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Executive Summary  
The past decade saw a revolution in understanding a range of smaller bodies in the solar system, 
including asteroids, comets, and dwarf planets, with visits to Vesta, Ceres, Pluto, Charon, Ryugu, 
Bennu, and comet 67P Churyumov-Gerasimenko. Although these missions have greatly improved 
understanding of these bodies, science opportunities were missed due to the absence of plasma 
and/or magnetometer instrumentation. The exception to this is Rosetta to Comet 67P which carried 
both plasma and magnetic instruments that allowed for characterization of the plasma and 
magnetic environment relative to its outgassing rate. Understanding the evolution of the early solar 
system and its current water distribution are fundamental questions that can be addressed by these 
instruments. Magnetometer investigations provide information on a planet’s internal evolution and 
dynamics by constraining its internal composition/layering (i.e. planetary cores and subsurface 
oceans) and detecting remanent magnetization. Plasma investigations can provide context for 
space weathering and detect escaping ions sourced from a neutral exosphere; this would be 
particularly beneficial if the next decade includes visits to outgassing asteroids. In addition, due to 
the limited interaction between the solar wind and small bodies, these instruments can also double 
as solar wind monitors. Thus, incorporation of these instruments serves a dual purpose to meet the 
goals of both NASA’s Planetary Science and Heliophysics Divisions. Therefore, we recommend 
NASA’s Planetary Science Decadal Survey emphasize the need to regularly incorporate 
plasma and magnetic investigations on all planetary mission payloads (including small 
bodies) and create a ride-along program which would provide an outlet to propose these 
instruments to perform interdivisional science. 

1. Introduction 
In situ studies of small bodies reveal important clues to the history and early formation of the solar 
system, a prime objective of NASA’s Planetary Science Division (PSD). Instrument suites for 
small body missions often consist of cameras, ultraviolet, visible and infrared spectrometers, 
thermal imagers, and gamma ray and neutron detectors to classify the mineralogy, geology, and 
physical characteristics of their planetary surfaces. However, valuable information about a body’s 
internal structure and atmosphere can also be gained by incorporating magnetometers, space 
plasma, and energetic particle instrumentation into the payload. While these types of instruments 
are typically solicited for planetary missions to bodies with magnetospheres and/or substantial 
atmospheres, they are seldom used in missions to small bodies. 
The limited spatial extent of the interaction between small bodies and the solar wind would also 
allow these plasma and magnetic instruments to serve as solar wind monitors. This provides 
context not only for surface interactions that occur due to the bombardment of solar wind particles, 
but also for the propagation of solar events. The evolution and dynamics of the heliospheric plasma 
environment throughout the solar system is a central concern of NASA’s Heliophysics Division 
(HPD), both for understanding fundamental plasma physics processes and for providing the 
scientific understanding that underpins space weather hazard forecasting for the Earth and space 
exploration. In this white paper, we call attention to the synergy between planetary and 
heliospheric science that would occur by the inclusion of plasma and magnetic investigations in 
all planetary missions, including those to smaller bodies.  

Magnetic and plasma investigations onboard small body missions can provide insight into the 
target body’s internal structure and composition, planetary magnetism, atmospheric production 
and composition, and surface-plasma interactions while also acting as solar wind monitors. 
Consistent incorporation of these investigations in small body missions (i.e. main belt asteroids, 
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comets, trojan asteroids, dwarf planets, centaurs, Kuiper belt objects) would support NASA’s 
science goals to 1) understand  how solar system objects formed and evolved and 2) develop the 
capability to detect and predict extreme conditions in space (NASA 2014 Science Plan). We 
encourage the next decadal to advocate that these instruments be more widely integrated into small 
body missions. 

2. Magnetic Investigations Constrain Internal Structure, Composition, and Evolution 
Understanding the internal structures and compositions of small bodies is crucial for understanding 
the evolution of the early solar system. For example, it is still not well understood how pebbles 
and dust accumulate to eventually form planetesimals and planets. Studying how asteroids formed 
and evolved, both physically and chemically, would provide insight into this intermediary phase.  
One method of studying the interior properties of a small body is through electromagnetic 
sounding. A conductor in the presence of a time-varying magnetic field will produce eddy currents 
on its surface, giving rise to an induced magnetic field which opposes the time-variation of the 
ambient field (Fig. 1a). Perturbations to the primary field caused by this induced magnetic field 
(Fig. 1b) can be used to determine the electrical conductivity of the body, which will depend on its 
composition. An example is the radius of the Moon’s core, which was inferred using Apollo 
mission data by analyzing the induction response of the Moon to changes in the magnetic field as 
it passed through Earth’s magnetotail [2]. Similarly, perturbations to the Jovian magnetic field as 
the Galileo spacecraft encountered Europa and Callisto provided evidence for the presence of 
subsurface, salty oceans [3]. Results from electromagnetic sounding joint with gravity 
measurements can be used to establish the body’s conductivity profile and density structure. 

Figure 1. (a) Induced 
magnetic field of a 
conductor opposes the time 
variation of the primary 
field. b) Observed 
perturbation to the primary 
field. Constraints on the 
body’s composition and 
internal structure can be 
inferred by measuring its 
perturbation to the primary 
field. Figure from Khurana 
et al. (2009) [1].  

A body’s internal evolutionary history can be inferred by detecting remanent magnetic fields, 
which can arise from two sources. First, thermoremanent magnetism in a secondary crust can 
indicate a past dynamo. The local magnetic field at the time that the crust formed is recorded by 
the electron spins of the ferromagnetic grains which align with the magnetic field as the rock cools 
below the Curie temperature of the minerals and becomes frozen-in; hence, after the dynamo 
ceases, that record may still exist within the crust, unless it has been destroyed by impact heating 
or chemical alteration of the magnetic carriers. Since a planetary body needs a convecting, 
electrically conducting fluid to generate its own magnetic field, detection of a past dynamo informs 
interior dynamics that occurred as the body evolved. Second, a small body can acquire remanent 
magnetism due to solar nebula magnetic fields if it formed and was cooled or aqueously altered 
before gas dissipated from the protoplanetary disk (<4 Myr after CAIs) [4]. If remanent 
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magnetization is detected at a body, its degree of differentiation could be used to distinguish which 
of these sources most likely provided the magnetization. 
Remanent magnetization can be mapped using magnetometers, ideally in conjunction with 
electron reflectometers: magnetometers provide field measurements at the spacecraft altitude 
while electron reflectometers provide the ratio of the surface field to that at the spacecraft location 
by measuring electrons that are magnetically mirrored (reflected) closer to the surface. Crustal 
field mapping can still be performed with a magnetometer alone, albeit at a coarser resolution in 
field strength and spatial accuracy. This technique has been applied to map fields near the surface 
of the Moon [5], which confirmed it once possessed a dynamo. The upcoming Psyche mission, 
which will journey to asteroid (16) Psyche, will carry a magnetometer to determine if that body is 
a fragment of a planetesimal core by searching for remanent magnetization as a record of a past 
dynamo [6]. Future missions could also search for remanent magnetization of large C-type 
asteroids to determine whether they formed in the presence of nebular gas as predicted by pebble 
accretion. 

Magnetometers enhance our understanding of planetary interiors through 1) electromagnetic 
sounding which provides constraints on the internal layering and composition of the body and 2) 
identification of planetary magnetism which informs the formation and evolution of the interior. 

3. Investigations Inform Surface Processes and Atmospheric Production 
Space weathering governs the surface evolution on small bodies, and is thus a major focus of 
remote-sensing investigations. Space weathering due to the solar wind occurs in two flavors: 
implantation and sputtering. Solar wind ion implantation leads to the creation of nanophase iron 
near the surface and causes a “reddening” in the spectral slope. The steepness of the reddened 
spectral slope in visible and infrared spectrometer data is used to estimate the length of exposure 
to solar irradiation to determine relative surface ages, and place bounds on absolute ages per 
spectral type. These calculations are based on laboratory studies which are then scaled to expected 
fluxes of the solar wind. Solar wind sputtering is a process whereby ions impacting the surface 
cause a cascade of collisions which result in the ejection of molecules from the surface material. 
Sputtering rates depend on the mass and energy of the impacting particle and hence differential 
fluxes are needed to accurately calculate these rates. Measurements of how different ion 
populations in the solar wind vary will improve calculations for space weathering rates, 
particularly at higher energies which are more variable and can penetrate deeper into the surface. 
Plasma instruments can provide these measurements in-situ. 
Though small bodies are generally airless, they can produce time-varying exospheres through 
sublimation and/or sputtering if these processes are efficient enough.  Neutrals that are sublimated 
or sputtered can become ionized and picked up by the solar wind. These exospheric ions can be 
observed directly with plasma instruments or indirectly through plasma waves contained in 
magnetometer data. The frequencies of plasma waves generated by pick-up ions are tied to the 
mass of the ion, thus providing information on the constituents present in the exosphere.  If the 
pick-up rate is sufficiently large, it can mass load the solar wind, slowing it enough to produce a 
bow shock. Plasma instruments are best suited to infer outgassing rates [7], however detection of 
such a shock by the magnetometer could provide constraints on outgassing rates in their absence. 
The Rosetta mission observed this interaction at Comet 67P : the radius of the comet’s diamagnetic 
cavity was shown to depend on the long-term temporal variation of the Comet’s outgassing rate 
(Fig. 2) [8]. Methods to estimate outgassing rates using ion-cyclotron waves that are generated by 
the pick-up of exospheric ions have also been proposed [10]. 
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Figure 2. The radius of the 
diamagnetic cavity (rC) 
detected by Rosetta’s 
Magnetometer at Comet 67P 
was found to be a function of 
its long-term gas production 
rate of water (Q). Figure from 
Goetz (2019) [9]. 

 

Water ice reservoirs on small bodies have become of growing interest to the scientific community. 
Determining the water content on asteroids and comets is essential to identifying reservoirs which 
could have provided water to the early earth and its neighboring terrestrial planets. The C-Complex 
asteroid group makes up two thirds of the asteroid belt by mass [11] with its members often 
showing signatures of hydrated minerals and/or water ice [12]. In recent years, telescopic 
campaigns have also observed several of its members to be actively outgassing [13]. Future 
missions to these types of bodies would greatly benefit by utilizing the methods described above. 
Water-ice has a low binding energy making it highly susceptible to solar wind sputtering and in-
situ plasma measurements would aid calculations of the vapor production that can be attributed to 
this process. Similarly, measurements of the outgassing rate through magnetometer data would 
inform the loss rate of water-ice and whether these reservoirs would require a source of 
replenishment.  Thus, measurements of the heliospheric conditions experienced by small bodies 
would allow the determination of current water loss rates and inform water retention over time. 

Plasma investigations can enhance our understanding of surface interactions by providing direct 
measurements for the fluxes of different ion populations impacting the surface which are used to 
calculate space weathering rates. They can also directly sample exospheric ions to infer outgassing 
rates. Magnetic investigations can indirectly probe exospheres by 1) detecting plasma waves 
created from pick-up ions which provide information on the masses of exospheric species and 2) 
detecting the solar wind-interaction (i.e. bow shocks) which can be used to infer outgassing rates.  

4. Investigations Inform Interplanetary Space Weather 
Distributed, multi-point measurements for a range of solar longitudes and heliocentric distances 
are needed to provide a 3-dimensional picture of how solar events, such as interplanetary coronal 
mass ejections (CMEs) and their leading shocks, evolve as they travel through the heliosphere. 
However, a majority of solar and heliospheric space weather monitors are located at a radial 
distance ~1 AU from the Sun. Data obtained at distances >1 AU would provide additional and 
important context for the interpretation of space weather observations. These data can be used to 
validate space weather models which are used for forecasting potentially hazardous events. 
Measurements between 1 AU and 4 AU, the region where most comets and asteroids can be 
examined in situ (Fig. 3), could ‘flesh out’ our understanding of this unique interplanetary plasma 
region where solar wind stream interaction regions (SIRs) steepen into dynamically-important 
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compressions. SIRs modify the outer heliosphere solar wind properties, including CME-related 
disturbances, and act as barriers to CME shock-accelerated energetic particles. In addition, this 
region experiences solar wind mass loading due to microscale debris from asteroid collisions, 
increase in pick-up ion fluxes due to surface sputtering, and heavy ion production due to cosmic 
rays. Thus, the heliosphere from 1 AU to 4 AU is of great interest from many heliospheric as well 
as planetary research and space exploration perspectives. 

 
Fig 3. Solar monitoring spacecraft currently reside within 1 AU. Small body missions could 
provide a larger sampling of the heliosphere with plasma and magnetic instrumentation. 
Planetary missions such as Voyager 1 & 2, Cassini, Juno, and New Horizons have provided 
invaluable solar wind and interplanetary magnetic field (IMF) measurements as they travelled to 
the outer heliosphere [14,15]. However, the sampling by these missions of the heliosphere, a huge 
(~100 AU) and highly dynamic environment, cannot replace a more continuous strategy for multi-
point monitoring. Consistent measurements could be obtained using active spacecraft en route to 
or stationed at targets in the 1-4 AU region.  
A recent example of such synergy occurred in connection with the Dawn mission. Though the 
Dawn spacecraft was not equipped with heliospheric instrumentation, its gamma ray and neutron 
detector (GRaND) was sensitive to energetic electrons and protons [16, 17], allowing it to detect 
the presence of solar energetic particle events while it encountered Vesta and Ceres. This allowed 
for a qualitative comparison of events detected at STEREO, Earth, Mars, and Dawn [18] and 
provided a 360-view of multiple event propagations. Though the GRaND instrument is not suited 
for quantitative measurements of the solar wind, it highlights the valuable science that can be done 
when monitoring the 1-4 AU region.  

Plasma and magnetic investigations on probes visiting small bodies, or transiting the solar system, 
allow for the continuous monitoring of the solar wind past 1 AU. This monitoring would fill current 
knowledge gaps regarding physical processes and propagation of solar events which ultimately 
feed into space weather forecasting.  

5. Missed Science Opportunities on Small Body Missions in the Past Decade 
The scientific impact due to the absence of magnetometers and plasma suites onboard recent small-
body missions has already been felt by the research community. The past decade included missions 
to Vesta, Ceres, Pluto, Bennu, Ryugu, and Comet 67P. Of these missions, only the Rosetta Mission 
to Comet 67P carried both a magnetometer and a plasma suite. Meteoritic evidence has indicated 
Vesta, the Dawn mission’s first target body, may have remanent crustal fields [19]. While Dawn 
was able to establish that Vesta’s gravity field is consistent with a fully differentiated body with 
an iron core, whether this core ever generated a dynamo is a fundamental question that went 
unanswered. This detection would have confirmed Vesta to be the smallest known planetary body 
able to sustain a dynamo. Dwarf planet Ceres, Dawn’s second target, has been shown to have a 
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time-varying water exosphere as seen by telescopic campaigns [20]. However, despite Dawn’s 
three-year rendezvous, no in-situ information could be gained about its exosphere with the 
exception of energetic electrons detected by GRaND which have been proposed to be a by-product 
of a temporary bow shock caused by outgassing [17, 21]. The sources, production mechanisms, 
and lifetime for Ceres’ exosphere still remain a topic of much debate. Though the New Horizons 
mission carried plasma instruments, the extent of the solar wind interaction with Pluto could not 
be fully captured without a magnetometer [22]. Additionally, observations of Sputnik Planitia have 
suggested a possible subsurface ocean which may still exist today [23]; this could potentially be 
investigated further with an electromagnetic sounding campaign on a future Pluto mission. While 
such instrumentation may sometimes be initially selected as part of a small body science payload, 
they regrettably have a history of cancellation. 

The past decade of planetary science missed opportunities to verify an ancient dynamo at Vesta, 
characterize Ceres’ exospheric production, and to fully capture Pluto’s solar wind-interaction due 
to the absence of magnetometers and/or plasma instruments on their respective missions. 

6. How to Incorporate Magnetic and Plasma Investigations in Small Body Missions 
Missions to bodies in the main asteroid belt and beyond spend years en route to their destinations. 
We can take advantage of this cruise phase by the addition of small plasma and magnetic suites to 
the payload that are designed to monitor solar wind and IMF conditions. For Psyche-type missions, 
its cruise phase would allow ~3 years of continuous interplanetary measurements before arriving 
at the asteroid.  Upon arrival at the body, these instruments can be further used to better understand 
both the body and its solar wind interaction.  
Plasma and magnetic suite instrument 
packages would be relatively simple to 
incorporate into the design of future 
spacecraft missions due to their modest 
power and data requirements (Table 1). 
A simple solar wind monitoring 
package comprised of a gradiometer 
magnetometer on a modest boom, 
together with plasma and energetic particle detectors (mounted facing the sun and Parker spiral), 
are TRL 9 and would require only a few hundred bits per second, ~10 W of power and ~7 kg of 
mass (the latter two numbers will continue to decrease with further miniaturization). Though their 
physical requirements are minimal, such instrument suites face significant programmatic hurdles. 
Currently, the logistics of combining heliophysics and planetary science experiments on a mission 
is complicated by competing inter-divisional programmatic priorities and a lack of explicit 
opportunities for an interdisciplinary mission.  In particular, there is no program or vehicle that 
prioritizes a science payload that is relevant to both divisions nor are there routine rideshare 
opportunities for HPD-relevant payloads (i.e. plasma instrumentation) either on already-selected 
PSD missions or as Science Enhancement Options (SEOs) as a part of mission proposals to PSD. 
The recent selection of the ESCAPADE SIMPLEx mission for Phase A/B funding by HPD is a 
step in the direction of breaking down such logistical barriers.  For example, the ESCAPADE 
mission focuses on plasma and field instrumentation. This accommodates researchers from 
heliophysics working in space weather and plasma interactions areas, but is also key to Mars 
science objectives (e.g. climate evolution) and space environment planning for human exploration. 
Mission opportunities are infrequent enough that full advantage should be taken of their potential 

Table 1: Plasma package resources for small body 
missions are modest. 
Instrument Mass Power Data 
Magnetometer & boom [24] 1.3 kg 0.8 W 30 bps 
Ion energy/angle/mass [25] 3.3 kg 4.2 W 200 bps 
Electron energy/angle [25] 1.8 kg 1.6 W 40 bps 
Energetic particle detector [26] 0.9 kg 3.2W 10 bps 
Total 7.3 kg 9.8 W 280 bps 
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for interdisciplinary science return, a concept that has held great advantages in the past for ‘ride-
along’ science such as the Gamma Burst Detector on Pioneer Venus Orbiter. 
One potential approach in this era of satellite miniaturization is the encouragement of technical 
development leading to suites of space environment instrumentation specifically designed for 
‘ride-along’ purposes. Such a package might be viewed in mission development as an engineering 
unit for monitoring the spacecraft space environment – but at the same time produce valuable 
heliophysics and space plasma interaction data that would need to be accommodated in the 
housekeeping and/or science telemetry stream. If such units were routinely dispersed throughout 
the solar system on all SMD deep space missions, this would form evolving constellations of space 
environment observers whose information could be mined in routine ways as the mission sets 
evolved. In such an event, the matter of space environment conditions would automatically be a 
regular part of all missions’ research and operations activities, benefitting interests across the 
board. 
We suggest a ride-along program be established which would provide a channel for plasma and 
magnetic instruments to be proposed to perform interdivisional and interdisciplinary science. 

7. Summary 
Instruments typically used to monitor interplanetary space (magnetometers and plasma 
spectrometers) are also powerful tools that provide information on a body’s internal structure, 
magnetism, surface properties, and atmosphere. Hence, the results returned by these instruments 
have both interdisciplinary and interdivisional scientific value.  Though some previous small body 
missions did include plasma and/or magnetic investigations, these were the exception and not the 
norm. Looking forward to the next decade of planetary exploration, more emphasis on the 
inclusion of these instruments on small body payloads would greatly advance our understanding 
of both small body and heliospheric science. 
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