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Abstract Recent measurements near comets, planets, and their satellites have shown that heavy ions,
energetic neutral atoms, molecular ions, and charged dust contain a wealth of information about the origin,
evolution, and interaction of celestial bodies with their space environment. Using highly sensitive plasma
instruments, positively charged heavy ions have been used to trace exospheric and surface composition of
comets, planets, and satellites as well as the composition of interplanetary and interstellar dust. While positive
ions dominate throughout the heliosphere, negative ions are also produced from surface interactions. In fact,
laboratory experiments have shown that oxygen released from rocky surfaces is mostly negatively charged.
Negative ions and negatively charged nanograins have been detected with plasma electron analyzers in
several different environments (e.g., by Cassini and Rosetta), though more extensive studies have been
challengingwithout instrumentation dedicated to negative ions.Wediscuss an adaptation of the Fast Imaging
Plasma Spectrometer (FIPS) flown on MErcury Surface, Space ENvironment, GEochemistry and Ranging
(MESSENGER) for the measurement of negatively charged particles. MESSENGER/FIPS successfully measured
the plasma environment ofMercury from2011 until 2015, when themission ended, and has been used tomap
multiple ion species (H+ through Na+ and beyond) throughout Mercury’s space environment. Modifications
to the existing instrument design fits within a 3U CubeSat volume and would provide a low mass, low power
instrument, ideal for future CubeSat or distributed sensor missions seeking, for the first time, to characterize
the contribution of negative particles in the heliospheric plasmas near the planets, moons, comets, and
other sources.

1. Introduction

Positive ions have been ubiquitously observed throughout the universe and, in particular, have been directly
observed throughout the heliosphere and around planetary atmospheres [e.g., Larsson et al., 2012, and refer-
ences therein]. Because of the tenuous nature of planetary and interplanetary environments, ionized material
can persist in such a state. The resulting plasma environments are formed through a number of ongoing pro-
cesses that provide both sources and sinks for charged material. The largest source of ions in the heliosphere
is the Sun,which accelerates highly chargedparticles into the heliosphere via the solarwind (e.g., H+, He2+, C5+,
O6+, and Fe10+). Additional local sources of ions include interstellar dust, interplanetary dust, and sputtered
particles fromplanetary, cometary, or satellite surfaces,whichhavebeen ionizedby solarUV radiation, electron
ionization, or via charge exchange with solar wind particles. Additionally, exospheric escape for charged
particles can occur at a variety of planets. Many of the ions from local sources are singly positively charged,
but other ionic charge states exist.

While much is known about the sources and behavior of positive ions in the heliosphere, until recently, little
was known about the sources and behavior of negative ions. The search for negative ions in the heliosphere
begins with the search for much of the same dust and neutral material that produces the positive ions
described above. There are a variety of sources of dust in the heliosphere (e.g., including the “inner source”),
some left behind by comets, some resulting from asteroid collisions, some ejected the surfaces and atmo-
spheres of planets and their satellites, and some from the interstellar medium, through which the heliosphere
is moving [Gloeckler et al., 2000; Klahr and Lin, 2001; Frisch et al., 1999].

Negative ions can be produced via a number of processes, including through gas-phase chemistry, by inter-
action with solar photons via photon-stimulated desorption (PSD), electron-stimulated desorption (ESD),
charge exchange between ions and neutrals or dust, or solar wind plasma sputtering on planetary regolith
and interstellar and interplanetary dust grains [Domingue et al., 2014, and references therein]. Negative ion
production on the surfaces of the Moon and from heliospheric dust grains have been predicted, but they
have yet to be observed even though they may constitute a significant component of material at the
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Moon and in the heliosphere, and a
powerful indicator of the physical
processes that govern plasma inter-
actions and space weathering.
Negative ions have been observed
in Earth’s ionosphere, as well as in
the ionospheres of satellites of
Jupiter and Saturn [Larsson et al.,
2012; Coates et al., 2007; Coates
et al., 2007, 2009a, 2009b, 2010a,
2010b; Wekhof, 1981, and references
therein]. They have also been
observed in Mars atmosphere and
near comets [e.g., Halekas et al.,
2015, Burch et al., 2015a, 2015b,
Coates et al., 2007; Hargreaves, 1992;
Chaizy et al., 1991; Borucki et al.,
2006]. Coates et al. [2007] reported
the discovery of negative ions in

Titan’s atmosphere up to an altitude of ~950 km using data from the Electron Spectrometer (ELS) as part
of the Cassini Plasma Spectrometer (CAPS). These negative ions were observed as a very narrow, cold contri-
bution to the electron spectra and were observed as Cassini plowed through the plasma with a ram speed of
~6 km/s. Additionally, the observation of negative ions at these altitudes in Titan’s atmosphere was surpris-
ing, as they were not expected to be present above 100 km. Chaizy et al. [1991] reported the first observations
of negative ions in cometary material.

Shortly after these findings, Cassini CAPS-ELS and IMS also identified negative ions and negatively charged
nanograins in the south polar plume of Enceladus [Coates et al., 2009a; Hill et al., 2012]. Negatively charged
nanograins with masses of the order 102–105 amu have also been reported from the Rosetta mission [e.g.,
Burch et al., 2015a, 2015b, Gombosi et al., 2015]. These negatively charged nanograins are seen both coming
from the direction of the comet and also coming from the solar direction with energies in the 1–20 keV range.
Additionally, both negatively and positively charged nanograins have been observed near Enceladus by the
Cassini CAPs sensors [Jones et al., 2009; Hill et al., 2012] as well as near Saturn’s moon, Rhea [Teolis et al., 2010],
and potentially near Dione [Tokar et al., 2012]. The existence of the negatively charged nanograins near
comets and satellites indicates that the negatively charged particles are present and observable when
conditions are right in the space environment. Both the discovery of negative ions and negatively charge
dust grains in a variety of space environments motivates the need to further study these populations.

The dominant physical mechanism that accelerates negative ions and nanograins is expected to be the
pickup process in the solar wind. While a neutral gas or dust particle may initially have negligible energy
(~few eV), once ionized, they are subjected to a Lorentz force within the interplanetary magnetic field con-
vecting away from the Sun via the solar wind [Vasyliunas and Siscoe, 1976]. Newly picked up ions will gyrate
around the magnetic field, with an orbit initially defined by the initial velocity component perpendicular to
the magnetic field. The pickup ion velocity distribution evolves, as the particle scatters on magnetic irregula-
rities, from a ring distribution shortly after pickup to a spherical shell distribution until the particles scatter to
fill a sphere in velocity space centered on the solar wind speed, with a radius of one solar wind speed
[Gloeckler et al., 1997; Gloeckler and Geiss, 1998; Kallenbach et al., 2000, and references therein; Neugebauer
et al., 1989, Coates et al., 1989, 1990, 2015, Coates, 2012]. This flattened distribution in velocity space is fit with
multiple parameters and show as curves in Figure 1, which rolls over around two solar wind speeds. The
Gaussian peaked distribution in the middle of the pickup ion distribution is the superposition of the solar
wind protons on top of the pickup protons. The characteristic shoulder in the distribution at two solar wind
speeds makes pickup ions clearly distinguishable from the bulk solar wind. However, the exact shape of the
pickup ion distribution depends on the injection speed of the initial neutral particle before it became charged
and picked up in the solar wind electric field [e.g., Coates et al., 1989]. While solar wind protons, making up
98% of the solar wind, can obfuscate a large portion of velocity space shared with pickup ions with their

Figure 1. Pickup protons are superposed on the Gaussian solar wind proton
velocity distribution. The pickup protons make up a flat distribution which
rolls over at two solar wind speeds (adapted from Gloeckler et al. [1995]).
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large flux, the same issue is not present for negative ions. Hence, negative ions should be more easily distin-
guishable since the background flux should be nearly negligible, assuming their lifetime before photodisso-
ciation is long enough for them to make it into the instrument.

Measurements made to date provide evidence that negatively charged particles exist in neutral gas or dusty
environments and motivate further investigation into additional sources of negative ions in the heliosphere.
Themeasurements discussed above were typically performed with instruments optimized for other purposes
(e.g., electron analyzers) and have thus been very limited. In these observations, it is not possible to easily
determine the composition of these particles nor is it possible to determine whether they are singly charged
grains or atomic negative ions.

A mission concept is presented to provide a unique opportunity to survey several different plasma environ-
ments on its trajectory out of the Earth’s atmosphere, during a flyby of the Moon, and as it settles into a helio-
centric orbit. The goal of the conceptmission is tomeasure andmap contributions of negative heavy particles
in the space environment. The science goals are to examine and analyze negative ions and other negatively
charged particles and their sources near the Earth, the Moon, and in other parts of the heliosphere using an
optimized Anion Imaging Plasma Spectrometer (AIPS). These measurements will put improved constraints
on the abundances of dust and neutrals, surface processes on airless bodies, and on other sources of negative
particles in the heliosphere. The proposed mission would provide the measurements of these negative parti-
cles with sufficient resolution to characterize a broad range of plasma environments, with high temporal and
spatial resolution.

This paper will present this mission concept and expected measurements. Section 2 will describe the science
objectives of such an investigation, and section 3 will provide a mission overview to demonstrate that this
investigation can indeed be carried by a single 6U CubeSat. We conclude in section 4, that this mission
can provide the first dedicated measurements of negative particles that will allow us to characterize the
composition of these particles in a range of environments throughout the heliosphere and quantify their
contribution to the local pickup ion population.

2. Measurement Objectives

Our dedicated investigation has two complementary science objectives.

2.1. Measurement Objective 1: Negative Particles in the Heliosphere

This mission objective focuses both on ions and also nanograins from heliospheric sources. Due to the
lifetime of negative ions, on the order of seconds, most of the negatively charged particles originating in
the heliosphere are expected to be negatively charged nanograins. But there are also ionic sources such as
from extended and localized sources described below.

Dust components. Interplanetary space is filled with gas, plasma, and dust, all of which provide sources for
positive and negative ion production in the heliosphere. Most dust originates in the outer heliosphere and
is transported into the inner heliosphere via comets, collisions, or as it is slowed by the Poynting-
Robertson effect [Klahr and Lin, 2001]. Beta-meteoroids, or submicrometer dust particles (e.g., nanograins),
can be propelled out of the inner heliosphere due to radiation pressure and contribute to the dust population
[Zook and Berg, 1975; Zook, 1975]. In addition, interstellar dust enters the heliosphere as it moves through the
interstellar medium and is focused by the Sun’s gravity in the downstream region. While helium makes the
largest contribution at the orbit of Earth, H, C, O, and Ne are also carried into the heliosphere by the interstel-
lar wind [Kallenbach et al., 2000, and references therein].McComas et al. [2004] measured heliospheric pickup
ions at distances >6AU, likely of interstellar origin.

Inner source. Measurements from Cassini, Galileo, and Ulysses indicated a nearly ubiquitous presence of dust
between 1 and 5 AU [Schippers et al., 2015, and references therein]. The flux near 1 AU is measured to be
~0.1 cm�2 s�1 and falls off with heliocentric distance indicating a source inside of 1 AU, perhaps as close as
0.2 AU [Mann et al., 2007]. This source of dust in the inner heliosphere is left over from the formation of
the solar system or transported from the outer solar system via the Poynting-Robertson effect. This so-called
inner source is also source of pickup ions, made almost entirely of C and O, but traces of other elements also
exist. With no atmosphere to shield them, these dust grains are under intense photon bombardment due to
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close proximity to the Sun. Intense UV radiation can detach neutrals from the dust grains that are then con-
tinually bombarded by solar wind plasma and electrons [Geiss et al., 1995]. Solar wind adsorption from the
inner source neutrals makes up a large component of the pickup ions in this region [Gloeckler et al., 2000].

The surface processes described above are active on the surface of interplanetary dust grains and desorbed
neutrals and likely provide a pathway for the creation of pickup negative ions as well as neutrals. As dust
grains are composed of a large fraction of silicate minerals, similar to all rocky bodies in our solar system they
likely undergo similar sputtering processes. Small grains can become negatively charged by plasma electron
impact [Hill et al., 2012], which causes an increase in produced of negative secondary ions [Lanzillotto et al.,
1991; Larsson et al., 2012].

Locally produced negative ions. There is strong evidence for a ubiquitous presence of pickup O+ carried along
with the solar wind, which has beenmeasured in situ out to 5 AU [Geiss et al., 1994]. Since, O� is more likely to
form than O+ [Funsten et al., 1992] in sputtering interactions, the presence of O+ indicates that it is likely that
AIPS will be able to measure O�, which is locally produced by the solar wind interaction with dust. While the
lifetime of O�may be short at smaller heliocentric radii due to photodetachment, if the process is ongoing at
all heliocentric distances, the sensor is likely to sample O�, especially at larger heliocentric distances where
solar UV has reduced intensity.

Cometary particles. Comets also provide a source of pickup ions in the heliosphere. Comets consist of ice, dust,
and rocky particles within a nucleus that ranges in sizes up to ~1 km in diameter, at smaller heliocentric
distances. As cometary ice evaporates, it can release trapped negative ions or it can expel neutrals that can
become ionized or molecular clusters with high electron affinity [Burch et al., 2015a, 2015b, Larsson et al.,
2012; Jackson, 1992; Wekhof, 1981]. Early measurements from Giotto resolved bispherical cometary water
group ion distributions at comet Halley [Coates et al., 1990]. Since then, positive and negative pickup ions
have been observed from comets in a number of cases [e.g., Gloeckler, 1986; Neugebauer et al., 2007;
Chaizy et al., 1991; Gilbert et al., 2015; Burch et al., 2015a, 2015b; Gombosi et al., 2015]. Neugebauer et al.
[2007] describes an in situ encounter of the Ulysses spacecraft with the ion tail of comet McNaught.
Ulysses first detected the comet on 4 February 2007, and it was noticeable in data from multiple instruments
on board until just before 8 February. During this period, the comet had measurable effects on the kinetic
properties of the solar wind, including ion heating and the production of compressional waves in the mag-
netic field, all of which are evidence of mass loading during the pickup process. During this period, a number
of singly ionized pick up ions were observed with Solar Wind Ion Composition Spectrometer (SWICS) indicat-
ing the presence of pickup ions of C+, N+, O+, OH+, H2O

+, H3O
+, Ne+ and other molecules as well as other low

charge ions not of solar origin. Burch et al. [2015a, 2015b] and Gombosi et al. [2015] discuss the detection of
negatively charge molecular clusters, most likely water clusters with large masses, near Rosetta. These were
found at a distance of 100 km from the comet nucleus and likely persist for on the order of a day [Gombosi
et al., 2015].

2.2. Measurement Objective 2: Negative Ions From the Moon

The Moon’s tenuous atmosphere is formed by a variety of mechanisms including interior release, particle
sputtering, photon-stimulated desorption, chemical sputtering, thermal desorption, and meteoritic impacts
[Stern, 1999]. The most abundant species are He, Na, K, and Ar at densities up to 104 cm�3 [Hoffman et al.,
1973; Hartle and Thomas, 1974; Sarantos et al., 2012b]. Curiously, the composition of the lunar atmosphere
is still not well known [Wurz et al., 2007; Stern, 1999]. This collisionless atmosphere (exosphere) can easily
be lost by gravitational escape, chemical loss and condensation, ionization, and pickup by the solar wind
[Stern, 1999]. Ionization and pickup are particularly important processes for ions heavier than helium. The first
observation of lunar ions was of Si/Al+ and O+ by the Active Magnetospheric Particle Tracer Explorers
(AMPTE) spacecraft [Hilchenbach et al., 1993]. Shortly thereafter, Mall et al. [1998] reported these ions as well
as possibly P+ using measurements from the Wind Spacecraft. More recently, He+, C+, O+, Na+, and K+ were
detected by the SELENE (Kaguya) spacecraft [Yokota et al., 2009]. Hartle and Killen [2006] showed that these
ions could be used to detect lower density exospheric species, owing to the very high sensitivity of ion
composition spectrometers when compared with neutral mass spectrometers. Using well-known models
of lunar exospheric neutral atoms [Hartle and Thomas, 1974; Sarantos et al., 2012a], Sarantos et al. [2012b]
showed that fluxes of 15 × 104 and 6× 104 cm�2 s�1 for He+ and Na+ could be regularly expected.
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Despite the fact thatmeasurementsof
ions at the Moon have so far all been
positive, negative ions are also
expected. Ion sputtering and
electron-stimulated desorption (ESD)
result in both positive and negative
ions, with the resulting charge
depending on a number of factors
including the following: surface
composition and conductivity, the
incident sputtering ion, and incident
ion energy [Deng and Souda, 2001;

Chiba, 2010; Wurz et al., 2007]. Lanzillotto et al. [1991] showed from laboratory experiments that O� and Si�

are produced, along with their positive counterparts, by ESD from SiO2 surfaces.

Negative ions are expected to make up a small fraction (1–10%) of the ionized material in the lunar
exosphere, formed mainly by the interaction of solar wind protons with the lunar regolith (“topsoil”) or by
micrometeorite impacts on the surface [Wekhof, 1980, 1981]. A larger fraction is expected near shaded regions
or on thenightsideof theMoon,where the surfacebecomesnegatively chargedandexpels negatively charged
dust and plasma [Farrell et al., 2007]. The Lunar regolith is composed of roughly 60% oxygen, 17% silicon, 7%
aluminum, and a few percent of many other species, mostly metals [Vorburger et al., 2014]. Secondary ion
production by sputtering is strongly enhanced by the high oxygen abundance in lunar regolith [Maul and
Wittmack, 1975]. The combination of these factors is expected to result in O� dominating the ionized compo-
nent of oxygen [Lanzillotto et al., 1991; Chiba, 2010] and possibly the ionized component as a whole. As such,
observing O� is key to understanding the ionized lunar exosphere and its coupling to the lunar surface via
space weathering processes. There are no successful observations of these negative ions near the Moon. The
lunarflyby segmentof theproposedmission shouldprovideaprimeopportunity to studyunobservedportions
of theMoon’s atmosphere through its negative ion composition. Measurements of planetary pickup ionswere
successfully made using AIPS heritage technologies and demonstrate that negatively charged ions would be
well resolved with AIPS [Zurbuchen et al., 2011; Raines et al., 2013].

3. An Anion Focused Investigation

The AIPS sensor is based on the Fast Imaging Plasma Spectrometer (FIPS) on NASA’s MErcury Surface, Space
ENvironment, Geochemistry and Ranging (MESSENGER) mission [Solomon et al., 2007], which successfully
measured the plasma environment of Mercury from 2011 to 2015 and has been used to map multiple ion
species (H+ through Ca+). FIPS was a time of flight plasma mass spectrometer to orbit Mercury from 2011
to 2015. It measured ions from the solar wind as well as from Mercury’s space environment. FIPS instrument
characteristics are shown in Table 1. In addition to making the first solar wind measurements at 0.3 AU in the
last 30 years [Gershman et al., 2012], FIPS made the first observations of He+ pickup ion distributions at radial
distances of 0.3–0.7 AU from the Sun [Gershman et al., 2013]. In this work, the gravitational focusing cone was
examined and comparisons were made with ACE/SWICS [Gloeckler et al., 1997] measurements at 1 AU. In a
follow-on work, Gershman et al. [2014] examined partial 3-D velocity distribution functions for pickup He+.
That study found that this distribution decreases nearly monotonically with increasing pitch angle, in contrast
to the typical isotropic or spherical distributions more commonly assumed. FIPS also made the first ever
observations of ions from Mercury itself, including He+, O+, and Na+, and found that they are concentrated
at the magnetospheric cusps and central plasma sheet [Zurbuchen et al., 2008, 2011]. These ions were
observed throughout Mercury’s space environment, with an average observed density of 5.1 × 10�3 cm�3

for Na+ group ions (Na+, Mg+, and Si+) [Raines et al., 2013]. Within the magnetosphere, FIPS observed preci-
pitation of solar wind protons in the northern cusp, as well as population of Na+ group ions that appeared to
be upwelling there [Raines et al., 2014]. This data also showed that Na+ group ions can be dynamically impor-
tant in Mercury’s plasma sheet, reaching up to 50% of mass density in that region [Gershman et al., 2014].

The AIPS instrument draws strongly from FIPS heritage and was designed to fit within a 6U CubeSat bus as
well as be adapted for negative ions. These negative ion measurements will be carried out using the same

Table 1. FIPS Characteristics [From Andrews et al., 2007]

Characteristic Value

Mass 1.41 kg
Volume 17.0 × 20.5 × 18.8 cm3

Power average/maximum 1.9/2.1W
Scan speed 64 s/10 s
FOV 1.4 π sr
Energy range <0.010–20 keV/e
m/q range 1–60 amu/e at solar wind velocities
Average efficiency 0.2
Geometric factor 1 × 10�3 cm2 sr eV/eV
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principles of operation as FIPS, but
with voltages optimized to accommo-
date negative ions as shown in
Figure 3. 3U will be reserved for the
electrostatic analyzer, time-of-flight
telescope, and the main electronics
assemblies that control the science
instrument as shown in Figure 2. The
AIPS instrument is expected to weigh
<2 kg, supported by its flight heritage
[Andrews et al., 2007], and can be well
within the required 14 kg mass limit
for the entire CubeSat.

3.1. Mission Concept

AIPS is a targeted, low-resource
instrument designed to measure
negative particles originating from
planetary bodies andwithin the helio-

sphere.We nowoutline the AIPS instrument concept, beginningwith a discussion of the principle of operation
of an instrument suitable for operation on a small satellite.
3.1.1. Particle Measurements With AIPS
AIPS can measure negative ions with energy per charge (E/q) of 0.05–20 keV/e, with an energy resolution of
about 6%. This energy range overlaps the energy range of Cassini/ELS, and that of Rosetta/Ion and Electron
Sensor, which both successfully measured negative particles in situ. It can measure ions with mass per charge
ratios (m/q) of 1–60 amu/e at solar wind velocities (≥400 km/s) and a much larger mass per charge range at
much lower velocities. The maximumm/q allowed by the sensor depends on the velocity of the particle and
on the length of the time-of-flight window. Using a flexible field programmable gate array (FPGA) [e.g.,
Rogacki and Zurbuchen, 2013] as a timing solution, with a timing resolution on the order of a ~ 2 ns, and an
adjustablewindowup to several tensofmicroseconds, AIPSwouldbeable to retrievemeasurements ofmasses
up to 105 amu/e.

Previous measurements of pickup ions and charged nanograins (~102–05 amu/e) with velocities in the range
of hundreds of m/s have shown that their energy is broadly distributed over this energy range [e.g., Burch
et al., 2015a, 2015b, Hill et al., 2012; Teolis et al., 2010]. AIPS records the incident angle of all measured particles
as they enter its wide (1.4π sr) instantaneous field of view (FOV), with an angular resolution of about 15°.
Thesemeasurements allow separation of negative particles bym/q as well as characterization of their velocity
distribution functions. Singly ionized species can be separated by mass, as their charge is unity.

The optical subassemblies of the AIPS instrument include an electrostatic analyzer (ESA) and a time-of-flight
(TOF) telescope joined by a postacceleration transition region as shown in the top half of Figure 3. The instru-
ment electronics are composed of an instrument control board with a field programmable gate array (FPGA)
central to instrument operations, as well as three power supplies to provide swept electrode potentials in the
ESA and steady state biases in the TOF telescope. The AIPS instrument block diagram is shown in the bottom
half of Figure 3.
3.1.2. Instrument Overview
The hourglass-shaped ESA, shown in the upper left quadrant of Figure 3, uses a voltage applied to curved
electrodes to select particles on the basis of their E/q. Negative ions must fall within ~6% of the target E/q
in order to pass through the ESA without hitting the walls. The ESA voltage may be logarithmically stepped
over 60 steps, admitting negative ions from �0.05 keV/e to �20 keV/e over the full energy scan. Besides E/q
filtering, the complex geometry of the ESA serves to keep out UV light that would be a source of background
in the detectors [Gilbert et al., 2014]. The postacceleration region is the transition between the ESA collimators
and the TOF telescope, which is maintained at a positive potential of 10 kV. As negative ions exit the ESA, they
gain kinetic energy in proportion to their integer charge state as they pass through this potential, thus
allowing improved mass separation. Negative ions then impact a thin layer of elemental carbon, known as

Figure 2. CAD model of the 6U CubeSat.
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a carbon foil. Here the negative ions experience some mass-dependent angular scattering and energy loss
(1–5 keV) while passing through, which is partially mitigated by the energy gained in the postacceleration
region. As they pass through the carbon foil, the negative ions eject secondary electrons (~1–10 electrons
depending on the incident energy) from the surface of the foil and emerge into TOF telescope. These
secondary electrons are deflected by an electrostatic mirror harp onto a position-sensitive microchannel
plate (MCP) detector assembly, where they will trigger a TOF start signal. While the majority of negative
ions will exit the carbon foil as neutrals, the charge state of the emerging particle does not change the
measurement principle in the TOF telescope. The particle continues on a straight trajectory to hit the stop
MCP detector assembly, triggering a TOF stop signal. The impact location of a particle on the MCP is
governed by the incident angle of the original anion into the AIPS aperture. This mapping is most easily
understood in a polar coordinate system on the MCP where the radius is related to the zenith angle of the
anion in FOV and the azimuthal angle on the MCP is the same as the azimuthal angle of the anion in FOV.
The net result is the measurement of incident angles, E/q and TOF for individual negative ions. Any
ambient electrons from the local space environment that pass through the ESA into the TOF chamber can
be suppressed based on their low mass per charge and TOF (<2 ns) compared to that of negatively charge
nanograins and anions [Funsten et al., 2013]. It is also worth noting that the flux of ambient electrons over
the AIPS energy range is expected to be very low, as the energy distribution falls off significantly beyond
E> 1 keV to ≪ 10�6 of the total electron density [Yoon et al., 2016, and references therein].

Figure 3. The cross section of AIPS is shown in the top half of the figure. Negative ions enter through the electrostatic analyzer on the left, pass through a post accel-
eration region where they gain ~10 keV/e of energy, and then pass through a carbon foil into the TOF telescope on the right-hand side. The anion time of flight is
measured by the pairing of start and stop MCPs. The bottom half of the figure shows the block diagram for AIPS and is interface to the sensor.
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3.1.3. Measurement Concept
The AIPS sensor measures E/q, TOF, and incident angle, with one complete scan over the full range of E/q
values every 8 s. AIPS has a very large instantaneous and conical FOV of approximately 1.4π sr, extending
within polar angles 15°–75° (from the sensor symmetry axis), and a full 360° in azimuth. The sensor has an
approximate angular resolution of 15° throughout the entire FOV. The incident direction of any particle is
derived through a two-dimensional imaging process, as described previously. The large FOV can be increased
through slow spinning of the spacecraft, giving an effective FOV of ~3π sr. This can maximize chances of
detection of negative ions in all mission phases, which is particularly important in this exploratory mission.

While we have largely focused on the detection of individual ions with predecessors like FIPS, AIPs can also
detect molecules, for example, negatively charge water clusters. As long as the E/q of negatively charge clus-
ters falls within the measurement range, particles will pass through the ESA and impact the carbon foil. They
may or may not break into their constituents in the carbon foil, but regardless, their velocity and total energy
will be measured in the TOF telescope. Continued statistical sampling should reveal the composition of the
dust clusters and the associated daughter products, using the principles described in Young et al. [2004].

AIPS canproduce twomain types of data: (1) Count rate spectra,made fromcounts summedover all angles but
separated by E/q. These have are used both to verify the proper operation of AIPS and for improved statistics in
scientific studies. (2) Anion event data, each containing the measured TOF, MCP position, and E/q value for an
individual ion that wasmeasured by AIPS. Ion events are the primary data product, used for the highest resolu-
tion studies of negative ion composition and kinetic properties. The instrument can be operated continuously
through all mission phases, and data can be stored on board between downlink passes.

Usingprevious results,wecanestimate the incidentfluxexpected in several different environments.Elphic et al.
[1991] used laboratorymeasurements of secondary ions from lunar soil simulants to predict secondary ion flux
from typical solar wind sputtering. They reported fluxes of 2–6× 103 cm�2 s�1 for Si+, Na+, Mg+, and Al+, at the
surface. Given the exceptional nature of O� production described above, its flux should be at least as large. To
estimate counts thatwould bemeasured by AIPS, wewent through several steps. Startingwith a surface flux of
2 × 103 (cm2 s)�1, we computed the lunar pickup ion flux at 50 km (Φlpa) altitude using a 1/R

2 reduction, where
the lunar radius (R) is 1741 km. We then computed the total counts from the following well-known equation:

N ¼ ηg ∫
v2

v1
f vð Þv3dv

where we used the average efficiency (η) and geometric factor (g) listed in Table 1. We assumed a simple
isotropic distribution function (f(v)) for the picked up O� ions, which is constant from rest through twice
the solar wind speeds (2 vsw) [Gloeckler et al., 1997]. Using the first moment of the distribution function
integrated over all space yields the following simple result:

f vð Þ ¼ Φlpa

4v4sw

When integrated over velocities corresponding to AIPS energy range, AIPS would measure O� count rates of
3.6 × 10�2 s�1 or about 130 h�1. While this count rate is very low, double-coincidence detection method,
utilized by AIPS, has very low background rates, thus making detection of these rare negative ions possible.

We can estimate the counts due to negatively charged nanograins during cometary trail encounters by
comparison with Rosetta measurements near 3 AU [Gombosi et al., 2015; Burch et al., 2015a, 2015b].
After integrating a linear approximation of their measured flux of 104–106 (cm2 s eV sr)�1 in the 0.1–1 keV
range (their Figure 5, left), we estimated that AIPS would measure total counts of about 9 × 104 s�1. The
same can be done for water clusters measured by Cassini/ELS at Enceladus [Hill et al., 2012]. From their
Figure 4, we approximate ELS counts in the 1000–10000 eV range to follow a linear trend ranging from
103 to 106 c/s. After converting these count rates to flux using the published geometric factor for ELS
[Young et al., 2004], we integrated over the AIPS energy range to estimate AIPS counts at 1.3 × 109 s�1.
These count rates are summarized in Table 2.

Estimating the flux of O� ions from heliospheric dust is much more difficult, due in part to the fact that there
is little consensus about densities, radial distributions, and sizes of the dust grains [Mann et al., 2004].
Furthermore, estimated short lifetimes of singly, negatively charged ions (on the order of second) due
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photodetachment from solar UV [Wekhof, 1981], make detection more difficult. We were able to roughly
estimate the flux at 1 AU of these heliospheric pickup anions (Φhpa) using the equation below:

Φhpa ¼ Φsputterσdust Φdust=vdustð Þ vswτð Þ

We used 2× 103 (cm2 s)�1 for the sputtering flux (Φsputter) [Elphic et al., 1991], 7.9 × 10�13 cm2 as the average
dust particle area, and 0.1 (cm2 s)�1 for the estimated dust flux (Φdust) [Schippers et al., 2015], an anion lifetime
(τ) of 1 s [Wekhof, 1981], 20 km/s for the estimated dust speed (vdust), and a solar wind speed of 400 km/s. The
resulting flux of 3.2 × 10�9 (cm2 s)�1 and estimated count rate of 2.2 × 10�10 s�1 makes clear the idea that
quantitatively measuring anions from heliospheric dust would take a much larger instrument and long
integration times.

4. Conclusions

Measurements of negative particles at satellites of gas giants, near comets, in the vicinity of the Moon, or
elsewhere in the heliosphere offer insight into the extended and localized sources of pickup ions in the solar
system and also the interaction processes that shape these sources. We described an instrument concept,
AIPS, that targets such observations for the first time, with a dedicated anion mass spectrometer, and
describe how these new measurements can contribute to our knowledge of this underexplored population.
We also showed that this instrument could be built small enough to fit on a notional 6U CubeSat missions,
coined here as SAILS.

If successful as part of a targeted mission, AIPS can provide the first systematic survey of negative nanograins
and anions and near moons and in the heliosphere, particularly near comets, closely examining the spatial
variation and time dependences in an effort to identify sources and conditions that produce negative
particles. Understanding the nature of negative particles in the heliosphere will advance our knowledge of
how mass is partitioned between anion, ion, and neutral populations and create a more complete picture
of our solar system and local place in the galaxy.
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