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1. Introduction 

Mass-resolved plasma measurements are a critical requirement for future exploratory missions 
to Uranus and Neptune. We examine historical measurements at Jupiter and Saturn to demonstrate 
this need. Recently, the orbiters Juno at Jupiter [Bolton et al., 2017] and Cassini at Saturn [Matson 
et al., 2004] carried plasma mass spectrometers that helped rewrite our fundamental understanding 
of the magnetospheric structure, dynamics, plasma sources and losses, and moon composition of 
those gas giants. These instruments contributed significantly to the discovery and comprehension 
of critical features such as the Enceladus (and possible Europa) plumes. As our community looks 
toward the Ice Giants, ion composition measurements will play a critical role in advancing our 
understanding of Uranus, Neptune, their moons, and their magnetospheres.  

2. Overview of Magnetospheric Dynamics at Uranus and Neptune 

There are many unique features of 
the ice giants, making them 
particularly interesting to planetary 
scientists. Ice giants are the most 
common type of exoplanet system 
[Marcy et al., 2014], and our own solar 
system provides an opportunity to 
study various magnetosphere 
configurations for future comparative 
studies with exoplanets. Both Uranus 
and Neptune exhibit a large tilt 
between the spin and the magnetic 
dipole axes, ~59◦ and ~47◦ respectively 
[Ness et al., 1989; see Figure 1]. These 
tilt angles are much larger than those 
of Jupiter or Saturn, which are ~10◦ 

and ≤~1◦ respectively [Russell et al., 
2010]. This drastic tilt angle and rapid 
planet rotation provide unique solar-
planetary configurations and 
fascinating magnetospheric properties that can be elucidated using appropriately designed 
instrumentation. Measurements of the nature and composition of the ions in these magnetospheres 
would revolutionize our understanding of the ice giants, just as our understanding was greatly 
expanded for both Saturn and Jupiter during the Cassini  and Juno missions.  

To date, the only measurements of magnetospheric properties at Uranus and Neptune came 
from the Voyager 2 flybys resulting in numerous theories and debates regarding the complex 
structure and dynamic processes of the near-space environment surrounding these ice giants [e.g., 
Vasyliunas, 1986; Selesnick, 1990]. Understanding ion compositional signatures in Uranus’ and 
Neptune’s magnetospheres will provide critical information about the source and transport of ions. 
As shown in Figure 1, the structure and dynamics of the plasma inside the magnetospheres are 

Figure 1 Illustrations of Uranian and Neptunian magnetospheres. Credit: 
Chris Arridge, Fran Bagenal, and Steve Bartlett (CU/LASP). 
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complex and unique for each planet. A complication at both planets is the presence of moons that 
are embedded within the magnetospheres, which can both sweep up magnetospheric plasma and 
produce it, as at Jupiter and Saturn.  
3. Voyager 2 In Situ Ion Observations of Uranus and Neptune Magnetospheres 

The current understanding of the ion populations in the magnetospheres of Uranus and Neptune 
is largely based on the in situ observations provided by the Plasma Science (PLS) [Bridge et al., 
1977] and the Low Energy Charged Particle (LECP) instruments [Krimigis et al., 1977] onboard 
the Voyager 2 spacecraft [Kohlhase et al., 1977]. After successful encounters with the 
magnetospheres of Jupiter and Saturn, Voyager 2 continued on to Uranus in 1986 [Stone et al., 
1986], Neptune in 1989 [Stone et al., 1989] and then toward the interstellar medium. The PLS 
instrument measures ion and electron energy-per-charge (E/Q) from 0.01 to 5.95 keV/q. The LECP 
instrument consists of two detector subsystems, spanning an energy range of ~10 keV to > 11 MeV 
electrons and  ~15 keV to 500 MeV/nucleon ions. Neither of these instruments directly measured 
M/Q, leaving many unresolved questions about the composition of magnetospheric plasma. The 
PLS and LECP instruments provided preliminary observations of the plasma population around 
Uranus and Neptune [e.g., Bridge et al., 1986; Krimigis et al., 1986; Belcher et al., 1989; Krimigis 
et al., 1989; Mauk et al., 1991; Cheng et al., 1992]. 

A major conclusion based on the in situ observations of the Uranian magnetosphere provided 
by PLS and LECP was that the ion population is primarily composed of protons, with minor 
species thought to be H2

+ or  H3
+. A notable surprise was the inferred absence of heavy ions in the 

magnetosphere, despite the fact that geological activity is expected for all five major moons 
(Miranda, Ariel, Umbriel, Titania, and Oberon) through the tidal forces imposed by the 
gravitational pull from the planet [Eviatar et al., 1986]. Analogous to the magnetospheres of Saturn 
and Jupiter, plasma tori were predicted as a result of the ionization and dissociation of neutral 
atoms and molecules sputtered from the icy surfaces of the Uranian moons [Brown et al., 1982]. 
However, heavy ions emanating these moons were for the most part not seen by Voyager 2. Several 
possible explanations were advanced for this: For PLS, it was suggested that due to the 
magnetospheric orientation at the time of the encounter, the solar wind may have been able to 
sweep moon-sourced plasma out of the magnetosphere fairly rapidly; for LECP, heavy ions may 
not be accelerated to the relatively high energies at which LECP composition data were available 
(> 0.6 MeV/nucleon).  

The efforts to infer the magnetospheric ion composition at Uranus were hampered by 
limitations in both the PLS and LECP instrumentation. PLS did not directly measure mass-per-
charge (M/Q) of detected ions and LECP could only measure ion composition at energies well 
above the pick-up energy of ions originating from the moons. Assuming rigid corotation, the pick-
up energy at Miranda’s orbit is ~0.9 eV for H+, ~29 eV for O+, and ~30 eV for H2O+. The O+ and 
H2O+ pick-up energies fall within the PLS energy range, but with just a measurement of E/Q, 
composition can only be determined if the peaks of the measured E/Q distribution are resolvable, 
i.e., if the flow is trans-sonic. McNutt et al. [1987] found that the Uranian magnetospheric ions are 
generally composed of a warm component and the high-energy tail. This indicates that the 
individual ion species are not easily identified in the measured E/Q distribution as their thermal 
spread obscures the separation in flow energy. Thus, it is still an open question as to which sources 
contribute magnetospheric ions at Uranus.  
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Voyager 2’s final planetary encounter was with Neptune. Belcher et al. [1989] derived the flow 
speed, number density, and temperature of plasma sheet ions from the E/Q measured by the PLS 
instrument assuming ion species of H+ and N+. However, the identification of N+ was not unique: 
The heavy-ion component inferred by PLS could have mass ranging from 10 to 30 amu. Krimigis 
et al. [1989] used the LECP measurements at energies between 0.57 to 1 MeV/nucleon and found 
energetic ions of H, H2, and 4He but no clear evidence of N+. One potential reason could be that 
the pick-up energies in the vicinity of Triton are low (~100 eV under rigid corotation), so the core 
distribution would fall in the eV to keV energy range [Mauk et al., 1991]. The conclusion from the 
Voyager 2 observations was that the magnetospheric plasmas largely originate from internal 
sources such as Neptune’s ionosphere and possibly Triton. Voyager 2 observations gave some 
support to model studies. For example, Delitsky et al. [1989] predicted a plasma torus around 
Triton composed of dissociation products of N2 and CH4. Their model predicted that nitrogen ions 
should dominate the plasma environment around Triton. However, it is still an open observational 
question as to exactly what comprises the heavy ions in Neptune’s magnetosphere, making it 
impossible to properly validate model predictions. 

In summary, the current state of knowledge regarding composition and dynamics of 
magnetospheric ions at Uranus and Neptune is still vague, and more advanced in-situ plasma 
observations are necessary to test existing theories and hypotheses. In the next section, we 
summarize the composition observations made in the magnetospheres of Jupiter and Saturn to 
illustrate the significant improvement in understanding that is possible with such measurements. 

4. Critical Lessons Learned from Jupiter and Saturn Visits  

To demonstrate the critical need for flying a plasma mass spectrometer to Uranus and/or 
Neptune, we focus on reviewing studies  at Jupiter and Saturn based on observations by the PLS 
on Voyager, the Cassini Plasma Spectrometer (CAPS) [Young et al., 2004] on Cassini, and the 
Jovian Auroral Distributions Experiment (JADE) [McComas et al., 2017] on Juno. The plasma 
instrument [Frank et al., 2002] on Galileo [Johnson et al., 1992] is omitted from the discussion 
here as the quality of the data did not permit scientific conclusions [Bagenal et al., 2016].  

An extensive analysis based on Voyager PLS observations of Jupiter’s magnetosphere is 
presented by three companion papers [Bagenal et al., 2017; Bodisch et al., 2017; Dougherty et al., 
2017]. Convected Maxwell-Boltzmann distributions were used assuming that the magnetospheric 
ions are comprised of H+, O+, O2+, Na+, S+, S2+, S3+, and SO2

+. While these studies have provided 
a huge steppingstone in understanding magnetospheric ions at Jupiter, there were three major 
issues with the analysis of the Voyager PLS measurements: 1) The upper energy limit of PLS is 
too low to capture the magnetospheric plasma distribution at large planetocentric distances; 2) The 
magnetospheric ion temperatures are often too high for resolving individual ion species in the 
measured E/Q distributions; and 3) the dominant species O+ and S2+ have similar M/Q (~16 amu/q) 

which make them indistinguisable as the E/Q ( 𝑚𝑣cot/Q) of these ions are identical at a given 

corotation velocity vcot. For these reasons, analyses could only be performed on the limited data 
set where ions are relatively cold such that the E/Q peaks of individual ion species were resolvable. 
The relative density ratio between O+ and S2+ was not measured and therefore was assumed. 

The first spatially comprehensive ion composition measurements of magnetospheric ions at 
Jupiter was obtained from the JADE Ion sensor (JADE-I) on Juno. Although JADE-I was not 
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designed to directly distinguish O+ and S2+, a technique developed by Kim et al. [2020a] utilized 
detailed instrument modeling to separate O+ and S2+. Kim et al. [2020b] derived the flow speed, 
number density, and temperature for H+, O+, O2+, O3+, Na+, S+, S2+, and S3+ for nearly 2 years of 
data. In addition to a determination of the O+/S2+ number density ratio, these studies found high 
temperatures (at least an order of magnitude greater than the Voyager PLS-based studies) and O3+. 

For Saturn’s magnetosphere, Richardson [1986] presents the most extensive analysis of 
magnetospheric ions measured by Voyager PLS, again doing a forward model of the E/Q spectrum 
for convecting plasma. Richardson [1986] concluded that the ions are largely comprised of two 
components: H+ and O+ possibly originating from the extended neutral cloud of the inner moons 
or the icy ring system. However, it was recognized that using heavier ions than O+, such as H2O+, 
would provide a better fit to the data. But without direct M/Q measurements, PLS could not discern 
any composition information directly.  

Several breakthroughs in understanding Saturn’s magnetospheric ions were made by the 
Cassini CAPS Ion Mass Spectrometer (IMS), which provided both E/Q and M/Q measurements. 
A preliminary study based on data from the orbital insertion maneuver showed that water-group 
ions O+, OH+, H2O+, and H3O+ are major constituents of the magnetospheric plasma [Young et al., 
2005]. With these conclusive composition measurements, Cassini demonstrated that the moon 
Enceladus is the major plasma source in Saturn’s magnetosphere as opposed to the predicted dense, 
unprotected nitrogen atmosphere of the much larger moon Titan.  

Ion composition carries critical information in multi-species plasma environments like giant 
magnetospheres. As demonstrated by CAPS and JADE-I, ion mass spectrometers provide insights 
into the magnetospheric plasma source and plasma transport within the magnetosphere. Correct 
identification of ion mass is necessary for properly deriving the flow speed, density, and 
temperature of observed ions. Ion composition also helps reveal whether dynamical processes are 
dominated by internally generated plasma or the external plasma (e.g., solar wind). And by 
pointing to the plasma origin, it provides insight into the role of moons within the magnetosphere. 
For example, we know that Io plays a significant role in Jupiter’s system because O+ and S2+ are 
the major constituents of heavy ions seen throughout the magnetosphere. Another example is that 
the detection of water group ions in Saturn’s magnetosphere have revealed that Enceladus is the 
major source of ions. Thus, our understanding of the magnetospheres of Uranus and Neptune can 
be significantly advanced by flying appropriately designed ion mass spectrometers.  

5. Sample Science Questions Requiring Ion Composition Measurements at Uranus and 
Neptune 

a. Surface Modification of the Moons and Rings of Uranus by Plasma 

Magnetospheric plasma interacts with the surfaces of moons and rings. The surface of the large 
Uranian satellites are characterized by a mixture of H2O ice and a dark, potentially carbon-rich, 
constituent, along with CO2 ice which is found principally on the trailing hemispheres of the moons. 
CO2 should be removed through a number of processes such as sublimation, UV photolysis, 
micrometeorite bombardment, and charged particle sputtering, so its ubiquitous presence is 
indicative of active formation processes [Grundy et al., 2006]. Radiolytic production of CO2, and 
other oxidized carbon species, could lead to the removal and/or masking of H2O ice on the trailing 
hemispheres of these moons, which in turn, would enhance the leading-trailing asymmetries in 
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H2O band strengths on the moons closest to Uranus [Grundy et al., 2003]. The magnetospheric 
plasma of Jupiter, Saturn, and Uranus all co-rotate with the planets, at a faster rate than the orbital 
periods of their regular moons, and as a result charged magnetospheric particles preferentially 
interact with the trailing hemispheres of the moons located within the magnetosphere [Cartwright, 
2017]. The interactions between magnetospheric species and moons in the Jupiter [Cassidy et al., 
2013] and Saturn [Noll et al., 1997] systems are well documented, but the unique tilt of the Uranian 
magnetic field leads to a much more complex system as its moons orbit through a wide range of 
magnetic latitudes and dipole L shells. An appropriately designed mass spectrometer would obtain 
measurements of the ambient magnetospheric species, providing critical data concerning moon-
magnetosphere interactions, including sputtering yield from icy surfaces and surface modification. 

b. Triton’s Geyser-like Plumes and Ionosphere 

When Voyager 2 closely encountered Triton, a thin atmosphere [Broadfoot et al., 1989], a 
dense ionosphere [Tyler et al., 1989] and geyser-like plumes [Smith et al., 1989] were discovered. 
The UVS observations confirmed that Triton’s atmosphere is largely composed of N2 with a small 
amount of CH4 [Broadfoot et al., 1989]. Through a chemistry model, it was concluded that the N+ 
must be the dominant ion in Triton’s ionosphere as a result of dissociative ionization N2 [Delitsky 
et al., 1990]. Connecting this with the PLS observations and the preliminary conclusion made by 
Belcher et al. [1989], one can deduce that the N+ of Triton’s ionosphere could be the major heavy 
ion source in Neptune’s magnetosphere. However, as discussed in Belcher et al. [1989] and in 
Section 3 of this white paper, the measured heavy ions could have had mass ranging from 10 to 30 
amu. If the magnetospheric ions include ion species different from N+, it implies the presence of 
other species in Triton’s ionosphere. One possibility is the contribution from the plumes. The 
topographic analysis of the plumes have showed that they arise from dark spots on the surface of 
Triton’s south pole [Smith et al., 1989]. Studies based on the ground-based observations have 
revealed that these plumes showed absorption signatures in methane and nitrogen wavelengths 
[Cruikshank et al., 1984; Cruikshank et al., 1989]. It is possible that Voyager PLS detected some 
combination of N+ and dissociated ion products of methane from Triton. Another possibility is that 
the heavier ions arise from different plasma sources altogether, such as other moons. Only by 
definitively measuring the in situ ion composition can these alternatives be discriminated.  

c. Nonadiabatic Heating of Ions in Giant Magnetospheres 

The combined ion temperature profiles measured in the magnetospheres of Jupiter [Kim et al., 
2020b], Saturn [Thomsen et al., 2010], and Neptune [Eviatar et al., 1995], indicate that ions are 
nonadiabatically heated as they are transported outward. It thus seems that nonadiabatic heating of 
ions is a fairly common phenomenon in giant magnetospheres, although it is interesting that this 
was not observed at Uranus [Selesnick et al., 1987]. Various theories have been posed [e.g., Saur 
et al., 2004; Kivelson et al., 2005; Ng et al., 2018] for explaining this heating, and one observation 
that could help test these theories is the pitch-angle distribution of individual ion species. This 
would require angular resolution of mass resolved data, which even the current best ion mass 
spectrometers CAPS and JADE-I do not provide. Furthermore, a common temperature assumption 
has been used for most of the analysis of heavy ions at Jupiter and Saturn [e.g., Bagenal et al., 
2017; Kim et al., 2020b] because overlapping mass peaks made it difficult to discern the 
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temperature of individual heavy ion species from the measurements. An ion mass spectrometer 
with higher mass resolution (than CAPS and JADE-I) could enable mass-dependent temperature 
determinations. Such measurements would test theories about nonadiabatic ion heating at the outer 
planets and would shed light on why such heating does not seem to occur at Uranus.  

6. A Plasma Mass Spectrometer Will Revolutionize Our Understanding of Ice Giant Systems 

In situ ion composition measurements provide critical information in multi-species plasma 
environments such as giant magnetospheres. As proven by CAPS and JADE-I, definitive 
characterization of multiple plasma species enables determination of ion composition and provides 
the key to identifying primary and secondary magnetospheric plasma sources. Since ion 
composition carries the signature of different sources, it is a unique tracer of the origin and 
transport of plasma throughout the magnetosphere. In addition, ion composition enables accurate 
determination of plasma flow properties, providing a key to the transport and dynamics. Our 
understanding of the magnetospheres of Uranus and Neptune will be significantly advanced by 
mass-resolved plasma measurements that will aid in answering the following science questions:  

Important Science Questions That Could Be Addressed With Ion Composition Measurements 

1) What is the ion composition in the vicinity of Triton? What can we infer about the ionospheric 
ion composition and species-dependent ion outflow?  

2) How do the ions emanating from Triton’s ionosphere and plumes affect Neptune’s 
magnetosphere? How do the plumes of Enceladus and Triton compare in terms of their 
contribution to the magnetospheric ions? 

3) How does the solar wind ion composition compare to the magnetospheric ion composition at 
Uranus and Neptune? Is the plasma transport in the magnetospheres of Uranus and Neptune 
convection-dominated (solar wind driven) or rotation-dominated (internally driven)? 

4) Why do the giant magnetospheres tend to heat ions nonadiabatically? Why is such a 
phenomenon not observed at Uranus? 

5) What is the composition of magnetospheric ions at Uranus? What is the role of the moons in 
the magnetosphere of Uranus? 
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