b. The hydrogen scale height is not well constrai-
ned for the majority of the averaging bins. This is evidenced by the
wide scatter and lower L‐shell dependence of the H+ scale heights
in Figure 8.

Figure 9. A meridional density contour plot for the water group ions con-
structed from the diffusive equilibrium model for Saturn's inner magneto-
sphere. The contour plot assumes mirror symmetry about the equatorial
plane and azimuthal symmetry about Saturn's spin axis. The contour plot for
the water group ions shows a density peak exceeding 30 cm−3 in the
extended ring atmosphere and a broad density peak exceeding 50 cm−3 just
beyond the Enceladus orbit at L = 4.

Figure 10. A meridional density contour plot for the hydrogen ions con-
structed from the diffusive equilibrium model for Saturn's inner magneto-
sphere. The contour plot illustrates the expansion of the hydrogen ions away
from the equatorial plane under the influence of a strong ambipolar force
with a strong density peak exceeding 5 cm−3 in the extended ring atmo-
sphere and a strong density peak exceeding 10 cm−3 just beyond the
Enceladus orbit at L = 4. Smaller ion density peaks and weaker plasma
expansion are observed at L = 5.8 and L = 7.0.
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6. Density Contour Plots

Meridional density contour plots have been constructed for the two ion
species and the electrons to illustrate the plasma distribution in Saturn's
inner magnetosphere. These contour plots are created assuming mirror
symmetry about the equatorial plane and azimuthal symmetry about
Saturn's spin axis. A three‐point sliding average was used to create
smoother representations of the ion equatorial densities (neqi) and the
ion scale heights (Hi) in Figures 7 and 8 as functions of the L‐value.
These smoothed values are then used in the model fit to iteratively solve
for the electrostatic potential (Φ) as a function of L for each L‐shell bin.
The electrostatic potentials are listed in Table S1 in the supporting infor-
mation. By inserting electron temperatures and ion anisotropies from
Table 1 and making the appropriate substitutions for latitude (λ) and L
value, all of the variables are now available to solve equations 2, 3, and
4 and to compute the plasma density at any point (ρ, z) in the
meridian plane.

The density contours for the water group ions in the meridian plane are
shown in Figure 9. The contourmap clearly supports the accepted hypoth-
esis that Enceladus is the primary plasma source in Saturn's inner magne-
tosphere. The water group ion density exceeds 50 cm−3 between L= 4 and
L= 5, consistent with the electron density measurements, which track the
dominant water group ion densities near the equator and peak at 70 cm−3

at ~4.5 RS (Persoon et al., 2009, 2013). The addition of data from the
ring‐grazing orbits made it possible to extend the density model inward

to L= 2.4 and identify a second plasma source, the extended ring atmosphere. A second water group ion den-
sity peak, where the ion density exceeds 30 cm−3, occurs at L= 2.4, where the averaged electron density mea-
surements obtained during SOI and the ring‐grazing orbits are in excess of 30 cm−3. Consistent with earlier
observations (Sittler et al., 2008; Thomsen et al., 2010; Young et al., 2005), the dominant water group ions are
centrifugally confined within 1–2 Saturn radii of the equatorial plane in Saturn's inner magnetosphere.

Figure 11. A meridional density contour plot for the electrons constructed
from the diffusive equilibrium model for Saturn's inner magnetosphere.
As in the water group ion density contour plot in Figure 9, the electron
distribution shows similar density peaks near the equatorial plane at L = 2.4
and just beyond L = 4. A comparison with the hydrogen ion density contour
plot in Figure 10 shows a similar expansion of the electrons along field
lines connecting to these peak density regions.

Figure 12. A comparison of the modeled equatorial electron densities and the measured electron densities. Panel a shows
the RPWS and RPWS/LP electron density measurements within 0.05 RS of the equatorial plane from 30 June 2004 until 19
April 2017. Panel b shows these density measurements averaged in L‐shell bins of 0.4 RS and smoothed with a sliding
average in increments of 0.2 RS (black circles). The error bars represent one standard deviation of the averaged densities.
The modeled electron densities for the same averaging bins (red stars) have been derived from the charge neutrality
condition using the ion equatorial densities obtained from the fit of the diffusive equilibrium density model (Table 2).
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The density contours for the hydrogen ions are shown in Figure 10. As in earlier density models (Persoon
et al., 2009; Sittler et al., 2008), these lighter ions are clearly expanding along the field lines away from the
equatorial plane under the influence of a strong ambipolar force, with a stronger plasma expansion along
field lines associated with the density peak of the Enceladus plasma between L = 4 and L = 5. This density
model is the first to show a strong expansion of the light hydrogen ions and the electrons (in the next figure)
along the L = 2.4 and adjacent field lines that connect to the plasma density peak in the extended ring iono-
sphere observed in Figure 9. A weaker light ion density peak can be seen centered at ~L = 5.8 between the
orbits of Tethys (L = 4.9) and Dione (L = 6.3) and at ~L=7 with a weaker expansion along connecting field
lines, consistent with the hydrogen ion density peaks in Figure 7.

The features observed in the ion density contour plots are also seen in the electron density contour map in
Figure 11. There is a strong peak in the electron density associated with the Enceladus source where the elec-
tron density exceeds 50 cm−3 and a strong but secondary peak in the electron density associated with the
plasma source in the extended ring atmosphere where the electron density exceeds 30 cm−3. There is also
strong and consistent evidence for electron expansion along field lines connecting to these peak density
regions. Evidence for weaker electron expansion to higher latitudes at L = 5.8 between the orbits of
Tethys and Dione is similar to the weak expansion of the light ions along the same field lines in Figure 10.

Complete tables of all (n, ρ, and z) data points that were used to construct the density contour maps in
Figures 9–11 are available in the Zenodo website (https://zenodo.org/10.5281/zenodo.3583302).

7. Electron Density Measurements and the Diffusive Equilibrium Model

Meridional density contour plots for ions and electrons have been constructed from plasma parameters that
have been smoothed through binning and sliding averages to illustrate the trends in the magnetospheric
plasma distribution. At this point, we can look at how the modeled plasma distribution compares with
the measured electron densities. Figure 12 compares the measured and modeled equatorial electron densi-
ties. Panel a shows the radial dependence of the RPWS and LP electron density measurements within 0.05 RS

of the equatorial plane over an L‐shell range of 2.4 ≤ L ≤ 10.0 from 30 June 2004 until 19 April 2017. The
outward diffusion of the electrons under a strong centrifugal force is evident beyond 5 RS. But inside 5 RS,
the highly variable density measurements are a mixture of plasma diffusing inward from the Enceladus
source and plasma diffusing outward from the extended ring atmosphere. These density measurements have
been averaged in L‐shell bins of 0.4 RS (the black circles in panel b) and smoothed with a sliding average in
increments of 0.2 RS. The error bars in this figure represent one standard deviation of the averaged densities.

Figure 13. Meridional plot of the measured RPWS and RPWS/LP electron density measurements (panel a) and the mer-
idional contourmap of the electron densities from the diffusive equilibriummodel (panel b), also shown in Figure 11. Both
plots show equatorial density peaks at L = 2.4 and in the region surrounding Enceladus. And both plots show plasma
expansion along the field lines mapping to the Janus/Epimetheus ring, although the modeled densities tend to be up to a
half order of magnitude lower than the measured densities at higher latitudes.
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The modeled equatorial electron densities in panel b have been derived from the charge neutrality condition
using the ion equatorial densities in Table 2 and plotted as red stars for the same L‐shell bins. These modeled
electron densities closely track the averaged density measurements beyond 5 RS and remain within the error
bars inside 5 RS. The modeled densities inside 5 RS can be increased with substantial increases in the ion ani-
sotropies, but these increases cannot be reasonably validated with any currently existing data.

Figure 13 compares the distribution of the measured and modeled electrons in the inner magnetosphere.
Panel a provides a meridional view of all of the RPWS electron density measurements averaged in 0.2 RS bins
in (ρ, z) space. The electron densities are color coded using the same color bar as the electron density contour
map (from Figure 11) in panel b. Beyond L = 4, the modeled densities correlate well with the density mea-
surements. But as noted in the right panel of Figure 12, the modeled electron densities, especially inside 3 RS,
tend to be lower than the measured densities. Both plots show equatorial density peaks at L = 2.4 and in the
region surrounding Enceladus at L = 4 and both plots show plasma expansion along the field lines mapping
to the Janus/Epimetheus ring. However, the modeled densities tend to be up to a half order of magnitude
lower than the measured densities at higher latitudes inside L = 3. The map of the RPWS measured electron
densities shows a strong signature for plasma expansion to higher latitudes along field lines mapping to the
extended ring atmosphere at 2.4 RS just beyond the outer boundary of the main rings.

8. Summary

The diffusive equilibrium density model maps the distribution of the thermal plasma in Saturn's inner mag-
netosphere. The density contour maps are derived from model fits to electron densities that have been
summed over solar cycle and seasonal variations of the plasma inside the Enceladus orbit (Elrod
et al., 2012, 2014; Persoon et al., 2015), local time variations (Morooka et al., 2009) and longitudinal varia-
tions both inside 5 RS (Gurnett et al., 2007) and beyond 7 RS (Morooka et al., 2009). For the plasma beyond
the Enceladus orbit, the electron densities have been summed and averaged over 13 years of the Cassini mis-
sion, minimizing these density variations and providing a map of the general trend in the plasma distribu-
tion. However, at lower L‐shells, many of the electron density measurements were obtained from a more
limited number of orbits over a narrower range of time and latitude (see Figure 1). Most importantly, the
ring‐grazing orbits provided the densities for the lowest L‐shell bins in this study. These density measure-
ments were obtained between November 2016 and April 2017, as Saturn was approaching the northern sum-
mer solstice when the electron densities at the lowest L‐shells are expected to peak (Persoon et al., 2015).

There are several simplifying assumptions used in deriving the diffusive equilibrium model. The electron
temperatures, assumed to be constant along the field lines, are known to have day/night asymmetries
(Thomsen et al., 2012), as well as latitudinal variations (Gustafsson &Wahlund, 2010). The ion anisotropies
are derived from equatorial ion parameters and are also assumed to be constant with latitude. At this point,
there is not enough data to confirm this assumption. The larger problem with the ion anisotropies is the
uncertainty in the region inside L = 5, where pickup ions and penetrating background radiation can result
in elevated anisotropies, and the lack of any CAPS measurements during the final year of the mission when
Cassini explored Saturn's magnetosphere just beyond the main rings.

The most problematic of the simplifying assumptions for the diffusive equilibrium model is the central
assumption of charge neutrality. Strong dust‐plasma coupling exists throughout the E ring but significantly
voids the charge neutrality condition in the vicinity of the Enceladus plume at 3.95 RS (Morooka et al., 2011)
and in the vicinity of the Janus/Epimetheus ring at ~2.5 RS (Morooka et al., 2018). There are few RPWS elec-
tron density measurements available inside the Enceladus plume region, because dust impacts on the elec-
tric antennas obscure the upper hybrid resonance emissions from which the electron densities are derived.
However, the ring‐grazing orbits carried Cassini through the dusty Janus/Epimetheus rings. At equatorial
latitudes, large differences between the electron and ion densities were attributed to electron absorption
by the dust particles (Morooka et al., 2018). A future diffusive equilibrium density model might include
an adjustment to the charge neutrality condition in the dense dusty regions.

The diffusive equilibrium density model provides a valuable global map of the plasma distribution in
Saturn's inner magnetosphere and hints at plasma processes requiring further study. The small but signifi-
cant H+ density increases in the Tethys/Dione region suggest that additional plasma may be created in this

10.1029/2019JA027545Journal of Geophysical Research: Space Physics

PERSOON ET AL. 13 of 15



region. The model provides stronger evidence for the expansion of plasma along the magnetic field lines that
map to the extended ring atmosphere and to the region just beyond the Enceladus orbit where the Enceladus
plasma density peaks. In the extended ring ionosphere, the elevated densities at higher latitudes could also
indicate that plasma is moving into this region from a third plasma source in Saturn's ionosphere.
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