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Abstract When the Voyager 1 and 2 spacecraft flew through the Jovian system in March and July 1979,
the Plasma Science instruments measured ions and electrons in the Io plasma torus and plasma sheet
between 4.9 and 42 RJ. The dominant ions in the Jovian magnetosphere comprise the first few ionization
states of atomic sulfur and oxygen. We present here an analysis of minor ion species H+, Na+, and SO2

+.
Protons are 1–20% of the plasma between 5 and 30 RJ with variable temperatures ranging by a factor of 10
warmer or colder than the heavy ions. We suggest that these protons, measured deep inside the
magnetosphere, are consistent with a source from the ionosphere of ~1.5–7.5 × 1027 protons s�1 (2.5–13 kg/s).
Na+ ions are detected between 5 and 40 RJ at an abundance of 1 to 10%, produced by the ionization of the
extended neutral cloud emanating from Io that has been observed since 1974. SO2

+ ions are detected
between 5.31 and 5.07 RJ at an abundance of 0.1–0.6%. These ions clearly come from the plasma interaction
with Io’s atmosphere, but the exact processes whereby atmospheric molecules escape Io and end up as ions
well inside Io’s orbit are not clear.

1. Introduction

In a series of three companion papers we present a reanalysis of Voyager 1 and 2 Plasma Science (PLS) data
obtained at Jupiter in March and July 1979, respectively. In Bagenal et al. [2017], hereafter called Paper 1, we
summarize the data and our analysis technique. In Dougherty et al. [2017], hereafter called Paper 2, we pre-
sent the ion composition found in different regions of the Jovian plasma disk. In this third paper we discuss
the distribution of protons (H+) and other minor ion species (Na+ and SO2

+).

Paper 1 includes figures illustrating the trajectories of the Voyager spacecraft through the Jovian system. To
summarize: in March and July of 1979 the Voyager 1 and Voyager 2 spacecraft approached at late morning
local time, getting closest to Jupiter at dusk, then departing in the early morning sector. Voyager 2’s closest
approach of ~10 RJ (radius of Jupiter = 71,492 km) was outside Europa’s orbit, while Voyager 1 reached 4.9 RJ,
inside the Io torus. The plasma seemed a little hotter on the Voyager 2 pass and the spectral peaks (for dif-
ferent ion species moving at the same bulk speed) were not so distinct. Like previous analyses, we focus
on PLS data taken by Voyager 1.

Each of the Voyager spacecraft carries a set of Faraday cups, the main three of which (A, B, and C cups) mea-
sure ions, a fourth (side-pointing) (D cup) measures both ions and electrons in the energy-per-change (E/Q)
range of 10 to 5950 V [Bridge et al., 1977]. The higher-resolution mode has 128 channels logarithmically space
with ΔE/E ~ 3.6%. The PLS observations of electrons at Jupiter are discussed by Scudder et al. [1981] and Sittler
and Strobel [1987]. Paper 1 presents a full description of the Voyager PLS instrument, a review of previous
analyses of the ion data at Jupiter, a summary of our reanalysis techniques, and presents the derived plasma
parameters versus time along the spacecraft trajectory.

In Paper 2 we present the plasma properties of the heavy ions versus radial distance. The main results of
Paper 2 are the following: (1) the plasma sheet shows a relative uniform structure of decreasing electron
density (Ne) and increasing temperature out to ~20 RJ and beyond ~15 RJ there is increasing disorder with
sporadic blobs of cold plasma; (2) The fraction of suprathermal (100 eV) ions increases with distance to over
50% beyond ~9 RJ; (3) The ion composition in the cold blobs is consistent with the ion abundances derived
from physical chemistry models extending from 6 to ~9 RJ where the collisional reactions slow down and
radial transport speeds up, effectively freezing in the ion composition to the following abundances:
O+/Ne = 15–22%, S++/Ne = 10–19%, O++/Ne = 4–8%, S+++/Ne = 4–6%, and S+/Ne = 1–5% which is similar to
the composition derived by Delamere et al. [2005] from a physical chemistry model constrained by Cassini
Ultraviolet Imaging Spectrograph (UVIS) observations.
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Protons appear regularly throughout the magnetosphere of Jupiter. The Voyager PLS instrument separates
ion species that are comoving by their mass-per-charge (M/Q). McNutt et al. [1981] used the M/Q = 1 peak
in the energy/charge spectrum to confirm the bulk plasma flow speed and show the deviation from corota-
tion in the plasma sheet (10–42 RJ). Bagenal [1985] reported proton densities in the cold inner torus (<5 RJ).
Otherwise, Voyager PLS studies to date have focused on the heavy ions. Unlike the dissociation products of
SO2 from Io’s volcanoes, there are multiple potential sources of protons: the solar wind, the ionosphere of
Jupiter, and/or dissociation and ionization of water from the icy moons. Nagy et al. [1986] made an early esti-
mate of the ionospheric source (35 kg/s) of which an update is long overdue. Hill et al. [1983] estimated the
solar wind source to be 20 kg/s. Bagenal and Delamere [2011] bumped this up to 150 kg/s. Otherwise, protons
have basically been ignored. A goal of this paper is to map out the spatial distribution of the properties of
protons in the Jovian magnetosphere with the hope that these properties will elucidate their origins. We
compare our results with proton measurements made at higher energies by Voyager, Ulysses and Galileo.

The detection of optical emission from neutral atoms of sodium near Io by Brown [1974] was the first indica-
tion that Io might provide a source of plasma to the magnetosphere. These ground-based observations of Na
around Io revealed an extended neutral cloud [Trafton et al., 1974]. The first spectral identification of sodium
in an ionized state came in a tentative report by Hall et al. [1994] of emission near 372 Å in the emission spec-
trum of the torus obtained by the Earth-orbiting EUVE satellite.McNutt [1993] makes the case for detection of
Na+ ions in a Voyager PLS measurement at 42 RJ. Earlier analysis of the Voyager PLS data in the cold torus by
Bagenal and Sullivan [1981] and Bagenal [1985] reported an upper limit of the abundance of Na+ ions at 3%. In
this paper we present the positive identification of in situ Na+ at several places between 4.9 and 42 RJ in the
Voyager PLS data.

Sulfur dioxide was detected spectroscopically by the Voyager infrared interferometer spectrometer experi-
ment on the surface of Io as frost [Smythe et al., 1979] and as a gas in the atmosphere [Pearl et al., 1979].
But the expectation was that little of the gas escaped Io and if it did the SO2 would be quickly dissociated
[Shemansky, 1980]. Bagenal and Sullivan [1981] and Bagenal [1985] recognized a M/Q = 64 peak in the
Voyager PLS at 5.3 RJ, well inside Io’s orbit (at 5.90 ± 0.02 RJ). In this paper, we summarize the observational
evidence of SO2

+ ions in the PLS data and discuss how these measurements fit into current understanding of
the plasma interaction with Io’s atmosphere.

In section 2 of this paper we present examples of the Voyager PLS data that illustrate how we measure H+,
Na+, and SO2

+ ions. In section 3 we show the radial distribution of H+ and Na+ ions and calculate the distribu-
tion of protons along the magnetic field to make 2-Dmaps. In section 4 we discuss the possible sources of H+,
Na+, and SO2

+ ions and present our conclusions in section 5.

2. Data Analysis

In paper 1 we described how we analyzed the Voyager PLS ion data by fitting each E/Q spectrum with a con-
vected Maxwellian function for each species. When ions have a common bulk motion (as usual in magneto-
spheric plasmas) then the average, convective motion of each ion species produces a separate peak in an E/Q
spectrum. If the ions are cold (i.e., the Mach number of the flow is high with the thermal or sound speedmuch
less than the bulk motion) then the spread around the convective energy is small and the ion species is well
resolved in the E/Q spectrum. On the other hand, if the ion species have a thermal speed comparable to the
bulk motion, then the spectral peaks overlap. Depending on how well the spectral peaks were resolved, we
made various assumptions about the temperature, flow, and/or composition.

Applying a physical chemistry model between 6 and 9 RJ, Delamere et al. [2005] derived the mixing ratios for
the primary charge states of oxygen and sulfur ions which reached (>9 RJ) asymptotic values in the plasma
sheet of the following: N(O+)/Ne = 20%; N(O++)/Ne = 7%; N(S+)/Ne = 3%; N(S++)/Ne = 17%; and N(S+++)/
Ne = 7% (allowing for ~10% of the charge as protons). We take the Delamere et al. [2005] composition to
be our standard ion composition beyond 6 RJ. The electron density (Ne) is assumed to be equivalent to the
total charge density derived from all the ion species fit to the PLS ion data. In Paper 2 we discuss the proper-
ties of heavy ions from 4.9 to 42 RJ including places where the composition deviates from the standard com-
position. Here we focus on the determination of proton properties at lower energy-per-charge (E/Q) and on
the rare occasions where the spectrum can be fit at M/Q = 23 for Na+ or M/Q = 64 for SO2

+.
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2.1. Fit Cases

We describe in Paper 1 five primary types of cases used to match the heavy ions properties to the PLS ion
data. Sometimes, we can allow the fitting code to find the best fit of a clear spectral peak. For the minor
ion species often we often needed to hand adjust the fits. When the plasma is hot and the spectral peaks
merge, we need to make several assumptions to fit the spectrum.

Paper 1 describes (and illustrates with examples) the five types of circumstances (cases i to v) that were used
to fit the heavy ion peaks in the PLS spectra.

1. case i (blue)—variation of all parameters (mostly in the inner cold torus);
2. case ii (red)—constraining the ion abundances of the five main ion species (O+, O++, S+, S++, and S+++) to

the standard composition based on Delamere et al. [2005] as listed in Table 1;
3. case iii (black)—fixed ion composition plus fixed flow speed;
4. case iv (green)—cold blobs in the plasma sheet where resolved peaks can be fit allowing some variation in

composition;
5. case v (purple)—interpolation between the composition of the cold torus and the standard composition

at 6 RJ from Delamere et al. [2005].

Table 1. Plasma Parameters Associated With the Cases of Positive H+ Identification Shown in Figure 1

Time Delamere et al. [2005] 63–15:24 63–19:56 63–23:24 64–01:42 64–11:48

Figure Figure 1a Figure 1b Figure 1c Figure 1d Figure 1e
Focus ion H+ H+ H+ H+ H+

RJ >9 RJ 19.93 16.32 13.50 11.60 4.89
Ne 1.4 5.2 14 31 220

±8% ±5% ±2% ±1% ±0.4%
H+ 0.28 0.66 1.1 2.7 4.9

±34% ±25% ±3%
% 10 20 13 7.8 8.6 2.3
O++ 0.1 0.76 0.84 2.8 41

±15% ±7% ±3% ±1% ±1%
% 7 7.3 15 5.8 9 19
O+ 0.17 0.52 2.2 5.6 84

±15% ±7% ±3% ±1% ±1%
% 20 12 10 16 18 39
S+++ 0.05 0.24 0.83 1.4 1.8

±15% ±7% ±3% ±1% ±7%
% 7 3.9 4.7 5.7 4.5 .84
S++ 0.14 0.43 1.9 4.7 8.5

±15% ±7% ±3% ±1% ±1%
% 17 13 8.4 13 15 3.9
S+ 0.066 0.60 0.84 5.9

±7% ±3% ±1%
% 3 1.2 2.7 2.7
O+ hot 0.25 0.7 2.2 1.6 15.3
% 18 14 15 5.2 7
Na+ 0.042 0.083 0.36 1.2 2.22

±200% ±7% ±3% ±1% ±11%
% 3.0 1.6 2.5 3.8 1
T(H+) 5.1 34.7 24.9 15 2.08

±85% ±60% ±10%
Ti 62 187 24.9 24.3 0.72

±45% ±35% ±10% ±5% ±1%
Thot 900 900 750 600 69
Vphi 212 183 135 113 61.8

±2% ±2% ±0.4% ±0.3% ±0.04%
Vphi/Vco 0.85 0.9 0.79 0.77 1

Fit parameters are shown in black with the corresponding percentage uncertainties shown in green. Units: Densities
are in cm�3; temperatures are eV; velocities are in km/s; abundances (blue) are Ni/Ne × 100. The first column gives the
percentage abundance from the physical chemistry model of Delamere et al. [2005] matched to the Cassini UVIS obser-
vations of Steffl et al. [2004].
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Protons. While there were some Voyager 1 spectra as far from Jupiter as 42 RJ where heavy ions could be dis-
tinguished, a distinct peak at lower E/Q for protons was only occasionally seen between 20 and 30 RJ and was
most often observed inside 20 RJ. Figure 1 shows five examples of spectra to illustrate the sorts of situations
where we can fit a proton peak. The corresponding plasma parameters are listed in Table 1 with the Delamere
et al. [2005] composition for comparison. Figure 1a shows an example from just inside 20 RJwhere comoving
protons and heavy ions are clearly resolved, moving at 85% of corotation. On this occasion, the protons are
considerably colder (5.1 eV) than the heavy ions (62 eV) which have a modified standard composition.
Figure 1b shows an example where the plasma is warmer (though the protons still remain colder than the
heavy ions), and the composition is modified from standard with a high O++ composition. Figures 1c and
1d are examples at 13.5 and 11.6 RJ where the protons are less and more prominent, respectively. Where

Figure 1. Five cases of positive identification of H+ ions. (a–d) The spectra are from the (side) D cup. (e) The spectrum is
from the (main) A cup. The parameters from fitting these spectra are given in Table 1. Bottom right are the colors of the
that are fit to the spectra plus the conversion scale from channel number (Ch) to energy/charge (V). The vertical scale is in
fempto-Amps (fA) from 102 to 107 fA. The black line shows the data with measurement errors shown in orange. The sum of
currents due to the different ion species is shown in red.
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the proton peak is distinct (Figure 1d), we can fit the spectral feature to get density and temperature. At other
times (Figure 1c), the proton peak is not distinct and we fix the proton temperature to be the same as the
heavy ions (also see examples in Figures 3c and 3d in Paper 1). In the cold inner torus where the corotation
speed has dropped to ~60 km/s the proton peak falls below the 10 eV lower limit of the PLS instrument. For
these instances there is a clear shoulder to the spectrum (seen best in the A Cup spectrum shown in Figure 2d)
covering at least five channels as illustrated in Figure 1e. The temperature of these protons (~2 eV) seems to
be a little higher than the very cold (0.7 eV) heavy ions. Few Voyager 2 spectra have resolvable peaks and, at
best, look similar to Figure 1b. The heavies were assumed to have the standard composition.

Sodium. Figure 2 shows examples of the very few spectra where there is a distinct feature corresponding to
Na+ ions at M/Q = 23. The left side of Table 2 gives the plasma properties for these cases. More often, the Na+

abundance is determined by fitting the spectrum between peaks at M/Q = 16 and 32. The Na+ peak is never
distinct enough to determine the temperature, and we assume that the sodium ions have the same tempera-
ture as the other heavy ions. Abundances of sodium ions were determined between 41 and 4.9 RJ in the
range of 1 to 10% of the local electron density.

Sulfur Dioxide. Figure 3 shows two examples of spectra where there is a distinct peak at M/Q = 64, which we
assume to be SO2

+ ions. The right side of Table 2 presents the plasma parameters associated with the fits
shown in Figure 3. Such spectra are only found in the cold torus between 5.30 and 5.08 RJ. Again, there is
not sufficient information to determine separate temperatures for the SO2

+ ions, and we assume that these
SO2

+ ions have the same temperature as the heavy ion species. The abundance of these molecular ions is less
than 1% of the electron density. Bagenal [1985] fit these same spectra (using a simple instrument response)
with SO2

+ ions and found similar parameters. The more sophisticated instrument response used in this rea-
nalysis (discussed in Paper 1) probably does not make much difference at the very high Mach plasma condi-
tions in the cold torus. The main difference in the current analysis is the inclusion of hot ions (80–100 eV,
assumed here to be O+) at an abundance of a few percent which fills the spectrum at energies above the
main peaks. Bagenal [1985] examined the options of increasing the temperature of SO2

+ ions (to 6 eV) or add-
ing small amounts of SO+ and SO3

+ ions. We return to these molecular ions in section 4.

Figure 2. Four cases of positive identification of Na+ ions. The parameters from fitting these spectra are given in Table 2.
(a–c) The spectra are from the (side) D cup. (d) The spectrum is from the (main) A cup. See Figure 1 caption for description of
spectra.
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2.2. Radial Profiles of Proton Density and Temperature

In Figure 4 we show the radial profiles of proton density, temperature, and percentage abundance (N(H+)/
Ne × 100). Both densities (top) and temperatures (middle) derived from Voyager 1 inbound and outbound
are shown in black and gray, respectively. The few Voyager 2 points (all >10 RJ) are shown in red brown.
For the temperature profile, the dots show the proton temperature. We use crosses for the points where
the heavy ion temperature was different from the proton temperature (shown with dots). The error bars in
these fit parameters are shown in Figures 4 and 5 of Paper 1. The percent uncertainties for the fit parameters
of the cases shown in Figure 1 are given in Table 1 (green numbers).

The density of protons shows a steady decline from ~80 cm�3 at 6 RJ to ~0.01 cm�3 at 25 RJ. The red-brown
dots show that during the Voyager 2 flyby the density of protons 15–25 RJwas about a factor 5–10 higher and
sometimes (e.g., at ~17 RJ) colder (red-brown dots) than the Voyager 1 epoch. The relative abundance of pro-
tons increases from a few percent at 6 RJ to 10–20% at ~10 RJ and remains at about that level to beyond 25 RJ.
The large variations in temperature—both within and between the protons and heavies—between 10 and
25 RJ is consistent with the present of small blobs of cold plasma reported in Paper 2. Figure 4 (bottom) shows
that the abundance of protons does not vary greatly in such blobs, but Figure 4 (middle) shows that the
temperature of the protons can be very different from the heavy ions, indicating a different heating/cooling

Table 2. Plasma Parameters Associated With the Cases of Positive Na+ and SO2
+ Identification Shown in Figure 2

Time 62–10:25 63–14:39 63–23:34 64–11:39 64–10:09 64–10:49

Figure Figure 2a Figure 2b Figure 2c Figure 2d Figure 3a Figure 3b
Focus ion Na+ Na+ Na+ Na+ SO2

+ SO2
+

RJ 41.2 19.7 13.4 4.90 5.31 5.07
Ne 0.34 2.3 14 260 1537 1230

±22% ±5% ±2% ±0.05% ±0.03%
H+ 0.14 0.65 4.8 4.0 5.1

±80% ±3% ±45%
% 5.8 4.6 1.9 0.25 0.41
O++ 0.026 0.18 0.81 41 17 31

±22% ±5% ±3% ±1% ±3.0% ±2%
% 7.7 7.6 5.8 16 1.0 2.5
O+ 0.071 0.43 2.2 110 324 375

±22% ±5% ±3% ±1% ±2% ±1%
% 21 19 15 43 20 30
S+++ 0.026 0.14 0.80 2.3 3.2 3.9

±22% ±5% ±3% ±7% ±2% 9%
% 7.6 6 5.7 0.88 0.2 0.31
S++ 0.059 0.36 1.8 11 32 38

±22% ±3% ±1% ±2% ±1%
% 17 16 13 4.3 2.1 3
S+ 0.30 11 1020 628

±3% ±2% ±2% ±1%
% 4.4 64 51
O+
hot 0.2 2.9 17 60 27

% 8.6 21 6.4 4 2
Na+ 0.024 0.06 0.35 4.7 64 49

±180% ±95% ±3% ±6% ±18% ±5%
% 6.9 2.6 2.5 1.8 4 4
SO2

+ 9.3 1.6
±4%

% 0.58 0.13
T(H+) 18.4 20.9 2.88 3.45 4.39

±13% ±9%
Ti 35.8 18.4 20.8 0.74 3.45 1.16

±56% ±13% ±9% ±1% ±1.6% ±1%
Thot 900 750 69 100 85
Vphi 216.2 204 132.5 61.6 66.7 63.4

±2% ±0.3% ±0.4% ±0.04% ±0.1% ±0.03%
Vphi/Vco 0.42 0.82 0.78 1 1 1

Units: Densities are in cm�3; temperatures are eV; velocities are in km/s; abundances are Ni/Ne × 100.
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Figure 3. Two cases of positive identification of SO2
+ ions. (a) The fit to all three cups of the main sensor at the time of the

farthest encounter of a detectable peak at M/Q = 64. (b) The last occasion of a distinct M/Q = 64 peak (A Cup only). The
parameters from fitting these spectra are given in Table 2. See Figure 1 caption for description of spectra.

Figure 4. Radial profiles of (top) proton density, (middle) temperature, and (bottom) percent abundance for Voyager 1
inbound (black), Voyager 1 outbound (gray), and Voyager 2 (red brown). Where the proton temperatures are the same
as the heavy ions they are shown as black, gray, and red-brown dots. The places where the heavy ion temperatures are
different from the protons are shown as crosses.

Journal of Geophysical Research: Space Physics 10.1002/2017JA024148

BODISCH ET AL. VOYAGER MINOR IONS 7



history between protons and heavies. Sometimes (e.g., Figures 1a and 1b), the protons are much colder than
the heavies. But at other times, particularly for Voyager 2, the protons are much colder than the heavy ions.

Finally, we point out that inside 6 RJ the plasma is much colder and the heavy ions are more tightly confined
to the equator. The ambipolar electric field (see section 3) pulls the protons off the centrifugal equator so that
the large variations in local proton abundance inbound (black) and outbound (gray) in Figure 4 (bottom)
inside 6 RJ is likely mostly latitude dependence. In a future study, we plan to calculate the total flux tube con-
tent of protons which we expect to be a better indication of true proton abundance in the cold, inner torus.

2.3. Radial Profile of Sodium Density

Figure 5 is the radial profile of the percent abundance of sodium ions, N(Na+)/Ne × 100, in the Voyager 1 PLS
data (we did not find distinct evidence of Na+ in the Voyager 2 data). For most cases (black dots) the density
of the sodium ions is fixed to be ~16% of the O+ density. The green crosses mark areas where there is a dis-
tinct feature in the spectrum that we can associate with a M/Q = 23 ion. The error bars show the uncertainties
in the abundance derived for these cases, except on a few occasions (red dots) where the formal uncertain-
ties were >100%. The percent uncertainties for the specific cases shown in Figure 2 are listed in Table 2. The
values of the sodium abundance range from a little under 1% to nearly 10%.

In the warm torus (>6 RJ) and beyond it is not clear if the factor ~5 variability in the sodium abundance is real.
In the cold inner torus (<6 RJ) the sharp drop in the sodium abundance may reflect latitudinal variations
and/or may be related to distance from the Io neutral sodium corona.

2.4. Distribution of Sulfur Dioxide Ions

There are about 20 spectra obtained on the Voyager 1 inbound pass in the cold inner torus, between 5.31 and
5.07 RJ (when the spacecraft was very close to the centrifugal equator) where a distinct peak is visible in the

Figure 5. Radial profile of the percent abundance of sodium. The green crosses are places where there is a detectable fea-
ture in the spectrum at M/Q = 23. The error bars indicate the uncertainties in the fit parameters for these particular points.
There are few cases (red dots) where the error bars were particularly large (>100%).

Table 3. Empirical Power Law Functions for Proton Density Radial Profile at the Centrifugal Equator Beyond 6 RJ
a

Regime Formula

B&D 2011 N2011(R) = 1987 (R/6)�8.2 + 14 (R/6)�3.2 + 0.05 (R/6)�0.65

6 ≤ R ≤ 15.2 N(R) = a (R/6)b

R > 15.2 N(R) = c n2011(R)
Parmeter a b c
Value 50.6 �5.31 0.212

aAll densities are in units of cm�3. B&D 2011 refers to the electron density profile of Bagenal and Delamere [2011].
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spectrum at M/Q = 64. The first and last of these spectra are shown in Figure 3, and the values of the fit para-
meters are shown in Table 3. We fit the spectra with the same temperature for SO2

+ as the rest of the heavy
ions. The local densities range from 1.6 to 9.3 cm�3, corresponding to abundances of SO2

+ ions in the range
0.1% to 0.6% of the local electron density.

3. Spatial (2-D) Distribution

Figures 4 and 5 show the densities of protons and sodium ions at the location of the spacecraft. The space-
craft trajectory was close to the Jovigraphic equator (see Figure 1 of Paper 2). Jupiter’s magnetic field is tilted
nearly 10° from the planet’s spin axis so that the plasma disk moved across the spacecraft twice per 10 h spin
period. In a rotation-dominated magnetosphere the plasma is centered on the centrifugal equator, the point
along the magnetic field that is farthest from the spin axis. The ions (particularly heavier species) feel a strong
centrifugal force toward the equator, while the electrons are more spread out. An ambipolar electric field is
set up, and a steady state distribution along the magnetic field can be derived for a multispecies plasma.
Thus, the local plasma properties measured at the spacecraft can be extrapolated along the magnetic field
to the centrifugal equator.

3.1. Density Profiles at the Centrifugal Equator

In the Appendix of Paper 2 we show the procedure we used based on diffusive equilibrium in a rotating mag-
netic field [Bagenal, 1994]. We use a magnetic field model that combines the internal sources of the VIP4 model
of Connerney et al. [1998] plus the field associated with an azimuthally symmetric equatorial current from
Connerney et al. [1981], whichwe call VIP4 + CAN.We trace themagnetic field from the location of the spacecraft
at the time of each measurement and find the centrifugal equator—the location farthest from Jupiter’s spin
axis. We then take the local measurements and extrapolate the plasma properties to the centrifugal equator.

Figure 6 shows the radial profiles of the local proton density measured at the spacecraft location and the den-
sity at the centrifugal equator of H+ ions that have been derived by extrapolating the local measurements
along the magnetic field under the assumption of diffusive equilibrium. From 6 to 12 RJ these profiles look
pretty similar to the in situ profiles. Beyond about 12 RJ the spacecraft made larger excursions from the equa-
tor and the magnetic field deviates from a simple dipole due to equatorial currents. We cut off the centrifugal
profile at about 16 RJ and fit empirical power law functions versus distance along the centrifugal equator
(ρcentrifugal) to the density profile (gray line). Beyond 16 RJ we used the shape of an empirical fit to Galileo
and Voyager density data derived by Bagenal and Delamere [2011] and scaled the value to match at
15.2 RJ (blue line). The constants associated with the empirical functions for H+ are given in Table 3. The func-
tion constants for the heavy ion species are given in Tables 2 and 3 of Paper 2. While the heavy ions showwild
excursions of high density in the cold blob regions (see Paper 2) the protons are excluded by the ambipolar
electric field from the equatorial region. Hence, the extrapolated equatorial profile of protons (blue dots)
shows sharp dips in density in these cold blobs. We ignore these wild excursions in deriving an average profile.

Figure 6. Radial profiles of density measured at the spacecraft and extrapolated to the centrifugal equator of H+ with
empirical functions for >6 RJ. Values for the power law functions are given in Table 3.
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3.2. Two-Dimensional Map of Protons

Assuming the plasma is distributed along the field in diffusive equilibrium, we can make a 2-D map of plasma
properties from the plasma properties along the centrifugal equator. Figure 7 shows themap of electron den-
sity, proton density, and the ratio of protons to electrons. At two longitudes (System III = 110.8°, 290.8°) the
Jovigraphic, magnetic, and centrifugal equators align. We picked these longitudes and used the empirical
functions of density, temperature, and flow speed to derive two-dimensional maps of the plasma in the
ρcentrifugal – Zcentrifugal plane. The maps have been truncated at 5 RJ radial distance and latitude of 35°.

Close to the equator, the vertical distribution of electrons is controlled by the dominant heavy ions (i.e., O+

and S++). The lighter protons are lifted off the equator by the ambipolar electric field and peak off the equa-
tor. Inside ~6 RJ the plasma rapidly cools and becomes tightly confined to the equator. To make the density
map, we used the values of the local plasma properties extrapolated to the centrifugal equator. The extrapo-
lation is fine when the spacecraft is close to the centrifugal equator (7 to 5.2 RJ for Voyager 1), but inside ~5 RJ,
the scale height of the cold plasma is so small that extrapolation is very sensitive to the magnetic field model
applied (see discussion in Bagenal [1994]).

4. Discussion: Sources of Minor Species
4.1. Sources of H+

The solar wind, Jupiter’s ionosphere, and the icy moons are all potential sources of protons found in the
Jovian Magnetosphere. The relative importance of these different proton sources is not so easy to determine
from just the spatial distribution of density and temperature of protons in the equatorial region. Figure 4
shows the density of protons dropping steeply with distance beyond 6 RJ, with the abundance relative to
electrons at 2–3% in the torus (though the uncertainties in these numbers are fairly large given the very
broad nature of the PLS spectra), rising up to ~20–30% at places within the plasma sheet beyond ~12 RJ.
The temperature profile also follows the heavy ion profile except much more variable beyond ~15 RJ.
There are places where the protons can be up to a factor of 10 warmer or colder than the heavy ions.
Whether this implies different sources versus heating/cooling processes is not clear. Inside 6 RJ the density

Figure 7. Contour plots of electron density (Ne), proton density (NH+), and the ratio of NH+/Ne in the plane of the magnetic
field for the System III longitudes (110.8° and 290.8°) where the rotational, magnetic, and centrifugal equators align. The
magnetic field lines are derived from the VIP4 + CAN magnetic field model.
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and temperature of protons drops in a similar fashion to the heavy ions (see Figure 1 of Paper 2) with the dra-
matic differences in outbound versus inbound abundances likely due to protons being excluded from the
centrifugal equator (inbound) and hence being enhanced away from the equator (outbound).

Sometimes ion composition is easier to distinguish at higher energies. Hamilton et al. [1981] summarized the
Voyager Low-Energy Charged Particles (LECP) measurements at higher energies (~1 MeV/nucleon) that there
was a clear signature of H3

+ ions which clearly come from the ionosphere. The instruments on the Ulysses
spacecraft were designed to measure the composition of the solar wind, but the gravity assist flyby of
Jupiter in February 1992 was an opportunity to measure the composition within the magnetosphere of
Jupiter. The presence of H3

+ ions was corroborated by Lanzerotti et al. [1993] with Ulysses measurements
at >50 keV. Reporting on measurements in the energy/charge range of 600 V to 60 kV, Geiss et al. [1992]
showed that the Solar Wind Ion Composition Spectrometer instrument found roughly constant proton
counts throughout the magnetosphere but noted that the counts of He++ (presumably from the solar wind)
dropped significantly from 100 RJ to 20 RJ. Mall et al. [1993] argued that a high H+/He++ ratio suggests a pre-
dominately ionospheric source for light ions in the magnetosphere. Similarly, Keppler and Krupp [1996]
showed that the charge state of helium ions is around 1 between 10 and 50 RJ, increasing to 1.5–1.75
between 80 and 100 RJ. This would suggest an ionospheric source of He+ in the inner magnetosphere, mixed
with increasing solar wind He++ in the outer magnetosphere.
4.1.1. Solar Wind Source
The Voyager PLS data do not allow separation of light ions in the magnetosphere so we assume they are
all protons. It might be tempting to take the increase in proton abundance with distance shown in
Figure 4 as an indication of increasing contribution of solar wind protons. The problems with this argu-
ment are (1) our farthest measurements at nearly 30 RJ are still only 30–50% the distance to the dayside
magnetopause (average location 60–90 RJ according to Joy et al. [2002]) and (2) it is hard to see how a
solar wind source could produce the very cold protons sometimes observed in the plasma sheet. By com-
parison, the case for a significant solar wind source at Saturn is more convincing. Thomsen et al. [2010]
report that at Saturn the ratio of protons to heavy ions increases all the way out to the magnetopause
distance of ~20 RS, ramping up outside ~15 RS.

Hill et al. [1983] estimated the solar wind source by taking ~0.1% of incoming solar wind flux leaking into the
magnetosphere, a radius of cross section of 100 RJ, and obtained a small source strength of 20 kg/s. Bagenal
and Delamere [2011] took a more realistic cross section of the terminator of 150 RJ, a 1 cm

�3 solar wind den-
sity, speed of 400 km/s, and estimated a solar wind mass flux of ~230 t/s which, using Hill’s 0.1% leakage rate,
makes a source of 230 kg/s.

Of course, the 0.1% leakage rate is just a rough estimate (based on experience at Earth). It is quite possible
that the magnetopause is more permeable at Jupiter. The high plasma beta inside the magnetosphere
makes it more responsive to changes in the solar wind pressure [Joy et al., 2002], while a strong change
in beta across the magnetopause suppresses large-scale reconnection [Swisdak et al., 2003, 2010]. The
strong flow shear across the magnetopause [Galopeau et al., 1995] and field orientations on either side
[Desroche et al., 2012] indicate that the prevalence of shear-driven Kelvin-Helmholtz instabilities are likely
stronger at Jupiter’s magnetopause (see review by Delamere et al. [2015]). Strong K-H shears would drive
small-scale intermittent reconnection, developing a boundary layer with substantial mixing of plasmas
from either side.

Krupp et al. [2004] discussed evidence of a boundary layer seen in the Cassini Magnetosphere Imaging
Instrument/Low Energy Magnetospheric Measurement System energetic electron data when Cassini
skimmed Jupiter’s dusk magnetopause during the gravity assist flyby. They suggest that the leakage of ener-
getic magnetospheric electrons to the magnetosheath is consistent with open field lines inside the magne-
topause. More recently, the particles measured by New Horizons as it traversed far down the flanks of the
duskside magnetotail were increasingly dominated by light ions at farther distances down tail with different
groups presenting arguments for these light ions coming from Jupiter [McComas et al., 2007, 2017] versus
leaking in from the solar wind [Haggerty et al., 2009; Hill et al., 2009; Ebert et al., 2010]. NASA’s Juno spacecraft
is in a polar, 53 day orbit that means the spacecraft spends many weeks on the dawn flanks of Jupiter’s mag-
netosphere. Hopefully, this will allow the capable Juno instruments to explore boundary processes as well as
measure the interchange of solar wind and magnetospheric plasmas.
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4.1.2. Ionospheric Source
Prespacecraft expectations of the magnetosphere of Jupiter were based on experience at Earth as well as
observations of Jupiter’s strong radio emissions (reviewed by Carr et al. [1983]). In two classic studies of com-
parative magnetospheres, Brice and Ioannidis [1970] showed that Jupiter’s strong magnetic field and the
weaker solar wind and magnetic field at 5 AU would mean that most of the inner magnetosphere would
be coupled to the planet’s rotation (i.e., mostly plasmasphere) with little solar wind driven convection.
Ioannidis and Brice [1971] argued that photoelectrons would escape Jupiter’s atmosphere and pull ~1026 pro-
tons per second from the ionosphere into themagnetosphere where they would gain ~1–3 keV of centrifugal
energy. They suggested that the density of plasma in the magnetosphere would be limited by recombina-
tion, making a donut of plasma peaking with a density of ~100 cm�3 at about 8 RJ. Swartz et al. [1975]
increased the escape flux to ~3 × 1027 s�1.

After Voyager’s detection of Io’s volcanism and the dense Io plasma torus, the potential source of plasma
from Jupiter’s ionosphere was largely ignored. Thorne [1981] argued that if Jupiter’s intense (~3 × 1013 W)
aurora were caused by precipitating energetic (500 keV) heavy ions, then such energy deposition might
enhance the ionospheric escape to 0.6–3 × 1028 s�1, comparable to the iogenic plasma production rate by
number but a mere 35 kg/s by mass. Nagy et al. [1986] applied early models of the polar wind developed
for Earth to the ionosphere of Jupiter and explored how the escape rate of ionospheric protons and electrons
depends on the abundance and temperature of a suprathermal electron population. Nagy et al. [1986]
showed that suprathermal electrons could produce an escape flux of 2 × 1028 s�1. While no one has further
modeled the ionospheric outflow at Jupiter, Glocer et al. [2007, 2009] modeled potential ionospheric outflow
at Saturn with a multifluid numerical model of the physical chemistry of the ionosphere-exosphere and esti-
mated the source of H+ and H3

+ ions to be between 2 × 1026 and 8 × 1027 s�1. The time is clearly ripe for such
a model to be applied to Jupiter.

Radio emission from Jupiter has been monitored since the 1950s and provides valuable diagnostics about
magnetospheric properties (see review by Carr et al. [1983]). Limits on the electron density of <10 cm�3 at
high latitudes were first derived from the Faraday rotation of the radio waves [Parker et al., 1969] as well as
from their elliptical polarization [Melrose and Dulk, 1991]. Another method is to model the frequency disper-
sion of whistler waves that travel along the magnetic field from Jupiter’s ionosphere. Tokar et al. [1982a,
1982b] applied the Voyager PLS torus model of Bagenal and Sullivan [1981] to the dispersion of whistlers
observed by Voyager plasma wave to derive a proton density outside the torus of 1–20 cm�2 and a source
of 2.5 × 1027±1 s�1. Crary et al. [1996] updated the torus model of Bagenal [1994] to include thermal aniso-
tropy and suprathermal tails for the ions and found off-equator proton densities 7–50 cm�3.

Let us approximate the protons we see in the torus and plasma sheet in Figure 4 to be an average abundance
of 10% of the total electron density. We then assume that this reflects an ionospheric source that has mixed
with the torus plasma and transported out at the same rate as the heavy ions. We take the mass production
rate of the torus of Bagenal and Delamere [2011] of 600–3000 kg/s, convert to 1.5–7.5 × 1028 s�1 and, after
dividing by 10, get a proton production rate of 1.5–7.5 × 1027 protons s�1 (2.5–13 kg/s). This is considerably
less than the 2 × 1028 protons s�1 of Nagy et al. [1986], comparable to the Tokar et al. [1982a, 1982b] estimate.
We hope that the polar passes by Cassini at Saturn and the Juno mission to Jupiter will make direct measure-
ments of the amount of outflowing ionospheric material from these gas giant planets.
4.1.3. Icy Satellite Source
In addition to the solar wind and ionosphere, there remains a third potential source of protons in the Jovian
magnetosphere: the icy satellites. Of particular interest is the possibility that Europa’s atmosphere, perhaps
augmented by erupting plumes, might be a source of plasma. Lagg et al. [2003] observed depletions of
the protons fluxes (80–200 keV) in Galileo European Pollen Database measurements around Europa’s orbit
which they explained by the presence of an extended neutral cloud with a density of 20–50 cm�3. But they
could not identify the composition of the neutrals. The Cassini INCA instrument detected fluxes of energetic
neutral atoms fromwhichMauk et al. [2003] inferred the presence of a neutral cloud of unknown composition
extending close to the orbit of Europa with a local density 40 cm�3. Since the Cassini UVIS instrument did not
detect UV emissions from neutral oxygen, Hansen et al. [2005] put an upper limit on the neutral oxygen den-
sity 8 cm�3. One concludes, therefore, that the extended neutral cloud around Europa’s orbit must be mostly
hydrogen. At Europa’s orbital distance of 9.4 RJ, the density of the plasma is too low for there to be significant
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collisions. This means that any proton source from a Europa neutral cloud would be via photoionization
(rather than electron impact ionization or CHEX) and likely weak compared with the ionospheric source.
But there are few models of the interaction of the plasma with Europa’s atmosphere that include the neces-
sary chemistry to predict the neutral cloud and plasma sources [Saur et al., 1998; Dols et al., 2016]. With the
possibility of future missions to Europa this is likely a productive area of research in the next few years.

4.2. Sources of Sodium Ions

Neutral sodium is relatively easy to observe because of its efficient scattering of visible sunlight. There have
been extensive studies, therefore, of themorphology and variability of the sodium neutral cloud (reviewed by
Thomas et al. [2004] and Schneider and Bagenal [2007]). In situ detection of sodium ions was first made with
the Voyager LECP instrument at MeV energies by Hamilton et al. [1981] who reported a Na/O ratio of about
5%. How sodium from Io gets to such energies is not clear. At six orders of magnitude lower energy, the
Voyager PLS data in the cold torus analyzed by Bagenal and Sullivan [1981] and Bagenal [1985] put an upper
limit of the abundance at 3% for few eV Na+ ions.McNutt [1993] makes the case for detection of Na+ ions in a
Voyager PLS measurement at 42 RJ, and the following year, Hall et al. [1994] report a tentative detection of
Na+ emission in the UV (~372 Å) from the torus. All reports are similar to our results that show the Na+/Ne

abundance between 1 and 10% from ~5 RJ in the cold torus to ~40 RJ in the plasma sheet.

The extensive modeling of the neutral sodium cloud suggests that the source is a combination of direct sput-
tering of Na from the atmosphere and some combination of charge exchange (Na+ + Y→ Na + Y+) or disso-
ciative recombination (NaX+ + e�→ X + Na) where Y is SO2 or a dissociated product thereof and X is likely Cl,
S, or O [Wilson et al., 2002; Schneider and Bagenal, 2007]. Smyth and Combi [1997] estimate that the total pro-
duction of sodium into the neutral cloud is 3–25 × 1026 s�1 (12–100 kg/s). Bagenal and Delamere [2011] esti-
mate the range of plasma production in the torus to be 600–3000 kg/s. This means that few percent
abundance of Na+ is consistent with the eventual full ionization of the neutral clouds. Mendillo et al. [2004]
showed that over ~7 years the sodium production varied proportionally with changes in IR emissions from
Io, indicating that the sodium source is modulated by Io’s volcanic activity. Similarly, Brown and Bouchez
[1997] showed an increase in torus S+ emission shortly after an increase in neutral Na emission. Similar varia-
tions in sodium emission with volcanic eruptions are reported by Yoneda et al. [2009, 2010, 2015]. The Io torus
UV emissions observed by UVIS as Cassini approached Jupiter in 2000 showed factor ~3 variations following a
volcanic eruption [Delamere et al., 2004]. Nevertheless, while these rough numbers are consistent, there
remain many questions about the similarities and differences in the details of the production and loss
mechanisms for sodium and SO2 products.

4.3. Sources of Sulfur Dioxide Ions

Positive identification of SO2
+ ions is limited to 5.31 to 5.07 RJ. The local densities range from 1.6 to 9.3 cm�3,

corresponding to abundances of SO2
+ ions in the range 0.1% to 0.6% of the local electron density. Bagenal

[1985] found similar parameters for SO2
+ ions. In the 1980s there was considerable discussion about what

gases were escaping from Io (S2 versus SO2), whether the atmospheric loss was via sputtering, ionization,
or charge exchange, and the relative importance of molecular versus atomic species in the plasma source.
Bagenal [1985] examined the options of increasing the temperature of SO2

+ ions (to 6 eV) or adding small
amounts of SO+ and SO3

+ ions. In our reanalysis we found that adding a few percent of hot (Maxwellian,
~100 eV) O+ ions in addition ~half a percent of SO2

+ made a better match to the spectrum (Figure 3).

The Galileo flybys of Io produced further indication of molecular ions via the ion cyclotron waves measured
by the magnetometer [Kivelson et al., 1996]. On ionization, the fresh ions form a ring beam velocity distribu-
tion that is unstable to ion cyclotron wave emission. While the Galileo magnetometer measurements suggest
the presence of SO2

+, SO+, and S+ pickup ions, using these magnetic waves to determine the local densities
and/or net production rate depends on details of the wave-particle physics [Huddleston et al., 1997, 1998;
Cowee et al., 2008]. Frank and Paterson [2000] analyzed in situ plasma data from the Galileo I24 flyby of Io
which they modeled with pickup ions of O+, S+, and SO+, but no SO2

+. Unfortunately, the Galileo PLS instru-
ment did not have the spectral resolution to show definitive spectral signatures.

We find that we are able to match the spectrum with ion distributions that have equilibrated to Maxwellians
at a common, cold temperature with just a few percent hot ions, also Maxwellian (Figure 3). Thus, the plasma
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that has reached ~5.3 RJ in the cold inner torus seems to have evolved close to thermal equilibrium, both
between species and within each species. Even the electrons could be equilibrated with the ions [Sittler
and Strobel, 1987]. The exception is the few percent populations of ~100 eV hot ions which we fit as O+ ions
but could be some combination of different ions (including small amounts of SO+, S2

+, and SO3
+). The appar-

ent Maxwellian nature of these hot ions suggests that they might be either pickup ions which have therma-
lized within the species but not equilibrated with the rest of the plasma. Alternatively, a suprathermal
population could have diffused in from the warm torus and cooled (e.g., through Coulomb collisions with
the dense, cold thermal plasma) but not reached full equilibrium.

Observations by Voyager UVS [Shemansky, 1980] and Galileo PLS [Bagenal, 1997] suggest that less than ~20%
of the ~1 t/s plasma source is produced locally near Io. Detection of emissions from neutral clouds of atomic
oxygen [Brown, 1981] and sulfur [Durrance et al., 1983] supported the idea of the torus being supplied by ioni-
zation of a roughly uniform ring of neutral atoms at Io’s orbital distance. Physical chemistry models applying
entirely atomic (rather than molecular) chemistry to the neutral clouds [Smyth and Marconi, 2003] and the
torus [Delamere and Bagenal, 2003] could match the remote and in situ observations with neutral atomic O
and S escaping from Io at a net rate of ~2 × 1028 s�1 with O/S~2, consistent with the dissociation of SO2.
Thus, it seemed that SO2

+ ions were exotic but played an insignificant role.

Interest in a potentially significant role of SO2 was provoked by the results of modeling the plasma interaction
with Io’s atmosphere by Dols et al. [2008, 2012] which included the chemistry of the multispecies torus inter-
acting with both molecular and atomic species in the atmosphere.
4.3.1. Ionization of the Atmosphere
Dols et al. [2008] estimate that the net plasma production is ~200 kg/s of SO2

+, ~70 kg/s of SO+, and ~20 kg of
S+ for the conditions during Galileo’s first Io flyby when the density was high (ne ~ 4000 cm�3). While most of
this production is electron impact ionization by the thermal plasma flowing into the atmosphere, Saur et al.
[2002] and Dols et al. [2008] both note that suprathermal (>20 eV) electrons, which stream along the mag-
netic field, also contribute to ionization of atmospheric SO2.
4.3.2. Charge Exchange of S and O Ions with Atmospheric SO2

Dols et al. [2008] also showed that charge exchange (CHEX) reactions between the incoming Sn+ and On+ ions
(where n = 1 to 3 for ions of increasing charge state) with neutral SO2 quickly produces a further ~10 kg/s of
SO2

+ ions and reduces the plasma to lower charge state. Eventually, the sulfur and oxygen ions become neu-
tral atoms which have retained much of their original speed but are no longer confined by Jupiter’s magnetic
field. These CHEX reactions are removing ~30 kg/s of the incoming Sn+ and On+ ions. Neutralized material on
the outer regions of the interaction region are moving at a speed close to corotation with Jupiter (~75 km/s at
Io’s orbit) and escape the system as energetic neutral atoms at ~250 and ~500 eV for O and S, respectively.
Material neutralized closer to Io, where the flow has been slowed down in the electrodynamic interaction, will
spread out in a neutral cloud around Io’s orbit.
4.3.3. Resonant SO2 Charge Exchange
The substantial amount of SO2

+ ions produced via electron impact ionization and CHEX are accelerated up to
the local plasma flow speed. These SO2

+ ions can undergo further (resonant) CHEX with the neutral back-
ground, producing SO2 molecules at higher energies than the background atmosphere, spreading the outer
atmosphere and, if they have enough energy, escaping to feed the extended neutral cloud of SO2, perhaps
escape the Jupiter system. Dols et al. [2008, 2012] show that this resonant CHEX process is the main contri-
butor to atmospheric loss.
4.3.4. Dissociation of SO2

The threshold energy for electron impact dissociation of SO2 is relatively low (5.7 eV) so that electrons in the
incoming plasma (Te ~ 5 eV) efficiently dissociate the SO2 into SO and O neutral fragments. These fragments
are usually slow (~1 eV) [Vatti Palle et al., 2004] and feed an O and S neutral corona. Dols et al. [2008, 2012]
point out that the SO2

+ ions produced in the interaction that reach the dense, cold wake behind Io will dis-
sociatively recombine in ~1 h, reducing the plasma source but contributing neutral fragments to Io’s sur-
roundings. Dols et al. [2012] estimate that 1.5 t/s of dissociation products could feed the neutral clouds
around Io’s orbit.

Dols et al. [2012] extended the modeling of the plasma interaction by making Io’s atmosphere nonuniform in
both latitude and longitude, with the goal of matching the plasma perturbations observed on multiple flybys
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of Io. From the five different flybys over 1995–2001 it is hard to tell if the atmosphere is permanently nonuni-
form or varies over time. Perhaps the most important result from Dols et al. [2008] is the suggestion that 2–
3 t/s of fast SO2 molecules are produced via CHEX and spread out into the Jupiter system.

Thus, it seems possible that the interaction with Io’s atmosphere provides little plasma directly (as noted by
Shemansky [1980] and Bagenal [1997]) but makes ~1.5 t/s of O and S atoms that spread out around Jupiter,
making the extending atomic source, consistent with the models of Smyth and Marconi [2003] and Delamere
and Bagenal [2003]. But the details are important. Some combination of the multiple processes (ionization,
dissociation, and CHEX) occurring between the incoming multispecies plasma and the predominately SO2

(but also with SO, S, and O in the upper layers) atmosphere of Io need to produce neutrals that are not too
slow that they cannot escape Io and not too fast that they escape Jupiter. Furthermore, observations of
the neutral O and S clouds are very sparse and an extended neutral cloud of SO2 may not be detectable.
Who knew SO2 chemistry could be so complicated.

5. Summary and Conclusions

We explore the distribution of minor ions in the Io torus and plasma sheet of Jupiter’s magnetosphere based
on a reanalysis of Voyager 1 and 2 PLS ion data obtained in March and July 1979. The data set and analysis
method is described in Paper 1 [Bagenal et al., 2017], and the dominant, heavy (Sn+ and On+) ion distributions
are described in Paper 2 [Dougherty et al., 2017]. In this paper we present the analysis of three minor ions—
H+, Na+, and SO2

+—which we summarize as follows:

1. Protons comprise 1–20% of the plasma between 5 and 30 RJ. They exhibit temperatures that vary by a fac-
tor of 10 warmer or colder than the heavy ions. From the distribution of proton densities and tempera-
tures in the torus and plasma sheet we are not able to come to firm conclusions about the source of
these protons, except that their location deep within the magnetosphere is most consistent with an iono-
spheric source of ~1.5–7.5 × 1027 protons s�1 (2.5–13 kg/s).

2. Sodium ions are detected by the Voyager PLS instrument between 5 and 40 RJ at an abundance of 1 to
10%. These Na+ ions are mostly likely from the ionization of the extended neutral cloud emanating from
Io that has been observed since Brown [1974]. While the neutral sodium cloud has been extensively mon-
itored and correlated with volcanic activity, from ground-based telescopes via the strong optical emis-
sions, the relationship between the physical processes that produce the sodium neutral cloud and ion
population is not easily related to the processes governing the SO2 products.

3. Sulfur dioxide ions are detected by the Voyager PLS instrument between 5.31 and 5.07 RJ at an abundance
of 0.1–0.6%. These SO2

+ ions clearly come from the plasma interaction with Io’s atmosphere, but the exact
processes whereby atmospheric molecules escape Io and end up as ions well inside Io’s orbit are not clear.

In the 38 years since the Voyager 1 and 2 flybys of Jupiter there have beenmajor advances in our understand-
ing of the system. But fundamental questions remain. In this paper we argue that evaluating the roles of
minor ions could play useful roles. The two major issues seem to be (1) What is the source of light ions from
Jupiter’s atmosphere/ionosphere? (2) How does the interaction of plasma with Io’s atmosphere produce the
extensive neutral clouds around Io’s orbit and the ~t/s plasma that supplies the Io plasma torus? The expec-
tation is that Juno, in a polar orbit around Jupiter, will answer question (1) about the proton production from
Jupiter’s atmosphere.

Regarding question (2) about the Io interaction and the Io torus, there are some recent developments: (i)
Models suggest that ~90% of the plasma moves outward from Io [e.g., Delamere et al., 2005], but we see
the peak density in a “ribbon” extending inside Io’s orbit. (ii) Adding to known neutral clouds of atomic O
and S, Galileo observations and models show molecular SO2 and SO are also key [Huddleston et al., 1997,
1998; Dols et al., 2008, 2012]. (iii) Reanalysis of Voyager observations of SO2

+ ions quantifies their distribution
inside Io’s orbit.

These recent studies show that we need a quantitative model of the Io-neutral-plasma system to answer spe-
cific questions about the Io plasma torus: (a) What shapes the neutral clouds (molecular and atomic) pro-
duced by the interaction of torus plasma with Io’s atmosphere? What are the similarities and differences
between the sources and losses of SO2 (and dissociation products) and the processes governing sodium?
How much is escape of O, S produced in the atmosphere by electron impact [Smyth and Marconi, 2003]
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versus electron impact on an extended cloud of SO2 versus dissociative recombination of SO2
+ ions away

from Io [Dols et al., 2008, 2012]? (b) Why does the production of plasma peak well inside Io’s orbit? What
makes “the ribbon”? (c) What happens to the cold torus material that diffuses inward from Io? (d) Could
the flux of fast escaping neutrals from charge exchange reactions provide a significant source (via photoio-
nization) in the outer magnetosphere? We anticipate a productive future exploring these issues with increas-
ingly sophisticated models and new data.
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