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Abstract

Here we describe the novel, multi-point Comet Interceptor mission. It is dedicated to the
exploration of a little-processed long-period comet, possibly entering the inner Solar Sys-
tem for the first time, or to encounter an interstellar object originating at another star. The
objectives of the mission are to address the following questions: What are the surface com-
position, shape, morphology, and structure of the target object? What is the composition of
the gas and dust in the coma, its connection to the nucleus, and the nature of its interaction
with the solar wind? The mission was proposed to the European Space Agency in 2018, and
formally adopted by the agency in June 2022, for launch in 2029 together with the Ariel
mission. Comet Interceptor will take advantage of the opportunity presented by ESA’s F-
Class call for fast, flexible, low-cost missions to which it was proposed. The call required
a launch to a halo orbit around the Sun-Earth L2 point. The mission can take advantage of
this placement to wait for the discovery of a suitable comet reachable with its minimum AV
capability of 600 ms~'. Comet Interceptor will be unique in encountering and studying, at a
nominal closest approach distance of 1000 km, a comet that represents a near-pristine sam-
ple of material from the formation of the Solar System. It will also add a capability that no
previous cometary mission has had, which is to deploy two sub-probes — B1, provided by the
Japanese space agency, JAXA, and B2 — that will follow different trajectories through the
coma. While the main probe passes at a nominal 1000 km distance, probes B1 and B2 will
follow different chords through the coma at distances of 850 km and 400 km, respectively.
The result will be unique, simultaneous, spatially resolved information of the 3-dimensional
properties of the target comet and its interaction with the space environment. We present
the mission’s science background leading to these objectives, as well as an overview of the
scientific instruments, mission design, and schedule.

Keywords Comets - Spacecraft - Instruments — spaceborne and space research

1 Introduction

Comets are the surviving remnants of the original building blocks of the Solar System. A sig-
nificant amount of pristine material from the formation of the Solar System persists in the

Note by the Editor: This is a Special Communication. In addition to invited review papers and topical
collections, Space Science Reviews publishes unsolicited Special Communications. These are papers
linked to an earlier topical volume/collection, report-type papers, or timely papers dealing with a strong
space-science-technology combination (such papers summarize the science and technology of an
instrument or mission in one paper).

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11214-023-01035-0&domain=pdf

9 Page20f83 G.H. Jones et al.

Oort Cloud (OC), which extends out to at least 1 light year from the Sun, unmodified or
barely modified since the earliest days of the Solar System. All other material to which we
have access — asteroids, meteorites, lunar and planetary surface samples and atmospheres —
has been significantly or heavily modified, both physically and chemically since its forma-
tion. While multiple comets have been studied in situ, all, with the exception of 1P/Halley,
have arguably been low-activity, short-period, highly-evolved comets, which have changed
radically since their formation, having spent considerable time in the inner Solar System.
Even Comet Halley, with its longer period and high activity is thought to have made sev-
eral thousand returns to perihelion. Such objects are highly depleted in volatiles (A’Hearn
et al. 1995), particularly low-temperature volatiles, at least in their outer layers. While all
the comets studied in sifu to date share certain characteristics (e.g., low albedo, jet activ-
ity, ... ), the observed nucleus morphology shows considerable differences between objects,
suggesting that they have experienced radically different evolutionary processes, possibly
due, at least in part, to their orbital instability that leads to considerable variations of peri-
helion distance and thus insolation over timescales of decades and centuries. These highly
evolved objects also show significant morphological differences with the only small Kuiper-
Belt object to be observed to date, 2014 MUgy (Arrokoth), studied by the New Horizons
mission during a ~3540 km flyby at a relative speed of 14.3 kms~!, around 3 times further
and likely slower than the proposed Comet Interceptor encounter.

Dynamically new comets arriving from the OC have, by definition, never visited the
inner Solar System before. They are expected to be rich in the low-temperature volatiles
retained from their formation and close to their pristine state, particularly in the case of a
pre-perihelion encounter. Given the long lead-up times required to plan and launch a space
mission, it has been impossible prior to Comet Interceptor to contemplate encounter mis-
sions with such objects, to observe a pristine, or minimally evolved nucleus and study its
morphology, its activity, and its interactions with the interplanetary medium. The opportu-
nity to observe, in situ, a dynamically new comet that is entering the inner Solar System
for the first time will allow the data from previous comet encounter missions and from
ground-based campaigns to be placed in its proper context. Such an encounter will allow the
composition, both chemical and isotopic, of the protosolar nebula to be studied. This will
offer valuable insights into the chemical and isotopic evolution of the Solar System since its
formation.

It has been known for many years that there is a population of dynamically new objects
that are lost to the Solar System. These objects’ paths are perturbed in the inner Solar Sys-
tem into hyperbolic orbits and, thus, escape solar influence. It has long been assumed that
there is a similar population of objects external to the Solar System that enter it from inter-
stellar space: these objects have been expelled from the stellar system where they formed
and thus present the opportunity of sampling primordial material formed around other stars,
in different conditions to the formation of our Solar System. Such an interstellar wanderer
manifests itself by having a sufficiently large hyperbolic excess of velocity to demonstrate
that it could not have originated in the OC. Two such objects are now known: 1I/’Oumuamua
and 2I/Borisov, discovered in 2017 and 2019 respectively. While the probability of detect-
ing such an interstellar object that satisfies the targeting conditions for Comet Interceptor
is low, it is non-zero: such an object would be potentially an extremely high-value target
scientifically. It is expected that the Vera C. Rubin Observatory’s Legacy Survey of Space
and Time (LSST) will increase considerably the detection capability, not just of dynamically
new objects, but also of this population of interstellar comets.

Comet Interceptor was proposed to the European Space Agency by an international con-
sortium of scientists and engineers, in response to a call for mission proposals issued by
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Fig. 1 Sketch of the Comet Interceptor flyby, not to scale. Spacecraft A will pass furthest from the nucleus,
with probes B1 and B2 passing closer. Both probes will relay their data in real time to be stored on spacecraft
A for later transmission

ESA in July 2018. The project was selected in June 2019 as the prime candidate for the
agency’s first F-class mission in its Cosmic Vision Programme. Phase A started in 2020,
with two parallel industrial studies. In April 2021, Comet Interceptor moved into Phase B1.
During Phase A and B1, the Science Study Team and Science Steering Committee stud-
ied and validated the science case, supported by the ESA study team and members of the
proposal consortium, organized into working groups. The mission was formally adopted by
ESA in June 2022.

The mission aims to intercept a long-period comet, LPC, ideally a dynamically-new
comet, DNC, one of a subset of LPCs that is approaching the inner Solar System for the
first time, or even an interstellar body. The intercept will involve a close-approach flyby
scenario using three elements: a mother spacecraft, spacecraft A, and smaller probes named
B1 and B2 that are carried as payloads until the flyby, and delivered to different flyby tra-
jectories. This will allow the gathering of remote and in situ multi-point observations of the
comet and its coma (Fig. 1).

Comet Interceptor follows the successful history of European exploration of comets,
following in the footsteps of ESA’s Giotto and Rosetta missions, as well as the substantial
contribution of scientists from European countries to the two Soviet-led VEGA missions.
A preliminary description of the mission as proposed to ESA was published by Snodgrass
and Jones (2019). In this work, we describe the scientific rationale for the mission, as well as
the mission itself, in much greater depth. This includes a description of the project’s mature
payload and mission design as they stand shortly after mission adoption.

2 Scientific Context
2.1 Introduction

While the Giotto flyby of 1P/Halley was the first mission to provide good resolution images
of a cometary nucleus, the Rosetta rendezvous was conceived, e.g. Glassmeier et al. (2007),

@ Springer



9 Page4of83 G.H. Jones et al.

as the first mission to monitor the changing activity of a cometary nucleus before and after
perihelion, which it achieved (Taylor et al. 2017). Both missions revolutionized cometary
science. Rosetta showed that the composition of comet 67P/Churyumov-Gerasimenko (re-
ferred to as 67P) is rich in organics and has a different water isotope ratio to Earth’s (Altwegg
et al. 2015); that its surface structure and morphology (Sierks et al. 2015) are controlled by
seasonal activity (Héssig et al. 2015), with starkly contrasting areas dominated by erosion
and by dust fall-back (El-Maarry et al. 2015, 2016); and that the comet’s inner coma is
highly dynamic, changing in time and space, e.g., Della Corte et al. (2015), Feldman et al.
(2015), Lee et al. (2015). Rosetta also raised important new questions:

— What properties are primordial, and reflect the process of comet formation, and what are
evolutionary features?

— How do these properties control cometary activity?

— Are the differences in composition seen in the coma and solar wind interaction spatial or
temporal in origin?

We detail these problems in the following Sects. 2.2 and 2.3, divided into two themes that
address Nucleus and Coma science, respectively, and present the Comet Interceptor mission
to address them by making unique multi-point measurements at a much more pristine type
of comet. The exact sources and mechanisms driving activity in comets remain a puzzle
after Rosetta. Due to the flyby nature of the mission, Comet Interceptor will not be able to
monitor changes in activity. However, detailed observations of the surface and the coma will
be combined to address this point (i.e., potentially linking the coma structures to nucleus
surface features). These are described within Sect. 2.3, in the Coma theme, below.

2.2 Theme 1: Comet Nucleus Science
2.2.1 Introduction
This science theme focuses on the nucleus, looking to answer the following questions. What

are the:

— surface composition,
— shape,

morphology, and
structure

of the target object?

These questions can only be answered by in situ (as opposed to remote sensing from the
Earth) measurements, in particular given the relative size of the nucleus with respect to the
coma which hides the nucleus for observations from Earth and near-Earth based observato-
ries.

Characterisation of the nucleus by Comet Interceptor will provide information on its bulk
properties (shape, rotation rate, surface structure, etc.), which will in turn provide constraints
for surface features’ formation timescales. It is unknown whether there might be craters,
depressions, layers, regolith, or boulders present — these could provide unique insights into
early surface evolution. Do primordial small bodies display a singular primordial surface
type, or do they show surface diversity at different size scales? Any impact crater population
might provide an unmodified record of early bombardment in the Solar System, as few
impacts are expected in the OC. This will give a unique insight into the early Solar System’s
accretion processes and the characteristics of primordial small planetesimals.
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Fig.2 Classifications of comets
by Levison (1996). T refers to the
Tisserand parameter, whilst
parameter a refers to orbital
semi-major axis

CHIRON
TYPE

All comets already visited by spacecraft have undergone shape changes through sublima-
tion and specific surface evolution processes during repeated perihelion passages. Recent re-
sults suggest that bi-lobate nuclei are common (e.g., Giotto, Rosetta, and other Jupiter Fam-
ily Comet (JFC) missions). A comparison between a Long-Period Comet, LPC, and New
Horizons studies of 486958 Arrokoth will be particularly instructive, as both these volatile-
rich bodies are largely unaltered since formation, but have likely formed and subsequently
resided in different Solar System contexts. An LPC (and even more-so a Dynamically-New
Comet, DNC) would have experienced few changes due to insolation in recent times, when
compared to JFCs, but could have had significant processing earlier in its lifetime. Charac-
terisation of the difference and similarities will be invaluable, examining surface morphol-
ogy and comparing to comets imaged by previous missions. In addition to this, composition
measurements of a primordial surface, in comparison with Rosetta results, may tell us about
chemical processing as comets evolve.

2.2.2 The Origin of Different Classes of Comet Nuclei

Comets of all kinds formed in the outer part of the Solar System’s protoplanetary disc,
where ices could condense, and the giant planets also formed. As these planets settled into
their final orbits, the small bodies in this region were scattered to form the various comet
reservoirs that we know today: the Scattered Disc of the Kuiper Belt (KB), the source of
low-inclination JECs; the OC at the edge of the Solar System, which supplies the population
of LPCs; and the recently identified probable reservoir of icy bodies in the main asteroid belt
that occasionally show activity as Main Belt Comets. The taxonomy of Levison (1996) splits
comets into low-inclination ‘Ecliptic’ comets from the KB, of which JFCs are the dominant
subset, and ‘Nearly Isotropic Comets’ (NICs), which can have any inclination, including
highly retrograde orbits, from the OC (Fig. 2). NICs are subdivided into the LPCs (orbital
periods >200 years) and the Halley Type Comets (HTCs) with shorter periods. There is
some debate on the origin of HTCs, with competing models suggesting that these can also
come from the Scattered Disc (e.g., Levison et al. 2006; Wang and Brasser 2014; Fernandez
etal. 2016, and Nesvorny et al. 2017). LPCs can be further divided into DNCs and returning
comets, depending on whether or not a previous perihelion distance that an object had was
thought to be within the planetary region.

Planetary systems naturally scatter and eject most of the planetesimals that they form
from their primordial discs of dust and gas. These planetesimals travel the Galaxy as inter-
stellar objects (ISOs).
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It was thought that the OC was primarily populated by bodies that formed near to Jupiter
and Saturn, while the objects that would populate the KB formed more or less in situ at
their current distances from the Sun (e.g., Dones et al. 2004; Duncan and Levison 1997),
but modern thinking suggests a broader mixing of comets from different original locations
in the protoplanetary disc being scattered to the various reservoirs (e.g., Dones et al. 2015).
Results from the Stardust mission showed that material that must have formed in the warmer
regions in the inner Solar System was incorporated into comets, suggesting widespread mix-
ing within the disc (Brownlee 2014). It is therefore likely that all Solar System comets have
broadly similar initial properties (although perhaps differing in composition, especially at
an isotopic level, depending on where the majority of their component ices condensed from
gas; see Sect. 2.2.4 and Rubin et al. 2020 for details). What we can expect to be different
between JFCs (and perhaps HTCs) and LPCs is the degree to which they have subsequently
evolved: the more distant OC stored comets in a colder environment (~10 K vs. ~40 K
in the KB; Weissman et al. 2020), and LPCs (and especially DNCs) enter the inner Solar
System directly from this cold reservoir, while JFCs have evolved through a period (~10*
years) in the Centaur region (Volk and Malhotra 2008), with orbits between the giant plan-
ets, where significant activity can be expected to modify at least the surface layers. As such,
even a ‘new’ JFC can be expected to be significantly modified from its primitive state, while
LPCs should retain largely similar properties from the time that they were first ejected into
the OC (discussed in more detail in Sect. 2.2.5).

The motivation for a mission to a less evolved comet is clear: new comets retain, to some
degree, the properties of the building blocks of planets, and are at least highly primitive
bodies, essentially unaltered since their ejection into their respective reservoirs, expect for
cosmic ray processing, e.g. Garrod (2019). How much processing comets underwent dur-
ing their formation in the disc, prior to ejection, is the subject of considerable debate (see,
e.g., Weissman et al. 2020) and another reason to visit a comet from the OC, which retains
the surface properties from the last interactions it had before ejection. There are two main
theories of comet formation still under consideration following Rosetta, both of which are
supported by evidence from the mission, but neither is entirely satisfactory. These are hi-
erarchical accretion (e.g., Davidsson et al. 2016) and accretion of ‘pebbles’ by streaming
instabilities (e.g., Blum et al. 2017). Both make predictions for the size scale of typical con-
stituent building blocks of comets, and both sets of scale in features can be found in Rosetta
data. Whether or not these features are primordial or evolutionary is the key question to
advance this debate. There is also considerable interest in the question of how many colli-
sions cometary nuclei have undergone, and the effects that these collisions would have on
the properties of their ices, focussing on the period before the comets were ejected from the
disc to their reservoirs. While the OC is so vast that collisions between bodies after ejection
are virtually impossible, Jutzi et al. (2017) and Schwartz et al. (2018) both show that col-
lisions large enough to alter the bulk shape of nuclei (perhaps forming the typical bilobed
structure seen in many comets) were almost impossible to avoid in the disc prior to ejection.
Investigating a comet that has not been significantly further altered since its last pre-ejection
collision would be of great value to better constrain these models, and reveal how much
these collisions locally alter material, compared with the (supposed) unaltered nucleus ices
further from the collision site(s).

2.2.3 Bulk Properties

The current understanding of the bulk properties of comet nuclei is a result of both remote
telescope observations and spacecraft visits. Spacecraft in situ observations provide precise
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measurements of the physical properties of individual nuclei. On the other hand, telescopes
both in the optical and in the thermal infrared allow the coarse characterization of numerous
nuclei, therefore enabling population studies. One of the easiest to constrain nucleus prop-
erties is size. Since the effective radius of comet nuclei (the radius of a sphere having the
same volume as the comet nucleus) can in principle be derived from single-epoch observa-
tions, the sizes of over 200 comets have been determined (Knight et al. 2023). This large
database reveals a broad diversity of comet sizes: from hundreds of metres to a few tens of
km (see Fig. 3) and has been used to derive the size-frequency distribution (SFD) of comets.
The SFD of comet nuclei is believed to bear evidence of the processes involved in their for-
mation and subsequent collisional and/or activity-driven evolution. De-biased Comet SFD
studies show interesting trends indicating that the average size of LPCs is larger than that
of JFCs (Bauer et al. 2017). Yet important questions such as whether there is a paucity of
objects smaller than 2 km (see Bauer et al. 2017) and whether comets are a collisionally
evolved population remain unresolved (see Weissman et al. 2020).

Another parameter broadly used to analyse the formation and evolution of comet nuclei
is shape. The shapes of six nuclei have been studied in detail from in situ observations. The
observations from the Rosetta mission to 67P stand out with their unprecedented resolu-
tion, which enabled a global 3D shape model with resolution down to metre scale (Preusker
et al. 2017). In at least eight exceptional cases in which the comets approached the Earth
sufficiently and could thus be observed by radar, shape models could be constructed (see
Knight et al. 2023). For other comets, however, nucleus shapes can only be studied in terms
of elongation. Measuring the peak-to-peak amplitude of the rotational lightcurve, Am, pro-
vides a lower limit of the axial ratio of a/b of the comet nucleus. In principle it is possible
to derive convex shape models of comet nuclei, provided that the comets are observed at a
wide variety of different observing geometries, but this technique has so far only been ap-
plied to 67P in preparation for Rosetta (Lowry et al. 2012). Compiling elongation estimates
from the different methods, Kokotanekova et al. (2017) determined a median axial ratio of
a/b = 1.5 for JFCs, similar to the previous estimates from Lamy et al. (2004) and Snod-
grass et al. (2011). As it can be seen in Fig. 3, the measured minimum a/b spans a range of
~1.0 to >3.0. The largest known axial ratio belongs to 103P (Thomas et al. 2013) which is
one of the four comet nuclei visited by spacecraft that has a bilobate shape (the others are
1P Keller et al. 1986, 19P Britt et al. 2004; Oberst et al. 2004 and 67P Sierks et al. 2015).
Moreover, the radar observations of 8P are also best modelled by assuming a contact binary
shape (Harmon et al. 2010). This noticeable overabundance of highly elongated/bilobate ob-
jects in comparison to other small-body populations suggests some important difference in
formation and/or evolutionary processes, which has not yet been fully explained. Whether
or not the first LPC nucleus to be imaged in situ also shows a contact binary morphology
will provide an important constraint on this question, and point to whether it is more likely
attributable to a formation or an evolutionary process.

Rosetta’s observations were also the first to enable the characterization of 67P’s oppo-
sition effect; the non-linear increase of its phase function close to o = 0° (Fornasier et al.
2015; Masoumzadeh et al. 2017; Hasselmann et al. 2017). Few of the other comets visited
by spacecraft, or observed remotely from the ground, have been observed close to opposition
and all other comet phase curves are well described by linear phase functions. It is possible
that the phase function slope at moderate phase angles (« ~5-60°) can be used to reveal the
level of erosion of the comet surface (see Longobardo et al. 2017; Kokotanekova et al. 2018;
Vincent 2019). It remains to be seen if this also applies to LPCs, with very different surface
evolutions, as all phase function data so far is on JFCs.

It is important to note that the average colours of JFCs, LPCs and dormant comets are
indistinguishable within the uncertainties for each class (Jewitt 2015). Finally, Rosetta has
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Fig. 3 Histograms showing the range of observed comet properties (JFCs in blue and Halley-type/LPCs
in grey hashing). The figure provides an overview of the range of measured values and the sample size of
each parameter. In case a comet has multiple measurements of the same property, the most recently reported
sufficiently precise measurement is displayed. The effective radius histogram is limited to thermal-IR mea-
surements from Ferndndez et al. (2013) and Bauer et al. (2017). The axis ratios plotted are lower limits for
all comets except for those visited by spacecraft. Adapted from Knight et al. (2023)

revealed that the surface spectrum of 67P changes as the comet passes through perihelion
due to the comet’s seasonal water-ice cycle: the nucleus’ mean spectral slope changed by
~30% or 50% (Fornasier et al. 2016; Filacchione et al. 2020). Polarimetric studies of comet
surfaces have not yet been performed during a spacecraft visit. There are only two JFCs
for which polarisation studies from the ground have been published, 2P/Encke (Boehnhardt
etal. 2008) and 209P/LINEAR (Kuroda et al. 2015). These data are too limited to extract any
general conclusions about the bulk polarisation properties of comet nuclei besides pointing
out the similarities of these two comets and known dark asteroids (Kiselev et al. 2015).
Thermal properties dictate the temperature distribution throughout the nucleus, and are
thus key to describe physical and chemical processes occurring in response to solar illumi-
nation. The thermal inertia of a comet nucleus, for instance, drives its ability to adapt its tem-
perature to a change in local insolation. A material with a large thermal inertia takes longer
to adapt its temperature to changing illumination conditions compared to a material with low
thermal inertia. Low thermal inertia — and therefore low thermal conductivity — means that
the interior of nuclei remains cold when the surface is heated by the Sun, and can therefore
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retain more volatile ices (i.e., can be more ‘pristine’). Estimates for comets made from spa-
tially unresolved observations of the nucleus allowed a value lower than 50 JK~! m=2s~1/2
to be derived. Owing to spacecraft flybys in the 2000s, thermal inertia has since been de-
rived from radiance measurements, from which temperature can be inferred, on the surface
with spatially resolved maps of comets 9P, 103P and 67P. They point toward a low ther-
mal inertia, between 50 and 200 JK~ ! m=2s~'/2 for 9P (Davidsson et al. 2013), and less
than 250 JK~' m~2s~1/2 for 103P (Groussin et al. 2013). The suite of instruments on-board
Rosetta indicates that 67P’s thermal inertia is between 5 and 350 JK~! m~2s~'/? (Leyrat and
Blain 2015). It varies across the surface (Leyrat and Blain 2015), perhaps due to variations
in material properties such as density or porosity, between consolidated and unconsolidated
terrains. Additional estimates in the near-subsurface were possible, down to 1 and 4 cm be-
low the surface: they point to a thermal inertia of the order of 10 to 60 JK~' m~2s~!/2, and
lower than 80 JK~'m~2s~'/2 (Gulkis et al. 2015; Choukroun et al. 2015; Schloerb et al.
2015; Marshall et al. 2018). Finally, the MUPUS measurement at the landing site of Philae
suggests a local thermal inertia of the order of 120 JK™' m~2s~"/? (Groussin et al. 2019).
These thermal inertia estimates depend strongly on the model used to derive them: they
should be taken only as an indication that cometary material close to the surface has a low
thermal inertia.

Indeed, temperatures are not directly measured with remote sensing instruments, but
rather the infrared or sub-mm flux is detected, or the brightness temperature is measured.
The kinetic temperature, which gives information on thermal properties of a surface, must
be retrieved through models. Measurements in the near infrared can be contaminated by re-
flected solar radiation (Keihm et al. 2012). Instruments detect a nonlinear average of poten-
tially very different temperatures in the field of view, with large and small-scale topographic
features and perhaps compositional heterogeneities. On Rosetta, MIRO measurements were
affected by both the thermal and the optical properties of the material, which made the
interpretation challenging. A yet larger caveat comes from the lack of a thermal infrared in-
strument on the Rosetta payload. Lower limits for the temperature derived from VIRTIS-M
were effectively restricted to the dayside of the nucleus (Tosi et al. 2019). Kinetic tempera-
tures over complete diurnal cycles and for the same layer could not be retrieved, and thermal
inertia maps were derived with large error bars (Groussin et al. 2019). Resolved images of
both the day and night sides in the thermal infrared are required to put stronger constraints
on thermal models of cometary nuclei.

2.2.4 Morphology of Nuclei

As cometary surfaces are almost impossible to resolve in Earth-based observations, our in-
formation about surface morphology of comets is based on flyby or orbital missions (with
Rosetta currently the only mission to orbit around a comet for a prolonged amount of time).
Figure 4 shows the shape and general morphology of all of the comets that have been im-
aged in situ. It is useful to draw comparisons between the morphologies observed on comets
(mostly JFCs) and Arrokoth, the cold classical KBO visited by NASA’s New Horizons Mis-
sion in 2019. Whereas Arrokoth signifies a nearly primordial body characterised by low
colour diversity, uniform textures, lack of topographical complexity, and a general lack of
putative impact craters, circular features overall, or evidence of tectonics (McKinnon et al.
2020), comets that have spent a significant amount of their life in the inner Solar System
display clear evidence of surface evolution and overall weathering as is demonstrated by
the higher degrees of surface roughness, topographical complexity, morphological diversity
of terrains, and presence of smooth regions suggestive of weathered and eroded fine-scale
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19P/Borelly (2001) 103P/Hartley (2010) } (KBO, 2019)

1P/Halley (1986)

9P/Tempel (2005, 2011)

Fig. 4 A subset of the cometary nuclei that have been visited by spacecraft and on the right an image of
Arrokoth, a Kuiper Belt Object, which is a member of the Cold Classical population which is not believed to
be a significant source of JFCs. Objects are not shown to scale

s

Fig. 5 Pits on the surface of comet 67P/Churyumov-Gerasimenko (left). Hathor cliff above
the ‘neck’ region between the two lobes of 67P (right). ESA/Rosetta/MPS for OSIRIS Team
MPS/UPD/LAM/IAA/SSO/INTA/UPM

materials (e.g., Keller et al. 1986; Britt et al. 2004; A’Hearn et al. 2005, 2011; Veverka et al.
2013; Sierks et al. 2015; Thomas et al. 2015).

Rosetta demonstrated how activity caused by seasonal sublimation of volatiles (mostly
water-ice but also other types of ice), as comets cross the snow-line during the perihelion
part of their orbit, can account for various fine-scale morphology on cometary surfaces,
with clear evidence of seasonal evolution, e.g., El-Maarry et al. (2017, 2019). However, it
is unlikely that major landscape evolution occurs that way, at least on seasonal scales (El-
Maarry et al. 2017): seasonal erosion causes changes on scales of order 1-10 m, while there
are pits (Fig. 5, left) approximately 100 m in diameter, and the cliff (Fig. 5, right) above the
‘neck’ region between the two lobes of 67P is around a kilometre high.

Therefore, we can treat or consider JFCs, and KBOs such as Arrokoth, as two opposite
end-member points in a spectrum of bodies in varying stages of evolution. Visiting a more
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pristine LPC would add a pivotal midpoint across that evolutionary path that can further
explain how primordial KBOs transition to heavily evolved comets, and at which stage major
landscape processes occur. JFCs go through a transitional “Centaur” phase as their orbits
dynamically evolve to shorter orbits that place them in the inner Solar System. It is possible
that comets undergo substantial changes during that time as hypervolatiles can sublimate
beyond the water ice snowline. However, the degree of that change is currently unknown.
A major question that can be answered by Comet Interceptor is where would LPCs, or
generally comets that have not gone close to the Sun many times in their lifetime, place in
that evolutionary path? Would they be closer in morphology to KBOs, or would they have
developed some morphological and textural variety already during their early formation
stages (see Sect. 2.2.6 below)? Do they show evidence for collisions before their ejection to
the OC, and if so, what record do they retain of the primordial impactor population (e.g.,
crater size distribution)? Therefore, the possibility to encounter and investigate either an
LPC, or especially a DNC, would offer more insights to the evolutionary path of comets and
the conditions in the early Solar System more generally.

2.2.5 Composition of Nuclei

Most of our knowledge on the composition of comets comes from measurements (either in
situ by spacecraft, or remotely via spectroscopy) of the gas coma, which is discussed in detail
in the coma science section below (see Sect. 2.3). Broadly, we understand the composition
of nucleus ices indirectly, by working backwards from sublimated gasses in the coma, or
from the products of further gas phase photochemistry. However, direct measurement of the
nucleus composition is of great importance to comet science:

— to discover the starting point for these sublimation/ chemistry models,

— to understand how (in)homogeneous the nucleus is,

— and to assess the composition of the original building blocks of comets (and planets)
independent of our (lack of) understanding of evolution and activity processes.

We are limited to measurements of the surface composition, as the only attempt to di-
rectly measure the interior composition of a comet nucleus, the SD2 drill on the Philae
lander, failed to collect a sample (Boehnhardt et al. 2017). Mass spectroscopy results for
surface dust returned by Philae were inconclusive, but did show a high proportion of or-
ganic compounds (Boehnhardt et al. 2017), consistent with remote sensing measurements.
As discussed in Sect. 2.2.3 above, spectroscopy, both unresolved from telescopic observa-
tions and resolved from spacecraft encounters, reveals comet nuclei to be largely featureless
in the visible and near infrared, with reddish slopes (but shallower than many KBOs) and
very low albedo (e.g., Quirico et al. 2016). A broad 3.2 wm absorption was identified by
the Rosetta VIRTIS instrument at 67P, which has been interpreted in a variety of ways, in-
cluding salts, organic compounds, and/or silicates (Poch et al. 2020; Raponi et al. 2020;
Mennella et al. 2020). Features due to water ice are, perhaps surprisingly, limited in their
presence, but detected at comet 9P (Sunshine et al. 2006). They are only seen in Rosetta
data in localised spots (Barucci et al. 2016; Fornasier et al. 2023), where fresh subsurface
layers (e.g., Fig. 6) have been uncovered (e.g., by cliff collapse; Filacchione et al. 2016a), or
as short-lived frosts deposited during the comet night time (De Sanctis et al. 2015)). A re-
gion of CO; ice was also identified at 67P (Filacchione et al. 2016b). Nuclei are mostly too
faint to be detected at shorter and longer wavelengths from Earth-based observations, but
UV spectroscopy from the Alice instrument on-board Rosetta revealed a featureless blue
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Fig.6 A water ice-filled
depression on the surface of
67P’s nucleus. This image is a
false-color composite, where the
pale blue patches highlight the
presence and location of
water-ice. ESA/Rosetta/MPS for
OSIRIS Team MPS/UPD/
LAM/IAA/SSO/INTA/UPM/
DASP/IDA

slope (Feaga et al. 2015). At sub-mm wavelengths, Rosetta/MIRO could only constrain nu-
cleus thermal emission, not give compositional information. Unresolved mid-infrared spec-
troscopy with the Spitzer space telescope shows broad features attributed to silicates, with
similarities to D-type asteroids and Jupiter Trojans (Kelley et al. 2017). Spacecraft obser-
vations, made in situ at these wavelengths, have yet to be attempted, but are a promising
direction to take. These wavelengths contain a wide array of features seen in common min-
erals and organic ices, and could reveal both composition and its variation across the nucleus
surface, in resolved spectroscopy and/or imaging.

2.2.6 Evolution of Cometary Nuclei

Both the mechanical and thermal processing of comet nuclei (Weissman et al. 2020) occur
during distinct phases of a nucleus’s life, e.g.:

— during formation and early evolution in the protoplanetary disc.
— during the long period of storage in the comet reservoirs.
— and as an active comet upon return to the inner Solar System.

The active comet phase is the one that is best understood, following the results from
Rosetta, as the evolution of the nucleus is driven entirely by the comet’s activity and there-
fore by the energy it receives from the Sun. Erosion of the surface has long been understood
as a consequence of sublimation of nucleus ices, with metres of the surface lost, on average,
per perihelion passage (e.g., Whipple 1950; Britt et al. 2004; Veverka et al. 2013; Keller et al.
2015). However, a surprising result from the Rosetta mission was the importance of fall-back
of material lifted into the inner coma, with some areas of the nucleus blanketed by deep lay-
ers of fine material (e.g., Thomas et al. 2015; Marschall et al. 2020; Cambianica et al. 2021).
In models of the nucleus consisting of pebbles, fall-back of decimetre-sized chunks leads to
both surface morphology changes (Fig. 7) and evolution of near-surface composition, as

@ Springer



Comet Interceptor Page130f83 9

Fig.7 Surface morphology changes due to fall-back of dust on the surface of 67P/Churyumov-Gerasimenko.
ESA/Rosetta/MPS for OSIRIS Team MPS/UPD/LAM/IAA/SSO/INTA/UPM

subsequent activity from the fall-back material is driven by water ice retained within these
‘chunks’, which have a lower abundance of the more volatile ices whose activity lifted the
chunks from other areas in the first place (Fulle et al. 2020a). The many cycles of activity
seen by short period comets mean that their surfaces have undergone significant evolution,
while an LPC encountered at 1 au will have relatively little recent evolution, depending on
where exactly its activity began on the inbound leg (models range from 35 to 85 au; Je-
witt et al. 2021; Fulle et al. 2020b), and on model-dependent levels of erosion and fall-back
during this time.

The earliest phase in comet evolution, which the nuclei spent in their formation zone
at 5-30 au, could last anywhere from 2.5 to several hundred million years (various models
have different timing for the instabilities in the giant planet orbits that scattered comets into
their reservoirs, e.g., Nesvorny et al. 2018; Morbidelli et al. 2018; Pirani et al. 2019, 2021).
The OC could not have been populated while the Sun was still in its embedded star cluster
phase — whose duration was perhaps a few Myr (e.g., Adams 2010; Pfalzner and Vincke
2020; Parker 2020) — because the Sun’s tidal radius was too small (Tremaine and Dones
1993; Wyatt et al. 2017). When it comes to the survival of volatile species, this phase is
significant: Davidsson (2021) reports that nuclei in the protoplanetary disc with diameters
ranging from 4 to 200 km can lose all their condensed CO ice on short timescales (smaller
than the minimum time to eject them in the reservoirs), through a combination of protosolar
and long—lived radionuclide heating. This may have been avoided if cometesimals formed
late enough (Davidsson et al. 2016), or in a region of the disc with relatively low abundance
of radionuclides, which has been suggested by some observations (e.g., analysis of four
Stardust samples indicate that 81P never contained any appreciable 2°Al; Levasseur-Regourd
et al. 2018). The drivers of evolution in this phase can also be expected to include collisions
(Jutzi et al. 2017; Schwartz et al. 2018), although models of the timescales for CO-driven
cometary activity suggest that erosion of ice-rich cometesimals in this early environment
could dominate evolution over collisions (Fulle et al. 2020b).

Subsequently, and because the time of residence in the OC or the KB is very long, a
significant fraction of the bulk of most comet nuclei can be affected by superficial heat
sources, even if the thermal diffusivity is extremely low. Davidsson (2021) reported that, for
objects large enough to have any pure condensed CO ice remaining in their bulk when they
are ejected in their reservoirs, the long-term survival of supervolatile ices largely depends on
whether nuclei are scattered in the OC, or in the KB. Indeed, objects reaching the OC could
get subsurface temperatures low enough for CO gas, if diffusing from the deep interior,
where it was heated due to radiogenic decay, to condense near the surface. In the KB, the
equilibrium temperature ranges from 30 to 50 K, so that, for objects typically smaller than
4 km, all hypervolatiles initially present as pure ices should sublimate during the time of
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residence in this reservoir, even without any radiogenic heating (De Sanctis et al. 2001;
Choi et al. 2002; Jewitt 2004; Davidsson 2021).

We emphasize again that, for OC comets, the thermal processing prior to the injection in
this reservoir does not guarantee that a nucleus stored there can preserve a pristine inventory
of hypervolatiles. In terms of internal structure expected for OC comets, Davidsson (2021)
suggests that any nuclei exposed to the proto-Sun’s intense heating would lose not only hy-
pervolatiles condensed as pure ices, but also CO,, down to a depth of ~30 m. In addition,
partial crystallization could occur in the upper ~200 m. As a consequence, the near-surface
layers of a comet nucleus may be significantly processed: even DNCs cannot be completely
pristine, and some might have lost a significant amount of hypervolatiles prior to their scat-
tering into the OC. In addition, Stern and Shull (1988) suggest that up to 20% of comet
nuclei stored in the OC could have been heated to at least 30 K down to several dozen me-
tres below the surface, due to the passage of luminous stars during the history of the Solar
System. Most of them may have been heated to 45 K in the uppermost 1 m-layer due to
stochastic supernovae events. This would lead to the formation of a surface layer depleted in
hypervolatiles. Stern (2003) further reports that passing stars and supernovae heating events
could modify the primordial composition of comet nuclei down to 5 to 50 m (for heating
due to passing stars), and to 0.1 to 2 m (for heating due to supernovae events).

However, an extremely significant difference between JFCs and DNCs coming from the
OC lies in their subsequent orbital evolution, which brings them to the orbits on which we
observe them. Indeed, an intermediate evolution phase exists almost exclusively for Cen-
taurs, of which a fraction become JFCs, during which comet nuclei are perturbed into their
final orbit through a chaotic orbital evolution in the giant planet region. Processing dur-
ing this phase intensifies, due to increasing equilibrium temperatures, and close passages to
massive planets. Because the time spent in the giant planet region is significant (typically
10 Myr, Levison and Duncan 1997; Tiscareno and Malhotra 2003) the resulting processing
is also substantial. This phase is non-existent for nuclei coming from the OC, which come
from this reservoir to the inner Solar System in a more rapid and direct pathway.

Huebner et al. (2006) discussed the outcomes of such different injection types, which
may result in extensive changes of the internal composition and structure of comets. Simi-
larities between the structures resulting from the two types of orbital evolution are:

1. Surface temperatures, driven by the surface heat balance, and
2. Water and CO; gas production, which are controlled by erosion, keeping both water and
CO, ice close to the surface.

However, the significant differences resulting from the two orbital evolutions are mostly
related to the location of the CO sublimation front (and hypervolatiles in general), and the
amorphous/crystalline ice interface. The CO sublimation front for JFCs should be located
hundreds of metres below the surface, while it remains very close to the surface for DNCs.
In terms of activity, this is reflected in the fact that CO production is typically continuous for
JFCs, or at least with a pattern which does not follow the water emission, and the production
rate for the JFC nucleus is significantly smaller (ten times lower in their example) than
for a DNC. Water and CO, sublimation remain, however, characterized by peak emissions
towards the perihelion of each orbit. The simulations reported in Huebner et al. (2006) also
showed the formation of a transient dust mantle, which was destroyed when the last orbital
change occurred.

In conclusion, any comet nucleus coming from the OC would be significantly less altered
and more informative of the processes that shaped the Solar System in its early phases, when
compared to the JFCs explored in space thus far.
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2.3 Theme 2: Comet Environment Science
2.3.1 Introduction

This theme focuses on the coma, looking to answer the following questions:

— What is the composition of the gas and dust in the coma?
— How does it connect to the nucleus (i.e., how does cometary activity work)?
— What is the nature of its interaction with the solar wind?

These topics are addressed through observations of the gas, dust and plasma that are de-
scribed in the subsections below. They are linked to each other, and also to the studies of the
nucleus described in the previous section, through the processes of cometary activity; ices
sublimating to gas, and lifting dust, followed by the decoupling of these and the photochem-
istry that generates the products we observe on large-scales. Data from telescopic observa-
tions and previous space missions have given us clues to understand all of these steps, but
many puzzles remain. Measuring the composition and distribution of volatile species in the
coma will help in understanding the activity processes of an LPC compared with the more
evolved objects visited to date:

— What are the relative abundances of molecules of high volatility such as CH4, CO and CO,
with respect to water in an LPC versus JFCs (67P) and HTCs (1P) at similar heliocentric
distances?

— Is there evidence for or against hyperactivity, i.e., significant activity being driven by
sublimation from icy ‘chunks’ in the coma, as seen at 103P by EPOXI?

— Are there differences in isotopic composition, e.g., in D/H, and other species if sufficiently
abundant?

For each of these questions, Comet Interceptor will test whether or not the phenomenon is
evolution-related, and will inform the interpretation of ground-based observations of other
comets. Comet Interceptor will also perform unique observations of the coma from three
different positions simultaneously, due to its multispacecraft configuration. This will allow
gas, dust, and plasma distributions or boundaries to be described in a 3-D way. This was not
possible with previous missions, which sampled only a single location at a time, and will
allow separation of spatial and temporal variations. The multipoint in sifu plasma measure-
ments will be complemented by Energetic Neutral Atom (ENA) observations, which may
provide a more continuous observation of the variability of the solar wind, giving a clearer
picture of which plasma variations are due to external influences.

2.3.2 Bulk and Isotopic Composition, and Distribution of Gas and Dust

The bulk of our knowledge of the composition of comets comes from studying the gas coma.
Remote observations give a comparatively less detailed picture but of a larger number of
comets, while in situ measurements with mass spectrometers, in particular from Rosetta,
have revealed a wealth of detail of just a few. Unfortunately, there have not been any good
opportunities yet to link these approaches. Although a campaign of remote observations did
support Rosetta (Snodgrass et al. 2017), 67P was not particularly bright around its 2015 per-
ihelion and could not be studied with high resolution spectroscopy, for example. The comet
also presented a poor observation geometry, being located on the other side of the Sun with
respect to Earth. Much of our knowledge of comet composition (especially on an isotopic
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Fig.8 Typical comet spectrum 10
from ground-based visible
observations, with key emission
features marked. Major
components such as water or
CO; are not observable and
require space missions to be
characterised. (Image courtesy of
C. Opitom)
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level) from telescopes is based on LPCs, which are often more active and brighter. A mis-
sion to a bright LPC would present an opportunity to compare high resolution spectroscopy
at a range of wavelengths with in sifu mass spectrometry measurements, calibrating our un-
derstanding of the much wider observed population. Modern infrared and sub-mm facilities,
such as the ESO Very Large Telescope and the other 8—10 m class telescopes, and the At-
acama Large Millimetre/submillimetre Array, which did not exist at the time of Giotto, are
suitable for observing molecular species thought to be directly released from the nucleus.

It is well established that within about 3AU from the Sun the main driver of cometary
activity is the sublimation of water ice. At larger distances, more volatile species like CO
or CO, are likely to play a major role (e.g., Meech et al. 2017). There remains a lot of
uncertainty about where and how the transition between driving species takes place, and
whether or not there are differences in this between new and returning comets. It has long
been observed that DNCs tend to be brighter (more active) than periodic comets (the ‘fading
problem’: Oort 1950; Dones et al. 2004); the most significant difference between DNCs and
returning comets appears to be greater activity at larger distances in the former population,
which implies different driving species (Meech and Svoren 2004). Comet Interceptor will
measure the absolute and relative densities of the main neutral volatiles (H,O, CO, and CO,)
along the flyby trajectory, allowing us to derive production rates from these measurements,
and show which is dominant in an LPC at ~1 au.

Although ground-based composition observations do not rival the comprehensive infor-
mation that can be provided by in situ spacecraft measurements, remote observations still
provide extremely valuable data on bulk composition (e.g., Fig. 8). Differences of compo-
sition between JFCs and more pristine comets coming from the OC are starting to emerge
from ground-based observations, with the most highly volatile species (such as CO, CHy,
C,Hg, and C,H,) being depleted in JFCs compared to OCCs (Dello Russo et al. 2016).
However, this has not been confirmed in situ. Ground-based observations of highly volatile
molecules in infrared/radio domains are rarely simultaneous: for example, CO in the M-band
and other organics in the L-band are not observed simultaneously, although most species are
usually observed with H,O, or its proxy OH, to derive mixing ratios with respect to H,O.
This makes the measurement and comparison of relative abundances difficult in some cases,
especially for data taken by old-fashioned infrared spectrometers. A large dispersion of mix-
ing ratios observed in ground-based observations might be partially explained by such non-
simultaneous observations. Comet Interceptor will provide an unprecedented opportunity to
measure gas composition in sifu and compare the abundance of molecules of high volatility
such as CO, CHy4, C,Hg, and CO, with respect to water in an LPC versus JFCs (67P) and
evolved HTCs (1P).
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Aside from the volatiles mentioned above, Comet Interceptor will make detailed com-
positional measurements that are only possible in sifu. The Rosetta spacecraft revealed the
presence of complex and diverse organic molecules in the coma of 67P, including key species
for prebiotic chemistry, some being observed in the coma of a comet for the first time (see
Altwegg et al. 2017a). These organics cannot be detected through ground-based observations
with current technology, preventing us from assessing the variation of their abundances be-
tween comets and, in particular, between primitive LPCs and processed JFCs. Obtaining an
inventory of (complex) organic molecules and other species important in prebiotic chem-
istry in a primitive LPC will delve further into the role of comets in transporting organic
matter to the early Earth (Marty et al. 2016). A surprising result of Rosetta was the abundant
molecular oxygen observed in the coma (Bieler et al. 2015b), while circumstantial evidence
for O, was also found in comet 1P (Rubin et al. 2015). Several formation mechanisms have
been discussed, from radiation of water ice and cold temperature chemistry in the ISM, to
various in situ formation mechanisms. Comet Interceptor will assess how ubiquitous O; is
in comets: a more pristine LPC or DNC target will narrow down possible formation mech-
anisms (cf. Luspay-Kuti et al. 2018). Evidence of ammonium salts in 67P found by Rosetta
(Altwegg et al. 2020) was also unexpected and may change the traditional view of species
parentage and how molecules are stored in cometary ices; for example, NH4CN (if present
in the coma) can produce NH; and HCN, which were previously believed to be “parent”
molecules released directly from the nucleus.

Isotopic ratios, being very sensitive to physico-chemical conditions, provide crucial in-
formation on the provenance of cometary material, and therefore provide information for
comet and planet formation models. For instance, the D/H ratio in cometary water has been
used to infer whether or not comets could be a source of the water on Earth (Hartogh et al.
2011). To date, all comets with known D/H either exhibit a terrestrial ratio or an elevated
ratio (Altwegg et al. 2017b). A recent study suggests two distinct sources of water with
different D/H: one source on the surface of the nucleus and the other in the form of subli-
mating icy grains in the coma (Lis et al. 2019). Fulle (2021) models these observations with
‘pebbles’ of different ice content. Depending on the type of the activity of the target comet,
Comet Interceptor may obtain measurements of both reservoirs during the flyby. The D/H
ratio of a less evolved object may furthermore give some insight into outgassing-related
fractionation processes. These measurements will also help in interpreting differences or
similarities between remote and in situ D/H measurements, in particular if simultaneous
measurements can be made from the ground, which is likely to be the case if Comet Inter-
ceptor’s target is a relatively bright LPC, as expected. Measurement of the '#0/!°0O in H,O
by Rosetta revealed an enrichment in 180 compared to the terrestrial value (Altwegg et al.
2019). Models of chemical evolution in the protoplanetary disc or natal molecular cloud
of our Solar System do not yet explain these results, and demonstrate the value of isotopic
measurements in furthering our understanding of the topic of planetary system formation in
general (Hily-Blant et al. 2017; Wirstrom and Charnley 2018; Furuya and Aikawa 2018).
Even though D/H is the primary objective, if the target is sufficiently active, Comet Inter-
ceptor will investigate isotopes in other species including, e.g.: '#0/'%0 in H,0, '3C/'2C in
CO,, and **S/*2S in OCS and CS,.

Many pre-solar signatures have been observed in the isotopes of volatiles in 67P (Hoppe
et al. 2018). Similar bulk abundances of volatile molecules were observed in Comet C/1995
O1 Hale-Bopp and 67P, and within objects in the ISM (Bockelée-Morvan et al. 2000; Droz-
dovskaya et al. 2019). The detailed in situ measurement of an LPC or a DNC will probe the
potential locations of origin of its ices at a molecular, elemental, and isotopic level.
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Fig.9 Images showing different
morphology of gas jets of
different species from
Rosetta/OSIRIS (from Bodewits
et al. 2016)

Spatial Distribution and Structures of the Neutral Gas Coma The spatial distribution of
volatiles in the coma is of particular interest as it can provide information on how the ices are
distributed in the nucleus. However, this aspect is a difficult issue to address. Ground-based
observations only allow mapping of the distribution of volatiles on very large scales, missing
the crucial transition region between the nucleus and the inner coma. As Rosetta orbited the
comet for an extended period, it built up maps of coma composition of mother and daughter
species at much smaller scales above different areas (Fig. 9). Rosetta confirmed that comets
have heterogeneous comas dominated by large fluctuations in composition, often linked to
diurnal and seasonal variations in the major outgassing species such as H,O, CO,, and CO
(e.g., Hissig et al. 2015). A general large-scale anticorrelation between H,O and CO, was
observed by Rosetta (e.g., Mall et al. 2016; Migliorini et al. 2016). The gas density in the
coma is strongly affected by nucleus concavities and sun illumination conditions, even when
the distribution of ices on the nucleus surface is quite uniform (Bieler et al. 2015,b).

Separate but simultaneous measurements from spatially distributed sub-spacecraft will
provide snapshots of different coma regions at the time of flyby. This method actually has
advantages over Rosetta’s approach, as it will allow, for the first time, separation of spatial
and temporal variations. Interpretation of Rosetta results instead requires complex models to
understand how the comet changed with time and space, because measurements of different
coma areas were taken at different places and times along Rosetta’s orbit. The unique multi-
spacecraft architecture of Comet Interceptor will allow the addressing of important questions
on how dynamic effects in the coma relate to each other: Which are due to the changing
position of the spacecraft relative to the nucleus, and which to the comet’s time-varying
behaviour? (cf. Hansen et al. 2016).

Dust Coma The refractory component of the comet coma is referred to as ‘dust’. It is made
up of minerals and organic components lifted from the surface with sizes ranging from sub-
micron to metre-scale chunks. The properties of the dust are important to understanding
comet composition and formation. For example, the similarity in size of the dominant par-
ticles in 67P’s coma and those predicted to form planets via streaming instability was used
to argue in favour of that model, assuming that particles reflect the original size distribution
(Blum et al. 2017). Measuring the dust size distribution down to nm size in an LPC will
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provide some information towards testing the universality of this assumption: if it is similar
to JECs it would imply a link with primordial dust distribution, and support streaming in-
stability models, whereas a difference would imply that comet material has been processed
at um scales and that dust properties reveal evolutionary processes.

Whether or not solid material lifted from the comet’s surface also contains ice is im-
portant for our understanding of activity processes, as sublimation from dust in the coma
could form a distributed source of water or other gasses. Rosetta found that little water
is provided by sublimation from particles beyond a few nucleus radii, so there is no sig-
nificant distributed source for water at 67P. That does not preclude distributed sources for
minor constituents: for instance, evidence has been found for a distributed source for the
hydrogen halides (De Keyser et al. 2017) and some of the lesser volatiles including or-
ganics (Altwegg et al. 2016, 2017a). This is in stark contrast to the earlier EPOXI flyby
of comet 103P (A’Hearn et al. 2011) and remote observations of the innermost coma of
comet 73P/Schwassmann-Wachmann 3, where a significant fraction of the outgassing oc-
curred from a distributed source of icy grains (Fougere et al. 2012, 2013). Still, assessing
the existence of a distributed source is difficult, even during a fast flyby where one can con-
sider gas and dust production to be basically constant: cometocentric longitude, latitude, and
distance all change simultaneously, and therefore it is not straightforward to extract purely
radial density profiles from which one can ascertain the existence of a distributed source.
To detect and identify distributed sources, it is necessary to scan a very large range of radial
distances and, simultaneously, to assess the dust and gas abundances at a minimum of two
points in the coma: again, the multi-point architecture of Comet Interceptor will give it a
unique advantage in addressing this question. Constraining the dust-to-ice ratio in the coma
(individually for icy particles, or in bulk by comparison of dust and gas production rates),
and by inference in the nucleus, will also provide information for planet formation models.
The question of how much ice is present in larger chunks in the coma is a critical param-
eter to understand the overall dust-to-ice ratio within a comet, which is a very important
number to constrain the properties of the formation location of the comet, and one that is
still the subject of intense debate following Rosetta (see, e.g., Fulle et al. 2019; Choukroun
et al. 2020). Measurements at a less evolved LPC would be very valuable to understand this
intrinsic ratio.

Dust Reflectance Properties Ground-based observations of the intensity, colour, and degree
of linear polarisation of light scattered by cometary dust particles are used extensively for
retrieving information on their physical properties, including their morphology and struc-
ture, as defined by Giittler et al. (2019) (Fig. 10). However, they are usually limited to cer-
tain observational geometries. Observations from spacecraft offer the opportunity to sample
a wider range of geometries at a single time, from within the comet’s coma. The analy-
sis of the Rosetta dataset has exposed challenging contradictions between the properties of
cometary dust as modelled from ground-based and from in sifu observations. The Rosetta
OSIRIS camera system provided unique observations of the intensity of light scattered by
dust within 67P’s coma (Bertini et al. 2017). The observed phase functions show a pecu-
liar U-shape with a minimum at a phase angle around 100° (compared with the minimum
at ~55° in the Halley-Marcus function. Those data would indicate the presence of large
grains. Further, ground-based observations of the degree of linear polarisation of 67P show
a negative polarisation branch (NPB) at small phase angles and a maximum observed DLP
(Degree of Linear Polarisation) of ~8% at a phase angle of 32° obtained after the 2015 per-
ihelion (Myers and Nordsieck 1984; Chernova et al. 1993; Hadamcik et al. 2016). Micron-
sized particles may reproduce the shape of the DLP curve, but certainly not the U-shaped
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Fig. 10 Morphology of different
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OSIRIS phase function The major challenge is reconciling conclusions about the properties
of cometary dust obtained from the analysis of both datasets, which demands a common
framework to interpret consistently all the datasets available (Moreno et al. 2018; Markka-
nen et al. 2018; Levasseur-Regourd et al. 2019; Muiioz et al. 2020).

Rosetta did not provide in situ polarimetric observations, but these were obtained by
Giotto’s HOPE (Halley Optical Probe Experiment) instrument, which took observations
along the line-of-sight of the spinning spacecraft at different wavelengths free of gas emis-
sion. These allowed an estimate to be made of the density of the cometary dust, which was
found to be low (about 100 kg m~3), and of its geometric albedo (0.04, matching that of the
nucleus). The polarisation was highest when crossing dust jets and lower in the inner coma
region. During the Giotto Extended Mission flyby of 26P/Grigg-Skjellerup, HOPE hinted
at the presence of pebbles ejected from the nucleus. Since then, polarisation imaging of ac-
tive comets have confirmed the existence of lower polarisation in the innermost coma and
increased polarisation along large-scale dust jets. Interstellar comet 2I/Borisov presented
unique polarimetric features: the polarisation increased steeply with phase angle, reaching
values substantially higher than typically measured in small Solar System bodies (Bagnulo
et al. 2021). These polarimetric properties distinguish 2I from dynamically evolved objects
such as JFCs, and suggest that 2I was a highly pristine object, with a coma probably char-
acterised by relatively small-sized aggregates. This also suggests that detailed in situ polari-
metric observations at a DNC or LPC will be very valuable in revealing differences in dust
properties between pristine and evolved comets.

Dust Structure and Distribution Numerical simulations based on the reflectance properties
described previously conclude that dust particles are irregular, porous, built of smaller grains
and possibly fractal in nature. Additionally, experimental simulations under different con-
ditions (including microgravity) suggest the presence of fluffy aggregates with comparable
amounts of minerals and organics (Levasseur-Regourd et al. 2015). This agrees with the
results from Rosetta’s in situ sampling, in particular microscopic imaging of grains by the
COSIMA (Langevin et al. 2020; Kimura et al. 2020) and MIDAS instruments (Mannel et al.
2019).

In situ measurements (typically measuring dust flux from momentum transferred in colli-
sions with a target on the spacecraft) naturally sample only a single coma location at a time.
Rosetta’s GIADA measured grains’ cross-sectional area, velocity, and impact momentum. It
could therefore separate fluffy and compact particles. The instrument also characterized the
submicrometre- to micrometre-sized dust mass flux at 67P, finding a differential size distri-
bution index of &~ — 3.0, which confirms that particles of size >0.1 mm dominate the dust
coma cross-section during that comet’s entire orbit (Della Corte et al. 2019). On flyby mis-
sions, the velocity of impacting particles is dominated by the relative spacecraft velocity to
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the comet, which is well known in all cases, so particle masses can be directly inferred from
momentum sensors, as achieved, for example, by instruments on the Giotto and the Stardust
mission (the latter also delivering a sample of the more solid coma grains to Earth). Comet
Interceptor will be the first mission to make such measurements at two coma locations si-
multaneously, which will be very valuable for understanding the evolution of particles (e.g.,
any evidence of fragmentation) flowing away from the nucleus.

The spatial dust distribution within the coma is important for understanding activity, i.e.,
how, and where the dust flows away from the nucleus (see next section), and can be di-
vided into the inner coma, larger scale coma, and tails. Both remote sensing and in situ
measurements reveal significant variation in the population in different regions. There are
broad outflows and more collimated jets, which appear to be controlled by nucleus topogra-
phy in the inner coma, but are also visible on 1000s of km scales in ground-based imaging.
The large-scale features have yet to be conclusively linked to the inner coma structures
and nucleus. At the very largest scales, dust is swept into the characteristic dust tail, where
differences in acceleration due to solar radiation pressure differentiate the material largely
by particle size — models of tail morphology can therefore be used to place constraints on
particle properties.

The fast flyby will provide an instantaneous snapshot of the nucleus and coma. How-
ever, depending on the comet’s spin state, pre- and post-closest approach observations will
contribute additional information on the diurnal evolution of the near/far environment. Such
observations, even with an unresolved nucleus, will be extremely valuable to characterize
the gas and dust distribution, as well as the activity of different regions at multiple local
times.

2.3.3 Activity

Cometary activity is a complex process: the exact sources and mechanisms driving activity
in comets remain a puzzle, e.g. Keller and Kiihrt (2020). Rosetta revealed that cometary
activity, jets, and outbursts (Fig. 11) are linked to distinct morphological nucleus features
(Vincent et al. 2015, 2016). Working activity models have been recently provided in case
of pebble-made nuclei (Fulle et al. 2020a,b; Gundlach et al. 2020; Fulle 2021; Ciarniello
et al. 2021, 2022). The pebble model is however debated in the community, as the existing
data is not sufficient to fully assess its validity. By characterizing an LPC, in particular a
DNC, from a close distance, Comet Interceptor will obtain unique observations of dust and
gas release from a type of object not studied before and provide a test case to evaluate all
current cometary activity models. The surface of a DNC on its first approach to the Sun
is expected to be little processed and Comet Interceptor will allow us to assess how this
impacts activity. If activity can be attributed clearly to local areas in a DNC this would offer
strong evidence that they are due to primordial shape or composition heterogeneities, and
not evolution-driven features, as no processed surface crust is expected. Evidence for or
against hyperactivity — significant activity being driven by sublimation from icy ‘chunks’
in the coma (Fig. 12) — would test also whether or not this phenomenon (seen in 103P but
not in 67P) is evolution-related, and may be important in the interpretation of ground-based
observations of other DNCs. Typically, the distribution of coma gas and dust structures
in the near environment and their nucleus source locations are inferred from the spatial
tracking of jet-like emissions across multiple images. The combined motion of the spacecraft
and rotation of the nucleus usually provide sufficient geometric variation to reconstruct the
jets” 3D shape. This method, however, assumes that tracked features do not evolve between
images, which may not always be the case. By providing multiple views of the same features
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Fig. 11 Outburst on the surface
of 67P/Churyumov-Gerasimenko
observed on 3 July 2016 (left)
and on 29 July 2015 (right).
ESA/Rosetta/MPS for OSIRIS
Team MPS/UPD/LAM/IAA/
SSO/INTA/UPM

Fig. 12 Image from NASA’s
EPOXI mission shows part of the
nucleus of Comet 103P/

Hartley 2. The sun is illuminating
the nucleus from the right.

A distinct cloud of individual
particles is visible, gas release
from which is responsible for the
high apparent activity level given
this nucleus’s size. Image Credit:
NASA/JPL-Caltech/UMD

from different angles at the same time, Comet Interceptor will remove this uncertainty and
allow for a more precise mapping of apparent active regions.

The most obvious observational evidence of nuclear activity is the collimated dust jets
ejected from the surface. There is strong complementarity between in sifu and ground-based
imaging of coma structures, as was shown for 67P, where the analysis of ground based data
revealed the presence of structures originating from certain latitude/longitudes on the nu-
cleus (Vincent et al. 2010, 2013; Lara et al. 2011; Marschall et al. 2016). This allowed the
nucleus’s rotational period to be derived, based on previous apparitions, before the space-
craft arrived. These first results related to 67P’s spin period and activity were confirmed by
Rosetta, although the mission’s findings go beyond the classical view of active areas on a nu-
cleus surface producing jet-like features. Comet Interceptor’s three viewpoints will provide
the data necessary to link nucleus surface activity and topography with the large dust struc-
tures in the coma. Additionally, ground-based observations of the target’s activity should be
plentiful and high signal-to-noise, for a relatively bright LPC target; these will complement
and connect to the multi-point spacecraft measurements.

2.3.4 Plasma Environment and Interactions
The neutral gas released from a comet eventually becomes partially ionised through expo-
sure to solar UV radiation, and/or energetic particle impact bombardment. Ions born close

to the nucleus interact with the cometary neutrals and, for a high enough outgassing, a
rich range of chemical reactions can take place, producing new ion species, e.g. Beth et al.
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(2020). These fresh cometary ions come under the influence of the heliospheric magnetic
field, join, as pick-up ions, the solar wind flow through and past the comet, and are carried
downstream, forming the visible ion or plasma tail.

Origin and Overall Structure of the Solar Wind Interaction Region The ion cloud around
a nucleus presents an obstacle to the solar wind (Alfven 1957; Biermann et al. 1967).
A comet’s plasma environment is heavily dependent on the number of cometary ions in
the coma, and therefore the gas production rate. As the cometary pick-up ions are incorpo-
rated into the solar wind — a process known as mass-loading — the flow around the comet
changes, which modifies the cometary and solar wind plasma. In the cometary reference
frame, pickup ions are initially almost at rest, there is thus a large discrepancy in velocity
between the two flows. Mass loading simultaneously slows the solar wind and accelerates
cometary ions. A bow shock forms where the solar wind adjusts abruptly to the comet’s
presence. This also has consequences for the magnetic field, as it is largely frozen into the
flow, and starts to drape around the obstacle.

The Value of Multi-Point Measurements A multi-spacecraft encounter would provide a sig-
nificant advantage over previous missions in that it would sample different paths through
the comet-solar wind interaction region. This includes both the largest scales, beyond come-
tocentric distances explored by Rosetta, and the smaller scales, nearer the nucleus. Rosetta
showed how strongly structured and dynamic the cometary plasma environment is, and how
different processes affect different parts of the comet magnetosphere for different activity
levels. Charge separation, shocks, and other boundaries, as well as the excitation of waves
and plasma heating, all affect the exchange of energy, momentum, and mass on multiple
scales simultaneously. This in turn is important for processes such as the sputtering of the
nucleus surface and coma dust with energetic solar wind and cometary ions (Wurz et al.
2015), for the excitation of coma constituents and associated emissions (Galand et al. 2020),
for coma chemistry, and for the formation of the comet ion tail and its rich structure. Rosetta
lacked a larger scale overview and understanding of the 3D structure of the induced magne-
tosphere and magnetosheath. Earlier flyby missions, such as Giotto, had the opposite issue:
they provided measurements over very large scales, but only along a single path.

With Comet Interceptor we therefore expect to observe, along multiple chords (Fig. 13), a
shock, the diamagnetic cavity, strong electron heating, penetrating solar wind ions, energetic
cometary ions moving towards the nucleus, and strong wave excitation. These measurements
are needed to assess the relative importance of different mechanisms and to understand how
the solar wind affects the comet environment for different types of objects and levels of
comet activity. The 3D picture is needed to distinguish between different solar wind-coma
interaction models. This can only be properly investigated with a multi-spacecraft mission,
in order to reduce the spatio-temporal ambiguities introduced by potentially changing solar
wind conditions during the flyby.

Specific Features of Interest Bow shocks haves been observed in several comets and mod-
elled extensively, e.g., Koenders et al. (2013). In general, this shock moves outwards in the
upstream solar wind, away from the nucleus, as the neutral gas production rate increases,
with standoff distances up to millions of km upstream at high gas production rates (as for
1P). At low production rates, the critical point is never reached, and no bow shock forms.
For example, Giotto’s 1992 flyby of 26P revealed a bow shock during the outbound trajec-
tory, but not inbound (Coates et al. 1997). Instead, it detected a bow wave (e.g., Scarf et al.
1986), a more gradual field increase rather than the jump-like classical shock. This was at-
tributed to the low Mach number of the mass- loaded solar wind flow. At Halley, the bow
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Fig. 13 Multi-point
measurements will determine the
scale and shape of several
structures in the comet-solar
wind interaction. The time at
which each of the three
spacecraft/probes cross (or do not
cross) the bow shock (green) and
diamagnetic cavity (blue) will
determine their shapes and scales.
The magnetic field (red) will also
be probed using magnetometers
on all the three platforms
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shock as observed by Giotto outbound was quasi-parallel (Neubauer et al. 1990). At 67P,
Rosetta’s trajectory did not allow for the detection of a bow shock or wave. At lower gas
production rates, a feature interpreted as an infant bow shock, a highly asymmetric structure
behaving like a shock and confined to one side of the interaction region (Gunell et al. 2018)
was observed in the plasma environment. Spectral breaks in the pick-up ion energy distri-
butions have furthermore been interpreted as indirect proof of a bow shock far upstream of
the spacecraft (Alho et al. 2019, 2021). Modelling also revealed that solar wind charge ex-
change, as well as asymmetric nucleus outgassing plays a major role in the dynamics, width,
and extent of the shock (Simon Wedlund et al. 2017; Alho et al. 2021). As a consequence,
measuring the specifics of the shock (or wave) at different locations, or finding that there is
a shock- like feature at one spacecraft and a wave- like behaviour at another, brings invalu-
able information on the solar wind-comet interaction. Depending on the flyby velocity and
measurements’ sampling rate, unprecedented multi-point information could be obtained on
the shock’s internal structure.

The draped magnetic field threads through the comet’s coma and ion tail. However, the
solar wind magnetic field varies in both strength and direction. Therefore, layers of mag-
netic field with different directions are embedded in the induced magnetosphere; structuring
referred to as “nested draping”. This has been observed during the fast flybys of comet 1P,
for which a tentative model of how the magnetic field lines on either side of the nucleus
are connected could be made (Raeder et al. 1987). Performing a flyby with magnetome-
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ters on three spacecraft at different distances will allow the first reconstruction of the shape
of the draped magnetic field. Three chords through the upstream induced magnetosphere
would deliver three lines of magnetic field strength and direction that can be integrated into
a whole. If the flyby is slow, dynamic draping can also be observed, first shown by Rosetta
(Volwerk et al. 2019). When the convection velocity of the magnetic field is faster than that
of the spacecraft past the comet, then the time variation of the magnetic field between the
spacecraft can show how the nested draping is moving towards the comet. It was also shown
that the magnetic field draping is not confined to the solar wind magnetic field plane, but
can be shifted (Koenders et al. 2016).

In strongly outgassing comets, the solar wind-comet interaction forms a region imme-
diately surrounding the nucleus called the diamagnetic cavity. This cavity is devoid of a
magnetic field and prevents the solar wind’s full penetration into the region closest to the
nucleus. First observed in an artificial comet (through a barium release in the solar wind just
outside the Earth’s magnetosphere (Bernhardt et al. 1987), this cavity was also found at 1P
by Giotto, extending up to 4000 km from the nucleus. At 67P, Rosetta repeatedly detected
the cavity, which extended only a few 10s to 100s km from the nucleus. The size of this
magnetic field-free region depends on the activity of the comet, and with 67P being much
less active than 1P, the cavity size was accordingly much smaller. Due to the long residence
time of Rosetta at 67P, it was found that the cavity boundary is very dynamic, moving in
and out but, with only one spacecraft only limited information on the boundary could be
obtained.

The exact mechanism that sustains the diamagnetic cavity is not understood and more
measurements are therefore needed; its boundary has been observed only at 1P and 67P.
The plasma in the cavity is much quieter than outside it and is more dominated by cold
electrons (Odelstad et al. 2018). The stability of the boundary appeared to differ between the
two comets (Neubauer 1987; Goetz et al. 2016), and only rough estimates of the boundary
velocity could be derived.

The boundaries between different regions are asymmetric and highly variable in both
space and time. They depend on both the comet’s activity and variations in upstream solar
wind conditions. Edberg et al. (2016b,a), Hajra et al. (2018), and Goetz et al. (2018) showed
that drastic changes occurred in the plasma at 67P, when interplanetary coronal mass ejec-
tions or co-rotating interaction regions passed the comet. To advance our understanding of
the physics of these interactions, we need to go beyond what was possible with previous
missions, all of which could only measure at one location at one time, by measuring at
multiple positions simultaneously, allowing the separation of spatial and temporal changes.
Whether one, two, or all three of the Comet Interceptor platforms will enter the diamagnetic
cavity, will on its own give information on the cavity’s size and shape, as well as indications
of its dynamics, and will be expanded upon by other measurements.

Solar wind charge exchange produces cometary ions as well as energetic neutral hydro-
gen and helium that can be observed remotely through ENA imaging (Simon Wedlund et al.
2016, 2017, 2019c,a,b): their presence testifies to the efficiency of energy and momentum
transfer between the solar wind and the cometary coma. Observations of ENAs are also use-
ful to characterise plasma interactions in the region where the solar wind reaches deepest
into the neutral atmosphere (Ekenbéck et al. 2008), possibly partaking in the sputtering of
the nucleus’s surface (Nilsson et al. 2015). Ion chemistry within the coma also depends on
neutral gas composition and, therefore, ion observations can shed light on the bulk compo-
sition of the nucleus, and the still poorly understood complex chemical and photo-ionisation
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Fig. 14 The highly-structured
ion tail of Comet C/2016 R2
(Pan-STARRS). This particular
comet was an atypical dust-poor
LPC (e.g. Biver et al. 2018)
which reached perihelion at

2.6 au from the Sun. Image:
ESO, under license Attribution
4.0 Interactional (CC BY 4.0)

reactions in the coma (Haeberli et al. 1995; Fuselier et al. 2016; Heritier et al. 2017; Beth
etal. 2017).

Waves take on an important role in the cometary plasma environment, transferring energy
across boundaries and heating particle populations through wave-particle interactions. The
plasma environment of a comet is a complex mix of ions of different species and origin and
relative velocities, electrons of different temperatures, neutral molecules and dust particles
of different sizes and charge states. Solar wind interactions with the cometary plasma gives
rise to instabilities that drive waves of various kinds, including ion-cyclotron and/or mirror-
mode waves, e.g., Mazelle et al. (1991), harmonic waves created by the ion- Weibel insta-
bility (the “singing comet” waves found by Rosetta; Weibel (1959), Richter et al. (2015),
Meier et al. (2016), Glassmeier (2017)), lower hybrid waves, e.g., Karlsson et al. (2017),
and ion acoustic waves, e.g., Gunell et al. (2021). It is, however, not clear in which region
of the coma these waves are present and how they depend on comet activity. Through mul-
tipoint measurements in the coma one can determine, in principle, the temporal and spatial
development of the waves. Going from single spacecraft to multi-spacecraft observations
thus enables new insights into both the physics of the waves themselves and how they affect
boundaries and the surrounding plasma.

The comet-solar wind interaction region can also be observed remotely, due to resonance
fluorescence processes occurring in common ions such as CO™ and H,O". The structures
observed in the ion coma and tail reveal the spatial distribution and motion of cometary ions,
e.g., Fig. 14. Coma and near-tail ions could be observable with Comet Interceptor’s cameras,
providing complementary observations of ion structures and their dynamics, especially dur-
ing the approach to the comet. The rate of motion and relative densities of these structures
can be compared to the in situ observations, providing ground truth data for remote plasma
observations from Earth.
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Fig. 15 The remote sensing
instruments aboard all three
platforms will return
complementary views of the
nucleus from different directions.
Inset images show representative
complementary views of the
single nucleus from two of the
three spacecraft platforms

3 Scientific Objectives and Requirements
3.1 Overview

In Sect. 2, we summarized the scientific context of the Comet Interceptor mission. The
many unanswered questions regarding the potential targets provide the strong rationale for
a multi-platform mission to an LPC, ideally a DNC, together with great advances in the
understanding of solar wind interactions with comets in general. Here we identify the key
objectives to be addressed by the mission, and the measurements that are needed to achieve
them.

The multiple spacecraft approach of Comet Interceptor means that its target comet will
be observed from different angles during the flyby, building up a 3D picture of the nucleus,
coma, and interaction with the solar wind. This will allow the separation of differences in
time (e.g., due to the changing activity of the comet) and in space (e.g., due to inhomo-
geneities in the outgassing pattern). Such a separation has not been possible in any previous
flyby mission, or even with Rosetta, which could only sample one location in the coma at a
time.

Concerning nucleus science, Comet Interceptor will measure the size, shape, and rotation
rate of the target comet nucleus. It will return resolved images of the surface that reveal its
morphology. The nucleus composition will be constrained directly via remote sensing ob-
servations (imaging, spectroscopy, and polarimetry). Furthermore, Comet Interceptor will
measure directly, for the first time at a comet, nucleus thermal properties via thermal in-
frared imaging. Visible and near-infrared images of the nucleus will be returned from three
different viewpoints, as illustrated in Fig. 15: from the main spacecraft (A) and both probes.
The highest resolution images should have a resolution of ~10 m / pixel, comparable to pre-
vious comet flyby missions, allowing direct comparison of an LPC with the more evolved
short period comet nuclei imaged previously.

Data will be captured through the flyby from a wide range of phase angles, further al-
lowing the reflectance properties of the nucleus (and different resolved regions on it) to be
assessed. The variety of viewpoints, and the possibility to constrain the unilluminated por-
tions of the nucleus through a combination of thermal imaging and imaging of its silhouette
against the background coma, will give good constraints on the size and shape of the entire
nucleus, even if, due to the flyby nature of the mission, detailed imaging can only be returned
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from one side. The nucleus rotation rate will be constrained by both resolved imaging and
images of the unresolved nucleus in the days before and after the flyby.

A mission to a relatively pristine LPC will be an important advance in cometary science
as a whole, as direct measurements of the coma composition can be related to nucleus ices
with a very different processing history, and the distribution of active areas can be studied.
Mapping the distribution of neutral gasses in the coma will give information on bulk com-
position and nucleus inhomogeneity and will probe coma chemistry. Measuring the compo-
sition of the coma at different distances from the nucleus will provide information for coma
chemistry models. Remote sensing of the large-scale distribution of different species will be
combined with in situ sampling to derive production rates of the individual volatile species
for the time of the flyby (for comparison to ground-based observations). Identification of
parent and daughter neutral and ion species will enable an assessment of their relation-
ship in the coma. All of these individual elements will combine to give a comprehensive
picture of the similarities and differences between comets with different evolutionary his-
tories. The spacecraft measurements are critical: while we have ground-based observations
of many comets of different classes, it is unclear what differences are evolutionary versus
inherent. Comparison of the direct inner coma measurements at an LPC with previous JFC
missions, in particular Rosetta, will help disentangle coma processes and long-term evolu-
tionary trends.

Comet Interceptor will detect small-scale structures within the coma, <1 km in scale for
a slow flyby, through in sifu measurements of dust flux and gas density, along with remote
sensing imaging from cameras on all platforms. Such an analysis, combined with nucleus
shape observations, will supply information about the complex coma-nucleus relationship.
For a bright LPC, measurements of even larger-scale spatial distribution of species in the
coma will be possible from ground-based observatories and will provide, for the very first
time, a clear link between the features observed from the ground and the nucleus of a comet.

Mapping of the dust and neutral gas jets both near to and far from the nucleus, especially
on approach and post-encounter, where dust jet and shell structuring can constrain the time
history of nucleus activity, will reveal more active locations and periodicities in the ejection
rate of material. The jets should be mappable to their source locations, tying into high reso-
Iution images of the nucleus. The composition of the gas jets can also reveal a considerable
amount about the active regions, such as determining whether all active regions have the
same composition, and whether or not the relative abundances of different ices vary across
the body. Observations in the IR will isolate jet emission by H,O, CO,, and CO, but also
typically less abundant species such as methane, ethane, and methanol. Spectral informa-
tion about the coma, and, better still, spectral imaging, will be highly beneficial. The spatial
distribution of neutral hydrogen would provide a time history of activity in the comet; this
could be achieved with imaging of the Lyman-« line in the UV range. The composition of
the coma can be measured directly using in situ observations by a mass spectrometer. Cov-
erage of masses up to a few hundred Daltons (amu) would be particularly beneficial. More
direct inferences about surface activity can be made using thermal maps of the nucleus. For
these, the surface would need to be resolved to better than ~300 m for a 3 km-wide body.

Measuring in situ absolute densities of major neutral gasses and comparing with ground-
based observations will allow coma models used to deduce production rates from ground-
based observations to be tested and constrained. This is crucial to interpret the wealth of
ground-based data using a common baseline. These measurements will also allow Comet
Interceptor to help investigate the contribution of distributed sources and the pathways lead-
ing to different gas species and their complex relation with the bulk composition. Mass
spectroscopy will also reveal minor constituents of the gas coma, and isotopic ratios of D/H
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if the gas production rate is sufficiently high (and possibly the most abundant isotopes of
O, C, and S), allowing detailed comparison of composition differences and/or similarities
between a less evolved comet and results from Rosetta at 67P.

Observations of all-sky brightness within the coma, and polarimetric curves, will allow
us to study the observed phase function curve and the degree of linear polarisation from the
same data set, including the important forward- and back-scattering regimes. The combina-
tion of both datasets will yield key constraints for the physical properties of the dominant
population of dust particles in the coma, alongside the dust mass distribution measured
along two different trajectories. A detailed characterisation of the plasma environment of a
comet requires measurements of the magnetic and electric field strength and direction, the
electron and ion distribution functions (density, temperature, and flow velocity vector), and
the ion composition, in the different comet-solar wind interaction regions (e.g., solar wind,
diamagnetic cavity) and at their boundaries.

Comet Interceptor will assess, through sensors on spacecraft A and B2, and the Bl
Plasma Suite, the energy, mass, and momentum transfer in the cometary environment,
through the coma and across boundaries. Multi-point measurements of ions, magnetic fields,
and nm- to mm-scale dust will elucidate the physics behind mass transfer and the conse-
quences for both the coma and tail. Unprecedented ENA observations will help us to under-
stand the role of charge exchange collisions in the transfer of energy and momentum from
the solar wind to the coma. Solar wind and cometary ion and electron dynamics will enable
the assessment of the amount of electrically-charged material impacting the (pristine) comet
surface.

For the magnetometers on all three platforms on this mission, the bow shock (or bow
wave), the field-line draping pattern around the inner coma, and the diamagnetic cavity,
are of specific interest, amongst other features. Using the spatial separation of the three
spacecraft and their magnetometer measurements, one can deduce the three-dimensional
shape of the magnetic field, and study the differences in magnetic activity. The magnetic
field measurements also play a defining role in analysing the internal structure and type
of the plasma boundaries. Given the possibly high flyby speed, the planned high cadence
measurements of the most prominent plasma properties (ion and electron density, electron
temperature) are essential to capture as much as possible of the detailed spatial and temporal
structure of the plasma. This will help in particular in studying the internal structure of the
boundaries (shape, spatial extent, etc.). The ion coma and ion tail in its vicinity will be
observed by the visible light cameras on all three platforms.

3.2 Science Objectives and Requirements

The above summary of the most desirable measurements possible during a fast flyby and
modest spacecraft size are formalized as Science Objectives and Requirements, summarized
here.

The overall goal of the Comet Interceptor mission is to provide the first investigation
of an LPC, and to sample different regions of the coma simultaneously. The scientific re-
quirements that need to be met to achieve this goal can be conveniently divided into the two
Science Themes presented previously: First, measurement of the properties of the cometary
nucleus that will allow the comparison of an LPC with short-period comet nuclei investi-
gated by previous missions. Second, investigation of the coma, its connection to the nucleus
(cometary activity) and its interaction with the solar wind, will take advantage of the multi-
point perspective through three spacecraft.
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Table 1 Science objectives of Comet Interceptor

Science Theme

Level 0 — Science Objective

Comet Nucleus Science - What is the
surface composition, shape,
morphology, and structure of the target
object?

Comet Interceptor shall characterise the target shape, size and rotation state.

Comet Interceptor shall characterise the target morphology.

Comet Interceptor shall assess the bulk composition of the target surface.

Comet Environment Science - What is
the composition of the coma, its
connection to the nucleus (activity) and
the nature of its interaction with the

Comet Interceptor shall characterise and map the bulk neutral composition
of the coma and determine any local structure and connection to the nucleus.

Comet Interceptor shall determine the isotopic composition of the coma.

Comet Interceptor shall characterise the structure of the dust environment
of the coma and determine any connection to the nucleus.

Comet Interceptor shall characterise the coma dust properties, including
reflectance and polarimetric properties and determine dust fluxes.

solar wind?

Comet Interceptor shall determine motion and evolution of ion rays and
other coma and tail features including dust and gas.

Comet Interceptor shall characterise the plasma environment around the
target, determine any resulting boundaries and assess energy, mass and
momentum transfer.

Table 2 Top-level science requirements corresponding to the science objectives related to the cometary nu-

cleus
Level # - Science " .
Objective Level 1 - Science Requirement
Comet Interceptor shall establish the size and shape of the directly illuminated portion of
the target to an accuracy of < 60 m.
Comet Interceptor shall establish the size and shape of the unilluminated (potentially
Comet Interceptor indirectly illuminated by backscattered sunlight} portion of the target to an accuracy of <
shall characterise the 600 m.
target shape, siz¢ and | Comer Interceptor shall determine existence and location of any non-surface bound boulders

rotation slate.

with sizes > decametres in the vicinity of the nucleus.

Comet Inferceptor shall assess the rotation rate and angolar momenmuin orientation with an
accuracy of 1%.

Comet Interceptor
shall characterise the
target morphalogy

Comet Interceptor shall establish the existence and characterise surface features on the
directly illominated surface to an aceuracy of < 20 m.

Comet Interceptor shall establish the existence and characterise surface featores in
unilluminated areas {potentially indirectly illuminated by backscanered sunlight) to an
aceuracy of < 300 m.

Camet Interceptor shall determine the target phase curve by measuring the geometric
albedo of the surface > 3 different phase angles (¢} where max phase angle should be least
90° and m¢lude measurement at ¢ < 5°.

Cormel Interceptor shall assess the bulk surface rougl via polarimetric observations.

Comet Interceptor
shall assess the bulk
composition of the
target surface

Comet Interceptor shall determine the colour of the abject and its colour diversity at visible
wavelengths.

Comet Interceptor shall determine the thermal and specitral characteristics of the surface.

The two science themes are first broken down into top level Science Objectives (Level 0)

that describe the properties of the target to be investigated. Each Science Objective is further
split in a series of Science Requirements (Level 1) that quantitatively describe the features,
characteristics and processes that need to be measured to achieve the Science Objective.
Finally, Level 2 Requirements, not included here for brevity, describe the measurements by
each instrument that contribute to meeting the Level 1 requirements. Tables 1, 2, and 3 list
the Science Objectives and the Level 1 Science Requirements.
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Table 3 Top-level science requirements related to the cometary coma environment

Level 0 -
Objective

Science

Level 1 — Science Requirement

Comet Interceptor shall
characterise and map the
bulk neutral composition
of the coma and
determine  any  local
structure and connection
to the nucleus.

Comet Interceptor shall map coma volatiles including H,O, CO and CO; with an accuracy
of 300 m

Comet Interceptor shall determine absolute and relative densities of volatiles (e.g., H2O,
CO, and CO») along the fly-by trajectory.

Comet Interceptor shall detect minor species (e.g., O2) and potential distributed sources.

Comet Interceptor shall make Hydrogen Lyman-alpha observations of the coma

Comet Interceptor shall determine the large-scale gas coma activity, morphology and any
variability therein.

Comet Interceptor shall
determine the isotopic
composition of the coma.

Comet Interceptor shall determine D/H and '®0/'°O ratios in H,O.

Comet Interceptor shall investigate isotopes in other species including **S/32S and '3C/'2C.

Comet Interceptor shall
characterise the structure
of the dust environment
of the coma and
determine any connection
to the nucleus.

Comet Interceptor shall determine the large-scale dust coma activity, morphology and any
variability therein.

Comet Interceptor shall determine the inner dust coma brightness distribution to
potentially capture evidence of non-1/r? particle distributions resulting from processes
such as acceleration, sublimation, and/or fragmentation.

Comet Interceptor shall establish evidence for (and any variation of) dust emission from
the surface by measuring reflected light from dust in the vicinity of the nucleus.

Comet Interceptor shall determine the existence (or not) of local dust structures in the
coma.

Comet Interceptor shall
characterise the coma
dust properties, including
reflectance and
polarimetric properties
and determine dust
fluxes.

Comet Interceptor shall measure the mass and fluence of dust in the range 1-200 pum,
where possible with multipoint measurements.

Comet Interceptor shall search for the existence of, and if found characterise, dust
particles in the range centimetre — decimetre (chunks and snowballs).

Comet Interceptor shall determine the compositional diversity of the dust within the comet
coma.

Comet Interceptor shall determine coma dust reflectance and polarimetric properties at
visible wavelengths.

Comet Interceptor shall
determine motion and
evolution of ion rays and
other coma and tail
features including dust
and gas.

Comet Interceptor shall produce maps of ion rays via wide field imaging of the coma

Comet Interceptor shall determine the existence (or not) of in-situ plasma signatures
correlating to features observed through wide field imaging of coma.

Comet Interceptor shall
characterise the plasma
environment around the
target, determine any
resulting boundaries and
assess energy, mass and
momentum transfer.

Comet Interceptor shall determine the electron, ion, ENA, E and B field environment
around the comet.

Comet Interceptor shall assess and quantify coupling between neutral, dust and plasma,
including potential assessment of dust charging.

Comet Interceptor shall identify plasma structures and boundaries and characterise,
where possible, with multipoint measurements.

Comet Interceptor shall characterise the plasma wave environment (A>2 km) to constrain
energy and momentum transfer across the coma.

4 Planned Measurements and Payload Overview

The Comet Interceptor payload (Table 4) was selected to fulfil the mission Science Objec-
tives.

The Comet Camera (CoCa) on Spacecraft A will contribute to both mission themes by
determining the physical properties of the nucleus and coma with high resolution images.
CoCa will determine the physical properties of the nucleus with high resolution images,
tracking the nucleus through the flyby. The current CoCa instrument design will

— Determine the size, shape, and albedo of the nucleus

— Identify features on the nucleus at <20 metres resolution (assuming a nominal 1000 km
flyby) and allow comparison with similar observations of the surfaces of short-period
comets

— Establish the reflectivity spectral gradient of the nucleus and of sub-regions on the nucleus
(Thomas and Keller 1989; Fornasier et al. 2015)
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Table4 Summary of scientific

instruments Instrument Sensor Application
Spacecraft A
CoCa Visible-NIR hi-res imager
MIRMIS NIR NIR Hyperspectral imager
MIR MIR Point spectrometer
TIRI Multispectral thermal imager
MANiaC Mass spectrometer
DFP DISC Dust detector
FGM-A Magnetometer
COMPLIMENT Electric field
SCIENA Ton and energetic neutral atom
detector
LEES Electron spectrometer
Probe B1
HI Hydrogen imager
PS Magnetometer
Ton mass spectrometer
NAC/WAC NAC Narrow-angle imager
WAC Wide-angle imager
Probe B2
EnVisS All-sky imager
OPIC Forward imager
DFP FGM-B2 Magnetometer
DISC Dust detector

— Search for evidence of surface ices for comparison with Rosetta and Deep Impact obser-
vations of SPCs (Sunshine et al. 2006; Pommerol et al. 2015)

— Constrain the rotation of the nucleus through, as a minimum, observation of dust coma
structures

— Determine the spatial distribution of dust emission from the nucleus (including the day-
side/nightside emission ratio, which may have implications for the presence of super-
volatiles such as CO and CO,, Gerig et al. 2020)

— Investigate and constrain the properties of the acceleration region of the inner coma by
studying dust column density profiles (Gerig et al. 2018; Zakharov et al. 2018)

— Establish the direction and relative magnitudes of jet-like structures for correlation with
dust impact events on the spacecraft

— Provide pointing information including determination of the flyby geometry (Curdt et al.
1988)

— Identify impact events on the spacecraft by providing evidence of uncontrolled Spacecraft
Attitude changes (Curdt and Keller 1990).

The infrared spectra taken by the Modular InfraRed Molecules and Ices Sensor (MIR-
MIS) will provide information about the composition and thermal properties. They will be
supported by the Narrow Angle Camera (NAC) on probe B1 and the Optical Periscope
Imager for Comet (OPIC) on probe B2, which will image the nucleus from perspectives
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different to those of Spacecraft A, providing stereo views and increasing the fraction of the
surface that can be investigated. Probe B1 will also have a wide-angle visible camera (WAC)
to image the nucleus and its surroundings from a fixed orientation during closest approach,
and the OPIC instrument, on probe B2, will return resolved images of the nucleus and the
inner coma from a different angle shortly before closest approach. Composition informa-
tion will come from multi- colour imaging (four broadband filters in the visible range in
CoCa; a tuneable hyperspectral imager in the 0.9 to 1.7 um near-infrared region and fixed
narrowband filters between 8.9 and 21.6 um in MIRMIS) and point spectroscopy in the
2.5 to 5 um range (MIRMIS/MIR). Unique insights into the physical properties of the sur-
face layers (particle sizes, thermal inertia) will come from visible wavelength polarimetry
measurements by the Entire Visible Sky instrument, EnVisS, on B2, and thermal-infrared
temperature measurements (MIRMIS).

For the Comet Environment Theme, the coma composition will be measured in situ by the
Mass Analyzer for Neutrals in a Coma (MANiaC), including measurement of isotopic ratios.
Provided that the outgassing activity of the comet is sufficiently high, elemental, molecular,
and isotope abundances of the gas will be derived by MANiaC. This includes monitoring the
major coma volatiles H,O, CO, and CO,, key molecules such as O,, highly volatile species,
and organic compounds, as well as hydrogen and oxygen isotopes in water. Even (icy) grains
entering the instrument may be measured. MANiaC provides key measurements to study
the comet’s activity and the material from which its nucleus formed and how it evolved.
Gas composition measurements through remote sensing will be performed by MIRMIS. In
addition, the Hydrogen Imager (HI) on probe B1 will monitor the cometary water production
rate from months before the flyby until the end of operations. The spatial distribution of dust
will be investigated from three different viewpoints by CoCa on Spacecraft A, the WAC
on B1, and OPIC and the all-sky imager EnVisS on probe B2. EnVisS will additionally
constrain dust properties through polarimetric measurements, and the Dust Impact Sensor
and Counter (DISC), part of the Dust, Fields, and Plasma (DFP) instrument, will measure
the mass distribution of dust particles colliding with both Spacecraft A and probe B2. DFP’s
COMPLIMENT and LEES sensors will detect nanograin impacts.

The Dust Field and Plasma (DFP) package is a combined experiment dedicated to the
multi-point in situ study of the multi-phased ionized and dusty environment in the comet’s
coma, and its interaction with the surrounding space environment. DFP will measure the
magnetic field, electric field, plasma parameters (density, temperature, and speed), the distri-
bution functions of electrons, ions, and energetic neutrals, spacecraft potential, and cometary
dust, in order to:

— Identify boundaries and regions in the cometary environment of a comet and its interaction
with the solar wind (e.g., bow shock, diamagnetic cavity) and to assess their structure.

— Map the dust and plasma phases around the target.

— Assess mass, momentum, and energy transfer in the cometary environment.

— Provide simultaneous magnetic field, plasma, and dust measurements to identify the inter-
play between the ionized and dusty phases around a comet and characterize dusty plasma
properties.

— Map the solar wind — coma interaction.

— Describe and map the (i) electron, (ii) negative and positive ion, and (iii) energetic neutral
atom distribution functions in the vicinity of the comet and in the interaction region with
the solar wind.

— Identify electron and ion kinetic processes that mediate the solar wind-comet interactions
from ion kinetic scales down to electron scales.
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DFP-SCIENA will measure energetic particles of solar wind and cometary origin, both
with and without charge. The ion observational capabilities will allow the direct detection of
solar wind and cometary ions, providing energy, direction, and estimated mass. These mea-
surements are necessary to determine the 3D flow of plasma in the comet’s induced mag-
netosphere in order to assess the mass, momentum, and energy flow and transfer between
different plasma regions, identification of plasma boundaries such as the bow shock, solar
wind void and similar. The energetic neutral atom (ENA) measurement capability allows the
study of the direct interaction of the solar wind with the neutral atmosphere, providing con-
tinuous monitoring of the solar wind’s dynamic pressure, an estimate of the position of the
regions of strongest interaction between the solar wind and the coma as well as the coupling
between the coma and the cometary ions.

Magnetometers are the only in sifu instrument type present on all three spacecraft, though
all three have different designs and instrument heritage. They will also detect various wave
modes, such as mirror modes and ion cyclotron waves, to assess the energy transfer across
these boundaries. Plasma properties will be derived from measurements of three spectrom-
eters as part of DFP and an ion mass spectrometer as part of the B1 Plasma Suite (PS).

The following section provides more details of the mission’s scientific instruments.

5 Scientific Instruments
5.1 COmet CAmera (CoCa)

The camera system on-board Spacecraft A, CoCa, is required to provide detailed imaging
of the nucleus and the innermost coma of the target. The design uses previous heritage to
establish a baseline performance (Table 5) that surpasses that of previous flyby missions
to comets. The instrument is based upon two elements. Firstly, it uses the telescope of the
Colour and Stereo Surface Imaging System (CaSSIS) that is successfully operating at Mars
on the European Space Agency’s ExoMars Trace Gas Orbiter (TGO) (Thomas et al. 2017).
Secondly, the CoCa design uses the detector system of the JANUS instrument from ESA’s
JUICE mission (Witasse 2021). By integrating these two elements, CoCa can achieve an
angular scale of 8 urad px~!, superior to cameras on all previous comet missions with the
exception of Deep Impact’s HRI (A’Hearn et al. 2011). The scale is nearly a factor of three
superior to that of the Halley Multicolour Camera, HMC, on-board Giotto (Keller et al.
1987). The detector system uses a rolling shutter technique to allow rapid image read-out
with a minimum possible exposure time of 220 us to avoid motion smear at closest ap-
proach for even the highest velocity flybys. A major difference here is that, unlike Giotto
which was a spinning spacecraft, Comet Interceptor is a three-axis stabilised system imply-
ing that the exposure times can be selected. The detector allows saturation of the nucleus
without blooming of charge. This, in turn, implies that the exposure times of selected im-
ages can be programmed to provide high signal to noise observations of the dust coma while
saturating on the nucleus. This capability will increase the flexibility of the mission if targets
are eventually found that have only weak dust emission.

CoCa will be equipped with four selectable interference filters covering the sensitivity
range of the detector (roughly 400 nm to 1000 nm). The filters will be around 150 nm in
bandwidth and optimised to have approximately equal signal to noise ratio in all images of
the nucleus. Low spectral resolution is not a disadvantage here as previous observations have
shown that visible spectra are mostly featureless with a constant reflectivity gradient (e.g.
Fornasier et al. 2015). Subtle broadband colour differences were seen by the Rosetta camera
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Table 5 The main characteristics
of the CoCa instrument

Parameter Value

Instrument pixel scale 8 urad/px

Field of View 0.69° x 0.92°

Detector CIS115 Back-side illuminated
CMOS image sensor

Pixels 1504 x 2000

Pixel size 7 x 7 um

Exposure times 220 us (flyby) to

Imaging rate multi-colour
Imaging rate single colour
Filters

15 min (identification),
rolling shutter

>1 frame g1

>2 frames s~ !

475 nm (Ax = 150 nm) BLU
675 nm (AXx = 100 nm) ORG
775 nm (Ax = 100 nm) RED

900 nm (AX = 150 nm) NIR

Mass 13.5 kg (3 units)

Power 19 W average

Volume CSU: 350 x 460 x 550 mm?3
PEU: 210 x 160 x 70 mm?
ELU: 120 x 240 x 180 mm?3

Data I/F Spacewire

Instrument memory 2 x 128 Gbit

(holding science data)

Max data volume 128 Gbit uncompressed

OSIRIS (Fornasier et al. 2016) requiring high signal to noise. A filter wheel mechanism has
been designed to switch filters quickly to ensure minimum changes in phase angle between
adjacent images. A goal of 1 second between images has been set and achieved in the proto-
type giving a change in phase angle for adjacent observations of <1°. The passage through
closest approach and imaging at high cadence will also provide a data set for establishing
the 3D spatial distribution of dust in the inner coma using post-processing tomography tech-
niques. The instrument is capable of acquiring around 2500 images during the encounter.
Data compression (using a JPEG algorithm used extensively on CaSSIS) and sub-framing
are foreseen to ensure that the on-board storage produces no practical limit to the flexibility
of the data acquisition. It is intended that the instrument will be set into a “mode” by com-
mand and will continue imaging in this mode until there is a mode change or until CoCa
is told to stop. CoCa therefore operates autonomously with pre-defined modes that can be
programmed in flight.

The CoCa design is shown in Fig. 16. The Camera Support Unit (CSU) has numerous
elements. The open structure in Fig. 16 is a 13.5 cm diameter 4-mirror off-axis telescope
with a focal length of 880 mm following the design for the CaSSIS telescope on TGO.
The structure is carbon-fibre reinforced plastic (CFRP). Following the CaSSIS experience,
a small change to the internal baffling at the intermediate stop (between mirror M2 and
M3) has been made and improved front baffle has been designed. Otherwise, the design
is unchanged. The mirrors are silver coated, providing a field of view that is larger than
the active area of the detector in the focal plane. The open structure ensures low mass and
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Fig. 16 CAD/CAM of the CoCa
instrument. Left: The Camera
Support Unit (CSU). Light
coming from the Rotating Mirror
Assembly (RMA, Fig. 18) enters
the instrument through the baffle
(purple cylinder) and is reflected
by the four mirrors of the
telescope (yellow) onto the filter
wheel assembly (Fig. 17) Right:
The Electronics Unit (ELU).
Centre: The Proximity
Electronics Unit (PEU)

Camera Squorl Unit
(CSU)

Proximity Electronics Unit
(PEU)

Electronics Unit
(ELU)

Fig. 17 The CoCa filter wheel
assembly with four filters. The
detector is shown in pink below
one of the filters. The filter wheel
includes a launch lock to prevent
motion during launch

will finally be wrapped in multi-layer insulation to produce a light-tight unit. The telescope
is mounted on a baseplate that also supports the detector and filter wheel assembly. The
detector is a spare of the development for JANUS, the imaging system on JUICE. The sensor
is a back-side illuminated (BSI) CMOS device from e2v with 1504 x 2000 pixels and
7 um pitch, a peak quantum efficiency exceeding 90% (Crews et al. 2020) and a full-well
of 27,000 e~ . A radiator will be used to reduce the sensor temperature, with —30 °C being
the goal, although nominal operation can be achieved at 0 °C. Combined with the telescope
system, the detector provides a field of view of 0.69° x 0.92°. The filters (Fig. 17) will use
fused silica substrates with standard interference coatings, designed for high throughput with
sharp cut-offs and high out-of-band rejection. The PEU houses the proximity electronics
for the detector while the ELU provides power conversion, instrument control, and data
management.

Considerable effort has been invested in protecting CoCa from hyper-velocity dust im-
pacts during the flyby. It is to be recalled that HMC was damaged severely during the 1P/Hal-
ley encounter despite being mostly behind the Whipple shield of the spacecraft (Schwehm
1991). In the case of Comet Interceptor, a rotating mirror assembly (RMA) has been devel-
oped which will allow CoCa to be mounted behind the protection shield while still providing
a continuous view of the nucleus. The RMA has two elements (Fig. 18): the SMA (Scan Mir-
ror Assembly), and the SME (Scan Mirror Electronics). The SMA is a mechanism holding
the folding mirror and that will rotate this mirror in order to orient the field of view of CoCa
towards the comet during encounter. It is based on a brushless DC motor moving the mirror
via a gear system and an optical position sensor in order to allow closed loop control. The
mechanism will be driven by the SME that will take care of powering the motor to posi-
tion the folding mirror based on encounter parameters provided by the spacecraft platform
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Fig. 18 CAD/CAM drawing of
the RMA showing the opening
(top) and the fold mirror mount
(turquoise colour) which rotates
and reflects light toward CoCa
(left). The mounting feet (yellow
colour) attach the RMA to the
exterior of the spacecraft while
the entire CoCa instrument
(Fig. 16) is inside with their
optical axes aligned

combined with the read-out of the position sensor. The SMA includes a protection system
that will hide the mirror from incoming dust particles during the most critical part of the
encounter, when the spacecraft is closest to the nucleus.

CoCa is being built by an international consortium formed by the Instituto de Astrofisica
de Andalucia (IAA Granada, Spain), the Research Center for Astronomy and Earth Science
(CSFK, Budapest, Hungary), the Laboratoire d’ Astrophysique de Marseille (LAM, France),
and the DLR Institute for Planetary Research (Berlin, Germany) under the lead of the Uni-
versity of Bern (Switzerland). The University of Liége (Belgium) leads the development of
the Rotating Mirror Assembly (RMA).

5.2 Modular InfraRed Molecules and Ices Sensor (MIRMIS)

MIRMIS is the hyper and multi spectral remote sensing instrument for Comet Interceptor
(Fig. 19, Table 6). The instrument covers a wavelength range of 0.9 to 25 um which samples
spectral features of CO,, H,O, CO, mineral compositions and is rich in thermophysical data.
The instrument is made up of three closely integrated modules: the Near-IR (NIR)/Mid-IR
(MIR) spectrometer and a thermal infrared imager (TIRI), with one thermal, mechanical,
and electrical interface to the spacecraft. NIR is a 0.9 to 1.7 um hyperspectral imager, MIR
is a 2.5 to 5 um point spectrometer and TIRI is a 6 to 25 um multispectral thermal imager.
The MIR and NIR modules are based on tunable Fabry-Pérot interferometers which are
used as an adjustable bandpass filter (Nisild and Kohout 2020). For the NIR channel the
filter is combined with an InGaAs focal plane assembly to give a field of view (FoV) of ca.
6.7 x 5.4° from 640 x 512 pixels and spectral bandwidth of 20 nm. The NIR design is based
on refractive optics with heritage from the ASPECT imager in the Milani CubeSat for ESA’s
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Fig. 19 MIRMIS TIRI/MIR/NIR MIR NIR imager

mounted on a common optical ."/_ ;‘_’:_‘;f‘;s;‘” 0. 91-7am 50 TIRI Imager 6-25um

bench (548.5 x 282.0 x 126.8, [ — g
in mm) \ i

Blackbody ¥ array
Calibration 15

Frant End
| Electronics

N, Pointing S
*  Mirror -

Table 6 MIRMIS instrument

summary table Scientific performance summary

Spectral range 0.9-25 um using four channels:
NIR, hyperspectral imager, 0.9—-1.7 um
@20 nm spectral bandwidth
MIR, single-point spectrometer, 2.5-5.0 um
@30 nm spectral bandwidth
TIRI, multispectral thermal imager, 6-25 um

Key instrument numbers

TIRL: FoV =9 x 7° (7 wm diffraction limit), iFoV = 0.26 mrad
NIR: FoV = 6.7 x 5.4°,iFoV = 0.18 mrad

MIR: FoV = 2° circular

Total Mass (CBE): 8.8 kg with margin

Standby average: 8.3 W

Standby average with detector thermal control: 9.9 W

Average science operating mode (Nucleus pointing): 11.2 W
Average science operating mode (Coma monitoring): 9.7 W
Total module volume: 548.5 mm x 282.0 mm x 126.8 mm

Hera mission (Kohout et al. 2018; Michel et al. 2022). A prototype version has been flying
in low Earth orbit since November 2018 on the Reaktor Hello World nanosatellite. The basic
operating principle of the MIR channel is the same as NIR but has a single HgCdTe detector
with a ca. 2° FoV to provide point spectroscopy and spectral bandwidth of 30 nm,

The TIRI module is based on the Lunar Thermal Mapper instrument (Bowles et al. 2020)
due for launch on NASA’s Lunar Trailblazer mission in 2023 with heritage from the Com-
pact Modular Sounder (CMS) instrument flown in low Earth orbit between 2014-2017 on
the UK TechDemoSat-1 spacecraft. TIRI uses gold-coated all-reflective optics with /1.4
and a 50-mm aperture. A pointing mirror is used to direct the field of view onto the target
object, a black body calibration target or a space view. Calibrations using the black body
and space view will be performed immediately before and after each observation sequence.
A two-mirror telescope directs the incoming infrared radiation onto a filter assembly used to
define ten individual spectral channels (Shirley et al. 2022) for compositional and tempera-
ture mapping of the nucleus. This filter assembly is re-imaged onto a 640 x 480 uncooled
microbolometer array using a three-mirror relay.

@ Springer



Comet Interceptor Page390f83 9

Fig.20 MAN:iaC consisting of a
time-of-flight mass spectrometer Sensor Head Unit (SHU)
(SHU, Sensor Head Unit), the ;
Neutral Density Gauge (NDG),
and the ELectronic Unit (ELU).
For reference the long axis of the
SHU corresponds to ~470 mm.
Only the antechamber spheres of
both the NDG and the SHU
(marked yellow) are exposed to
the gas and dust flow of the coma
and are covered by dedicated dust
shields. The rest is enclosed and
protected inside the spacecraft

Neutral Density Gauge (NDG)

Electronics Unit {(ELU)
il

MIRMIS/NIR and MIRMIS/MIR are supplied by VTT Finland with the University of
Oxford, UK providing MIRMIS/TIRI and overall integration of the instrument. The MIR-
MIS instrument team includes members from the UK, Finland, and the USA.

5.3 Mass Analyzer for Neutrals in a Coma (MANiaC)

MANIaC is dedicated to the in situ measurement of the neutral gas coma. MANiaC consists
of two instruments, a time-of-flight mass spectrometer and a neutral density gauge (Fig. 20).
The mass spectrometer obtains the relative abundances of the major and a subset of minor
volatiles. The neutral density gauge measures the total gas density. Combining the measure-
ments of both instruments yields the absolute densities of a suite of volatile species along
the flyby trajectory.

Since the flyby velocity range of 10-70 km/s will be much larger than the neutral gas
speed (~1 km/s) MANiaC will be mounted on the spacecraft such that the aperture is al-
ways pointing in the direction of relative motion of the spacecraft. To cope with the large
range of possible flyby velocities, both the SHU and the NDG contain antechambers for
the thermalization of the incoming gas. Afterwards, the neutral gas entering the ion source
will be ionized by impacting 70 eV electrons emitted by a hot filament. In the NDG, the
resulting ions are measured as a current by a sensitive electrometer and in proportion to the
gas density inside the antechamber and hence the surrounding coma. In the SHU, the newly
formed ions are accelerated by a sharp extraction voltage pulse into the drift section. After
passing the reflectron, i.e., an opposing electric field, the ions cross the drift section again
before impinging on the Micro Channel Plate detector. Since the voltage pulse provides the
same energy to all extracted ions, their arrival time on the detector can be converted into a
mass/charge ratio. Combining NDG and SHU measurements leads to in sifu abundances of
coma gases.

MAN:iaC is being built by an international consortium formed by the Instituto de As-
trofisica de Andalucia (IAA Granada, Spain), the Institut fiir Weltraumforschung (IWF
Graz, Austria), the Institut de Recherche en Astrophysique et Planétologie (IRAP Toulouse,
France), and Creotech Instruments S. A. (Piaseczno, Poland) under the lead of the University
of Bern (Switzerland).

5.4 Dust, Fields, and Plasma (DFP-A)

To enable multipoint in sifu measurements of dust, plasma, and energetic atoms, five instru-
mental sensors, common data processing unit DAPU, and power supply system, PSU, will
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Fig.21 DISC Unit. Left:
assembled DISC breadboard.
Right: Sensing plate with glued
PZTs at 3 corners

be constructed and placed on Spacecraft A, and two sensors with the respective DAPU and
PSU will be present on probe B2 (see Sect. 5.10). Overall management of the DFP suite on
both spacecraft A and B2 is by Centrum Badan Kosmicznych, CBK, Warsaw, Poland.

5.4.1 Dust Impact Sensor and Counter (DISC)

DFP-DISC will be provided in two twin units, mounted on spacecraft A and probe B2
(Fig. 21). DFP-DISC is devoted to the in situ characterization of cometary dust. In particu-
lar, DFP-DISC is designed to count the dust particles populating the coma and to determine
the mass of each individual particle. The DFP-DISC design is a direct heritage of the Im-
pact Sensor: one of the measurement sub-systems of the successful GIADA (Grain Impact
Analyzer and Dust Accumulator) instrument. Full details of the instrument are provided in
Della Corte et al. (2023).
DFP-DISC consists of:

— a square aluminum diaphragm, 0.5 mm thick with a sensitive area of 84 x 84 mm?;

— three lead zirconate titanate ceramic piezoelectrics (PZTs), with a resonant frequency of
200 kHz, placed at three corners of the aluminum diaphragm;

— one PZT, placed at the fourth corner of the aluminum diaphragm, is the internal calibrator.

Each dust grain impacting the aluminum diaphragm generates acoustic waves that prop-
agate in the diaphragm reaching the PZTs. These waves’ amplitudes are proportional to the
momentum of the impacting dust particle. From the individual particle momentum measure-
ment, knowing the relative speed between the spacecraft and the dust particles, DFP-DISC
will determine the mass of individual impacting particles. DFP-DISC is a monitoring in-
strument with event driven acquisitions that will provide an in sifu characterization of dust
particles. It will count impacts and determine for individual grains their mass, impact dura-
tion, and density/structure. These measurements will allow the characterization of the dust
coma structures along the spacecraft trajectory. The dust grain momentum measurement
capabilities, combined with the foreseen flyby speeds, DFP-DISC will determine the dust
mass distribution for grains in the range 10~°—1078 kg (for particles with mass >107% kg,
the dust particle count will be provided).

DISC is being built by an Italian consortium scientifically led by INAF Osservatorio
Astronomico di Capodimonte (INAF-OACN, Napoli, Italy) and having Leonardo S.p.A
(Campi Bisenzio (Fi), Italy) as the Prime industry and the Italian Space Agency (ASI) as the
main supporting funder. The contributing consortium partners are the University of Napoli
“Parthenope” (Napoli, Italy) and the Istituto di Astrofisica e Planetologia Spaziali (INAF-
IAPS Roma, Italy). DISC benefits also of the support of ESA, Univ. Parthenope and MUR
(Ministero Universita e Ricerca).

5.4.2 FGM-A

The FGM-A fluxgate magnetometer is composed of two sensors (outboard and inboard)
mounted on a deployable boom (with heritage from Venus Express and Kompsat-2A) and
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Table7 FGM-A properties

Operation range +16,000 nT (configurable)

Digital resolution 2pT

Noise <10 pT/sqrt(Hz) at 1 Hz

Absolute accuracy +1 nT (goal), £2 nT

(requirement)

Mass 1.8 kg boom with sensors,
0.5 kg electronics

Power 1.2 W total

Temperature range [—80; 4+-60] °C

(both survival and operation).
No heaters installed

Fig.22 Integration of the
FGM-A sensor within the
COMPLIMENT merged probe

their electronic front-ends, which are hosted in the DFP central electronics box, CEBOX. Its
main properties are shown in Table 7. The fluxgate outboard sensor has been merged with
the COMPLIMENT Spherical Probe, shown in Fig. 22. The combined sensor consists of a
hollow spherical Langmuir probe that harbours a fluxgate magnetometer at its centre. Spe-
cial precautions have been taken to minimize the possible interference between both whilst
also being very lightweight. FGM-A is being built by an international consortium formed
by the Technische Universitit Braunschweig (Germany), the Institut fiir Weltraumforschung
(IWF Graz, Austria) and Imperial College London (UK).

5.4.3 COMPLIMENT

The COMetary Plasma Light InstruMENT unit (COMPLIMENT) is an electric field in-
strument that combines the capabilities of both a mutual impedance probe and a Langmuir
probe. It is designed to probe the cometary plasma, the electric field and the (few nanometer-
size) dust within the cometary environment. COMPLIMENT will provide the following
measurements: electric field and waves (one component), high cadence independent ion
and electron densities, electron temperature(s), spacecraft potential, integrated EUV flux,
nanodust impacts (signal processed by DAPU) in order to address the structure and dynam-
ics of the ionized and dusty cometary environment and its interactions with the escaping
cometary atmosphere. COMPLIMENT (Table 8, Fig. 22) is composed of three sensors: two
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Table8 COMPLIMENT

properties Electric field component SE(t) 1 Hz-1.4 MHz
Electron density 102-10° cm™3, <1 Hz
Density fluctuation én/n DC-1 kHz
Ton density N; 102-10° cm™3 , <1 Hz
Electron Temperature T, 0.01-30eV, <1 Hz
spacecraft potential Uge <100 Hz
Integrated solar flux <1Hz

Fig.23 The SCIENA fully
operational Technology Model,
excluding some thermal hardware

electric spherical probes (8 cm), one of which is a merged Electro-magnetic sensor (COM-
PLIMENT + FGM-A), mounted on booms and a transmitter, two electronic boards (LP and
HMI) for signal generation, reception, and treatment, plus dedicated software hosted on the
DAPU.

DFP-COMPLIMENT is being built by an international consortium formed by the Bel-
gian Institute for Space Aeronomy (BIRA-IASB, Brussels, Belgium), the Swedish Institute
of Space physics (IRF, Sweden) under the lead of the Laboratoire de Physique et de Chimie
de I’Environnement et de I’Espace (LPC2E, CNRS, Université d’Orléans, CNES, Orléans,
France).

5.4.4 Solar Wind and Cometary lons and Energetic Neutral Atoms (SCIENA)

SCIENA is an instrument of the SWIM family (Wieser and Barabash 2016) with one ion
and one ENA sensor head (Fig. 23). The ion sensor head achieves a near 27 steradian field
of view through four directional electrodes, followed by a classical electrostatic analyser for
energy determination in the range a few eV up to 15 keV (Table 9). Mass is determined
through start and stop surfaces and a time-of-flight system. The ENA system is similar, but
has only two direction electrodes and is performing a two-dimensional direction scan. In
front of the direction electrodes are an ion rejector and a charge conversion surface, similar
to what is used on the ASAN instrument operating on the far side of the moon (Wieser et al.
2020). The energy coverage is focussed on solar wind ENA at 300 eV to 3 keV. SCIENA is
being built by the Swedish Institute of Space Physics (IRF, Sweden).
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Table9 SCIENA properties

Tons ENA
Energy range 10 eV-15 keV 300 eV-3 keV
Angular coverage Near 2w 30° x 150°
Mass resolution 1,2,4,8, 16, 32 amu 1, heavy
Time resolution 1 s/ energy spectra 1-10 s / energy spectra

20-50 s / full distribution  5-50 s / full scan

Fig.24 LEES instrument CAD
model

Table 10 LEES measurement

parameters Tons ENA
Energy range 10 eV-1 keV in 90 energy bins
Energy resolution E/AE 0.07
Angular coverage 2.8 7 sr
Time resolution 8 s / energy spectra

5.4.5 Low-Energy Electron Spectrometer (LEES)

LEES will determine the electron density, temperature, and the velocity distribution func-
tions of the in situ plasma environment of the solar wind and comet (Fig. 24). LEES will
detect the suprathermal photoelectrons created during neutral-plasma interactions in the
coma and trace the magnetic connectivity between the spacecraft and the cometary envi-
ronment. In addition LEES will measure the properties of negatively charged ions and dust
of cometary origin. The energy range covered by LEES will be from a few eV up to 1 keV.
Particles are measured in 360° azimuth angles with elevation angles ranging from —40° to
70° (Table 10).

LEES is a classical top-hat type electrostatic analyzer with a Field-of-View (FoV) de-
flector system to allow the coverage of the elevation range by electrostatic deflection of
incoming electrons. Incident charged particles enter the sensor through the exterior elec-
trically grounded toroidal aperture grid. The particles are steered from the arrival direction
into the top-hat electrostatic analyzer (ESA) using voltages applied to the upper deflection
plate. The ESA section permits only electrons of the selected energy to reach the detector
subsystem with MCPs (microchannel plates) in chevron stack. The MCP anode is divided in
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Table 11 The parameters of the

PSU-A unit Parameter
Supply Voltage (unregulated) [V] 24-34
Power [W] 22
Redundancy YES (NOM/RED)
Mass [kg] 0.5 (NOM+RED)
Secondary output voltages 37V, £5V, 12V

16 sections that provide 16 azimuth bins with about 20° of angular resolution. Such a design
allows fulfilling all scientific requirements for the electron and negative ions measurements.

LEES is being developed by the Institut de Recherche en Astrophysique et Planétologie
in France, with significant contributions from Charles University in the Czech Republic and
the Laboratoire d’ Astrophysique de Bordeaux in France.

5.4.6 DAPU-A

The DAPU is a central data processing unit of the DFP instrument suite both on Spacecraft A
and B2. It is a computer board serving as a common digital interface between the spacecraft
and the DFP instruments and sensors. DAPU will:

— Perform last stage processing, compression and buffering of all science data,

— Store the data from the entire flyby in its large flash memory (as a backup copy in case),

— Manage common DFP suite modes, instrument commanding and configuration.

— DAPU-A will also count dust particle impacts in COMPLIMENT probe voltage data, by
sensing the plasma clouds from the vapourised dust grains. This will allow the detection
of small dust particles down to <100 nm across.

Development of the DAPU units for spacecraft A and probe B2 is led by the Institute of
Atmospheric Physics (IAP) of the Czech Academy of Sciences, Prague, Czechia.

5.4.7 PSU-A

The Power Supply Unit (Table 11) shall generate, condition, control, monitor, and distribute
electrical power to the DFP units from two unregulated 28 V buses, to fulfil the instrument
power demands throughout all mission phases. The instrument power interfaces toward the
spacecraft have been designed to prevent any single point failure, which could lead to a
short circuit. The PSU modules include current and voltage monitoring, soft-start circuits,
over-current protection (OCP), over-voltage protection (OVP), and under-voltage lock-out
circuitry (UVLO) for the protection of the DFP units and subsystems. The current design
of the PSU is based on previous and ongoing instrument power supply designs that have
been implementing isolated DC/DC converters with embedded logic for switching control,
protection, and HK monitoring. The design has heritage from instruments also built at Cen-
trum Badan Kosmicznych, CBK, that were mainly used for radio and plasma diagnostics,
i.e. Chronograph Control Block for PROBA-3 (ESA) and RELEC (Russia).

5.5 Hydrogen Imager (HI)

HI is an ultraviolet imager for hydrogen Lyman-o emission with parameters as listed in Ta-
ble 12. The instrument aims to characterize the spatial distribution of the hydrogen coma
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Table 12 HI parameters

Parameter

Power <9 W (nominal), 12 W(max.)

Mass <l.6 kg

Field of View +2.1°

Spatial resolution 0.02°

Bandpass filter 120 nm, FWHM 10 nm

Hydrogen filter 121.567 nm (FWHM ~3 pm,
depending on filament temperature)

Deuterium filter 121.533 nm (FWHM ~3 pm,

depending on filament temperature)

Coll filtery
1+ Mirror

Detector
{not shown)

Cell filters

Fig. 25 Design overview of HI

through the imaging observation during the approach to the target. From the radial profile
of hydrogen around the nucleus, the water production rate and its spatial variation will be
deduced. HI is a Cassegrain-type telescope, with mirrors coated with Al/MgF,. A bandpass
filter is installed on the light axis (Fig. 25). The photon detection system consists of MCPs
combined with a Resistive Anode Encoder (RAE), enabling two-dimensional imaging. The
electron cloud generated by the MCPs is divided into the four corners of the RAE, and the
arrival position of photons is determined based on the relative charge distribution. HI offers
two observation modes: the “light curve mode” and the “imaging mode”. In the former, a
detector counts the number of incident photons per frame, while in the latter, the main pro-
cessor calculates the position of each photon and integrates them into a 256 x 256 matrix
over a fixed time span. Two additional gas filters are installed along the light axis. The nar-
row bandpass filters contain atomic hydrogen and deuterium individually when activated by
filaments. By using these filters, the brightness ratio of the isotopic components for the res-
onant absorption of Lyman-« radiation can be determined, which occurs at 121.567 nm for
hydrogen and 121.534 nm for deuterium. However, it is important to note that the measure-
ment accuracy achieved using the gas filters strongly depends on the geometric conditions
of the target and the B1 probe, which can cause a Doppler shift in the line centre. The HI
consortium is led by the University of Tokyo, with contributions from Rikkyo University
and JAXA.

5.6 Plasma Suite (PS)
PS consists of an ion mass spectrometer and a 3-axis magnetometer (Fig. 26). It provides

velocity distribution functions of individual ion species of the low-energy coma plasma,
as well as the DC and low-frequency AC magnetic field data. The ion sensor consists of
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Fig.26 (a) PS structure
including electronics boxes and
(b) a magnetometer breadboard
model

Table 13 Expected performance
of PS Ton mass spectrometer:

Instantaneous 3-D ion distribution with mass discrimination

Energy: 10-20,000 eV/q, AE/E ~10%
Mass: M/AM ~30

Field-of-view: Hemispheric

Magnetometer:

DC and low-frequency AC magnetic field

Absolute accuracy:

1 nT @ £512 nT Range
Directional accuracy: <5 degrees
Noise level:

~12 pT/Hz!/2 @1 Hz

~6 pT/Hz!/2 @10 Hz

an electrostatic analyser and time-of-flight mass analyser (TOF). The incident energy and
direction of each incoming ion are determined by the electrostatic analyser. Ions are then
introduced to the TOF sector, where mass-per-charge is measured by the linearly increasing
electric field. A large field-of-view (entire hemisphere if there is no exterior interference) is
achieved by an entrance deflector in the electrostatic analyser unit. The PS magnetometer is
based on the fundamental mode orthogonal fluxgate (FM-OFG) technique. FM-OFG adopts
an amorphous wire sensor core driven with a unique excitation method where AC current
is superposed on DC bias current. It enables low-noise detection of magnetic field with a
compact and lightweight sensor design. The magnetometer is accommodated on the top
of an extensible boom for magnetic cleanliness of the measurements. The boom is stowed
during the launch and deployed during commissioning. The key performance aspects of PS
are summarised in Table 13.

The PS consortium is led by the University of Tokyo, with contributions from Kyoto
University, Osaka University, Kobe University, and JAXA.

5.7 Narrow Angle Camera (NAC) and Wide Angle Camera (WAC)

The Narrow Angle Camera (NAC) is an optical telescopic camera. NAC will obtain optical
images of the target nucleus with a high solar phase angle, to address nucleus science. The
field of view is 3.5 x 2.6°, which is anticipated to be wide enough to observe the entire
nucleus. NAC is equipped with a CCD sensor of 3296 x 2472 pixels. The pixel resolution of
the NAC is about 15.6 m/pix or better at a closest approach distance of 850 km. The Wide
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Fig.27 Components of the (a) NAC-E (b) NAC-S (c) WAC
NAC/WAC system

Angle Camera (WAC) is also an optical camera with CMOS imaging sensor of 2048 x 2048
pixels, which observes the coma with wide-field of view of 90 x 90°. The instantaneous field
of view is roughly 40 times wider than that of the NAC. Both cameras have panchromatic
filters covering 0.4 to 0.75 um in wavelength. They are utilized not only for the scientific ob-
jectives, but also for the optical navigation of the B1 probe. The NAC/WAC system (Fig. 27)
consists of: (a) electronics box with control function of the both cameras and interface to
the bus system (NAC-E), (b) Narrow angle camera sensor and optics (NAC-S), and (c) Wide
angle camera sensor and optics (WAC). NAC-E and NAC-S will be based on the telescopic
camera TENGOO on-board the Martian Moon Explorer - MMX — mission (Kameda et al.
2021).

The NAC and WAC consortium is led by the Institute of Space and Astronautical Sci-
ence (ISAS), Japan Aerospace Exploration Agency (JAXA), with contributions from Rikkyo
University.

5.8 Entire Visible Sky (EnVisS)

The EnVisS camera (Fig. 28) has been conceived to study the comet’s dust environment in
the visible range, at wavelengths of 550—-800 nm. The intensity, degree of linear polarisation,
and polarisation angle orientation of the light scattered by the dust particles in the comet
coma, with a full 180° phase angle coverage, will be studied. Such a measurement is unique,
it has never been carried out in space. Giotto’s Halley Opical Probe — HOPE — could only
observe a very narrow angle FoV in the direction opposite to the motion of the spacecraft
(Levasseur-Regourd et al. 1986).

The FoV of the instrument is designed to allow the entire sky to be acquired thanks to the
rotation of the B2 spacecraft. EnVisS will feature a flexible push-broom/push-frame imaging
technique, thus acquiring slices of the sky, while the probe rotates; the slices acquired will
be stitched together, on-ground, to form a whole sky image. The coma investigation will
be conducted throughout the full flyby of the comet from an advantageous point inside the
coma itself. The probe spin-axis will be pointed at the comet nucleus for most of the time,
except at closest approach when the comet nucleus will fall inside the camera FoV.

Depending on the target object activity, the map of the coma will be taken with different
spatial resolution (i.e., smearing through adjustment of exposure length, and pixel binning)
to achieve the desired SNR. The minimum angular resolution element corresponds to 0.2°.
EnVisS features a fish-eye lens coupled to a commercial space-qualified detector and ad-hoc
power and data handing units and software. The design solution adopted for the filters, i.e.,
fixed filter strips mounted as near as possible to the detector, allows for a compact, low mass
and low complexity camera. Three broad band filters, all working in the same wavelength
range, are foreseen for the camera: one non polarizing filter, centred on the detector, and, on
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Fig.28 EnVisS instrument
present mechanical layout
(Courtesy of Leonardo SpA-IT) .

Table 14 Summary of EnVisS

characteristics Parameter
Wavelength coverage 550-800 nm
1 broad band filter
2 polarimetric filters
Instrument FoV 180° x 45° (fixed)
180° x 360° (dynamic)
Entrance aperture (F#) 1.23 mm (2.8)
Detector CMOS 2k x 2k
5.5-um px size
Scale factor 0.1°px
MTF >70% @ 45 lp/mm
Distortion & telecentricity <8% (f-theta distortion law)

and <4° (at the FoV edges)

either side, two polarimetric filters with transmission axis angles oriented at 45° one to the
other. The full EnVisS characteristics are summarized in Table 14.

A flexible approach has been devised to allow a SNR of 10 to be obtained in the case
of broadband images and of 100 for the polarimetric images. The signal from the coma in
the direction of the apparent motion of the scene is not expected to show big changes, so
a high spatial resolution is not needed from a scientific point of view. The integration time
for each filter strip can be tuned, allowing for some smearing in the along-track direction.
The spatial resolution can be retained in the across-track direction to assure a sampling of
the comet phase function every 0.2°. This strategy will also allow for an adjustment of the
exposure time if the radiance of the coma is different to the expected. Should the signal be
extremely low, further pixel binning on-board, or co-adding, on-ground, of the images over
different rotations, could be considered.

EnVisS is being realized by an international consortium scientifically led by Istituto
di Fotonica e Nanotecnologie — Consiglio Nazionale delle Ricerche (CNR-IFN, Padova,
Italy) and having Leonardo S.p.A (Campi Bisenzio (FI), Italy) as Prime industy. Instituto
de Astrofisica de Andalucia (IAA-CSIC, Granada, Spain) is co-leading and, with SENER
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Fig.29 OPIC engineering model Periscope with intemal bafile
with internals exposed

Interface PCBs.
Camera head

(Barcelona, Spain), is responsible for the DHU and PHU development. The contributing
consortium partners are: Istituto Nazionale di Astrofisica (INAF-OAC Napoli, Italy), respon-
sible for the instrument management, with the support of University of Napoli Parthenope
(Napoli, Italy); and Huld (Espoo, Finland), with the support of Aalto University (Espoo, Fin-
land), responsible for the ASW development. Preliminary instrument conceptual design was
carried out by the University College London’s Mullard Space Science Laboratory, MSSL,
UK.

5.9 Optical Periscope Imager for Comets (OPIC)

OPIC, situated on probe B2 and looking over the edge of its dust shield, is an automated
camera system for taking images of the target and its near environment (Fig. 29). It consists
of an automated camera head (3D Plus 3DCM734-1 SS), imaging optics (lens assembly and
baffled periscope) and interface electronics. It has a 2048 x 2048-pixel CM V4000 sensor and
an integrated ProAsic3 FPGA. OPIC’s field-of-view is ~18.2 x 18.2°. OPIC is connected
to the EnVisS instrument for additional data handling and power.

When far from the nucleus, OPIC will take long exposure images of the area around the
nucleus, when the nucleus is not resolvable. These images will show the amount and spatial
distribution of gas and dust is in OPIC’s viewing direction. The data can be also used to
constrain the trajectory and rotation state of B2 after separation.

When the nucleus becomes resolvable, the captured images will be processed within
OPIC before transmission to Spacecraft A. The images will show the low-resolution struc-
ture of the nucleus and of the gas and dust immediately around it, including potential satel-
lites and fragments. This can be combined with imagery from the A and B1 platforms to
generate a more detailed and less ambiguous 3D model of the target. OPIC is being built by
Tartu Observatory, University of Tartu, Toravere, Estonia.

5.10 Dust, Fields, and Plasma (DFP-B2)

The DFP sensors on probe B2 will measure the magnetic field and the cometary dust. Two
instrumental sensors, DISC, and FGM-B2, a slightly modified common data processing unit
DAPU, and power supply system PSU will be constructed and placed on probe B2. The
Power Supply Unit on B2 is similar to PSU-A, but with the parameters listed in Table 15.
The Dust Impact Sensor and Counter (DISC) on Probe B2 is identical to that on Spacecraft
A (see Sect. 5.4).
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Table 15 The parameters of the

PSU-B2 unit Parameter
Supply Voltage (unregulated) [V] 28V
Power [W] 10
Redundancy No
Mass [kg] 0.25
Secondary output voltages 34V, 5V

Fig.30 Picture of its sensing
elements (left) and CAD
rendering (right) of one FGM-B2
sensor

5.10.1 FGM-B2

FGM-B2, or BFG for short, (Fig. 30) is composed of two sensors (outboard and inboard)
mounted on a rigid boom, and their electronic front-ends, which are hosted in the DFP CE-
BOX. Whilst both sensors and electronics have a strong heritage (e.g., Rosetta/Philae, Venus
Express, and THEMIS (sensors) and MMS, Geo-KOMPSAT-2A/SOSMAG (electronics)),
their mass and power consumption have been optimised for the resource-constrained Probe
B2. The instrument has a dynamic range of 1000 nT (compensation range £9000 nT), a
digital resolution of 31 pT and an accuracy per component of at least 2 nT. The noise level
is <10 pT/sqrt(Hz) at 1 Hz.

FGM-B2 is being built by an international consortium formed by Imperial College Lon-
don (UK), the Institut fiir Weltraumforschung (IWF Graz, Austria) and the Technische Uni-
versitidt Braunschweig (Germany).

6 Mission Design
6.1 Mission Analysis

To recap, the Comet Interceptor mission aims to intercept an LPC, ideally a DNC that is
approaching the inner Solar System for the first time, or even an interstellar body. The en-
counter involves a close-approach flyby scenario using three elements: a mother spacecraft,
spacecraft A, and probes B1 and B2 carried as payloads until the flyby and delivered to
different flyby trajectories. This will allow the gathering of multi-point observations of the
comet and its coma.

LPCs are typically discovered as they reach the inner Solar System, no more than a
few years before perihelion passage. Their orbits are therefore not known in advance. An
innovative and flexible mission concept is therefore required. By waiting in an orbit around
Sun-Earth Lagrange Point 2, SEL2, typically for up to 3 years before being targeted, the
probability of finding a suitable LPC that can be reached in time is considerably increased.
The likelihood of a suitable LPC being found during the waiting period will be greatly
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increased soon by the availability of the LSST, with which it is expected that during its
routine operations, much earlier LPC discoveries, at heliocentric distances ~20 au will be
achieved, giving warning times of >5 years before targeting. This may be early enough to
know the target comet before launch, although not before the mission and spacecraft designs
have to be frozen.

Comet Interceptor will transfer using its on-board propulsion system to a single flyby of
the target during which all science measurements will occur (Sdnchez et al. 2021). Science
data from probes B1 and B2 will be transmitted to spacecraft A and stored on-board. The
downlink to Earth of the science data will take place in the months immediately following
the comet flyby. In the unlikely event that no suitable target is identified, Comet Interceptor
will transfer to a backup target from a list of known short-period comets. A request for
community observations to characterise the preliminary set of mission backup targets was
published by Schwamb et al. (2020). A request for observations of the revised backup targets
is to be published in the near future.

6.1.1 Target Comet Population

The characterization of the LPC population is based on numerical studies of the evolution
of these objects’ orbits and comparisons with observational data, in particular from the Pan-
STARRS1 survey (Wiegert and Tremaine 1999; Boe et al. 2019). The Comet Interceptor
Science Consortium provided a set of 1699 LPCs with perihelion occurring inside 2 au,
which has been used to derive statistical distributions for the orbit parameters of the LPC
population. Figure 31 shows the cumulative distribution functions (CDF) for the perihelion
distance, eccentricity and inclination. LPC orbits are quasi-parabolic with a probability of
eccentricity peaking steeply very close to 1 (the minimum eccentricity in the set is 0.9504),
and more likely to be retrograde (64% probability of inclination >90°). The other orbital
elements follow an essentially uniform distribution. Correlations between orbital elements
are neglected for the simulations carried out in the context of Comet Interceptor.

6.1.2 Launch, Transfer to SEL2, and Waiting Phase

Comet Interceptor is scheduled to launch in late 2029 with the ESA mission ARIEL on an
Ariane 62 launcher. The launch configuration envisages the use of the Ariane 6 short fairing
(TBC) and the Dual Launch Structure, with Comet Interceptor as the upper passenger and
ARIEL as the lower. The injection orbit for Comet Interceptor will be a 9° inclined high-
apogee, nearly parabolic orbit with perigee at 180 km altitude and apogee at 1.5 million
km. The Ariane 62 will use a direct ascent strategy, with a single boost of the upper stage’s
Vinci engine. An additional biasing boost between both spacecraft separations will be imple-
mented to reach slightly different SEL2 transfer trajectories, unbiased for Comet Interceptor
and biased for ARIEL. This launch scenario results in a total wet launch mass for Comet
Interceptor limited to ~975 kg, excluding the mass of any required launch adapter.
A large amplitude quasi-halo orbit is selected on the basis of the following arguments:

— Compatibility with ARIEL also targeting a large amplitude SEL2 orbit.
— Minimization of the AV required for the transfer and no need for an insertion manoeuvre.
— Mitigation of eclipses during transfer and in the orbit around SEL2.

A sample direct transfer to a large SEL2 quasi-halo and waiting phase around SEL?2 are
depicted in Fig. 32, showing possible orbit features and geometry.

@ Springer



9 Page520f83 G.H. Jones et al.

Fig.31 Empirical CDFs of LPCs
with perihelion <2 au
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Fig.32 Sample transfer to SEL2 x10°
quasi-Halo orbit and waiting
phase in the Sun-Earth rotating &f-
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The transfer geometry and amplitude of the achievable quasi-halo orbit will depend on
the launch date and time. Assuming that a single Ariane 62 flight program is used, the natural
variation of the perigee velocity over the launch window will have to be corrected with a
manoeuvre 2 days into the mission. This manoeuvre will be combined with the correction
of launcher injection errors. More trajectory correction manoeuvres are planned at days 5
and 20 to achieve an accurate manoeuvre-free transfer into the quasi-Halo orbit. Including
the deterministic and the stochastic parts, 50 m/s are allocated overall, for the trajectory
corrections during this part of the mission. The overall transfer duration is ~3—4 months,
during which commissioning activities for the spacecraft and probes will be performed.

Comet Interceptor will orbit SEL2 for a currently-unknown duration, likely between a
few months and 4 years. It is during this waiting time that Earth-based observatories are
expected to discover one or more potential targets for the mission, if one was not found prior
to launch. Following target selection, Comet Interceptor will remain near SEL2 waiting for
the right conditions to start the transfer towards the target comet.

Quasi-Halo orbits around SEL2, up to an amplitude of ~1 million km, have a period of
~180 days. These orbits are inherently unstable; any small perturbation will lead to an ex-
ponential deviation from the reference orbit, hence periodic station keeping manoeuvres are
planned. The frequency and size of these manoeuvres depends on the spacecraft’s ability to
reduce velocity perturbations and dynamic noise. The current plan considers station keeping
manoeuvres every 28 days and allocates 2.3 m/s per year to stay at SEL2.

6.1.3 Transfer from SEL2 to Encounter

Newly detected potential targets will be monitored continuously from Earth, and the possible
transfer trajectories and encounter/post-encounter profiles will be studied in detail for each
candidate a minimum of 6 months in advance of initiating the transfer. Once the comet
target is selected, or a decision is made to go to a backup, the spacecraft will wait until the
optimum time to depart from its orbit around SEL2.
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An optimal transfer trajectory avoids costly out-of-plane AV manoeuvres and stays close
to the ecliptic plane. As a result, the target comet has to be intercepted at one of its eclip-
tic nodal crossings, hence the encounter location can be defined by just 2 parameters: the
heliocentric distance at encounter R, and the phase angle of Earth at encounter 6, i.e. Comet-
Sun-Earth angle. Analysed by 2-body dynamics under solar gravity, the transfer orbit needs
to have the perihelion and/or the aphelion distance adjusted in such a way that R, can be
reached, together with an orbital period such that the phase drift, ahead or behind Earth, that
leads to the desired angle 6 in a given transfer time. Typically, this requires <2 trajectory
manoeuvres, though in a few cases a third manoeuvre can be beneficial. At the beginning of
the transfer, when the spacecraft leaves SEL2, the gravity effect of Earth has a significant
impact on the trajectory. Extensive analysis leads to two different strategies being envis-
aged:

1. Direct Transfer. The spacecraft performs a manoeuvre to leave the SEL2 parking orbit
in order to exit the gravitational pull of the Earth-Moon system and is injected into a
heliocentric orbit drifting towards encounter. A second deep-space manoeuvre, during
the transfer orbit to the comet might be necessary to adjust the orbit or the phasing.
These transfers can be Exterior, when the spacecraft leaves directly towards the outside
of the Sun-Earth direction, or Interior, leaving towards Earth, performing a high-altitude
Earth flyby before leaving in the direction of Sun-Earth Lagrange Point 1. The complex
dynamics of the interior case can exploit multiple loops around the Earth and/or an Earth
flyby to reduce the transfer AV.

2. Moon Gravity Assist. The dynamics of the SEL2 manifold towards Earth allow a Moon
flyby to be performed, after which the spacecraft can escape from Earth with a velocity at
infinity of ~1-1.4 km/s and in a direction approximately opposite to the Earth’s velocity
vector. This is an efficient way to reach heliocentric orbits with perihelion <1 au and
favours targets with negative phase angle at encounter (8 < 0°, ahead of Earth). The
Moon flyby allows AV savings, but introduces additional operational complexity.

The reachable domain of comet encounters for each strategy (Fig. 33), is driven by a
trade between transfer time and AV. Direct transfers favour R, > 1 au and 6 > 0° (behind
Earth), while the opposite occurs for transfers with Moon gravity assist, whereas a region of
overlap exists in which both strategies are feasible. Increasing the transfer time significantly
impacts the reachable domain.

Figure 34 illustrates sample transfer trajectories to an identified backup target. Two trans-
fer trajectories are shown: one optimised for minimum AV, requiring 37 m/s and 847 days,
and one optimised for minimum transfer time with a AV cap at 570 m/s that reduces the
transfer duration to 529 days. In both cases the exterior direct transfer strategy is used, and
the transfer requires 2 manoeuvres, one to depart from SEL2 and one deep space manoeuvre
during the cruise towards the comet encounter.

It is likely that Comet Interceptor will be able to slightly adjust its transfer trajectory
in order to also encounter a suitable inactive minor body. Such an additional flyby would
be a good opportunity for an engineering test of the spacecraft systems and operational
procedures required for the comet flyby in a similar scenario, i.e., the optical navigation
cameras and autonomous tracking. This would provide valuable experience to increase the
mission robustness and probability of success of the actual science flyby.

6.1.4 Probabilistic Reachability Analysis and Statistics of Key Mission Parameters

The results presented in this section have been obtained using a Monte Carlo tool that sim-
ulates possible Comet Interceptor missions, modelling from the target detection process to
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the transfer and comet encounter and the following post-encounter phase. The simulations
consider a rate of 14 LPCs per year with perihelia <2 au originating from the comet popula-
tion of Sect. 6.1.1. This underlying assumption is consistent with the historical observations
of 21 new LPCs in the 2010-2019 decade with nodal crossings in the accessible 0.9—1.25 au
range.

The probability of finding at least one feasible LPC target within the given set of con-
straints and mission requirements is used as a figure of merit. Figure 35 shows how the
mission duration and the transfer AV impact this probability. With the allocations at the
time of writing of 600 m/s for the transfer and 6 years overall mission duration the probabil-
ity is 80% (30% of single target plus 50% of multiple targets). Excluding the transfer option
with the Moon gravity assist reduces the probability significantly to 63%.
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Fig. 34 Example geometry of a) o4
sample transfers to comet 26P, ToSun'
which was an original backup
target for the mission. a)
Projection on Sun-Earth rotating
frame. Solid blue line: minimum
AV, dashed orange line:
minimum time of flight. b) Zoom
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The Monte Carlo mission simulator provided statistical information on durations relevant
to the mission. We have to consider that missions finding multiple feasible targets might
choose to favour a given parameter, thus two limiting cases are studied. The main results
are summarised in Fig. 36 in which the case of the mission eventually intercepting a backup
comet target has been disregarded. The median waiting time at SEL2 is 1-2 years, while
waiting times >4 years rarely occur (<5% of cases).

For transfer from SEL2 to the comet, when aiming for the shortest transfer there is a pref-
erence for heliocentric transfers of durations close to an integer number of years. Aiming for
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Fig.36 Statistics of time
parameters relevant for the
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¢) Transfer time from SEL2 to
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the longest transfer tends to smooth out the peaks and to result in more uniform distribution.
The median of this parameter is 1.5-2.5 years.

For the mission duration from launch to comet encounter (limited to 5.5 years assuming
6 years maximum overall duration, including 6 months of post-encounter activities), the
statistics show an increasing probability density followed by a flat region for durations >4
years. The median is observed ~3.5 years and the 90th percentile at ~5 years.

6.1.5 Comet Encounter

Figure 37 shows the distribution of the encounter relative speed, and the flyby solar aspect
angle (the angle between the Comet-Sun vector and the relative velocity vector), for sim-
ulated feasible encounters obtained from the population of LPCs. The relative velocity is
biased towards higher values and peaks around 60 km/s. The flyby solar aspect angle shows
a symmetrical distribution around 90°. Constraining the encounter parameters has an im-
pact on the availability of targets: having a 60 km/s maximum velocity would remove 33%
of possible targets, while the baselined 70 km/s requirement removes only 8.5%. On the
other hand, the requirement that constrains the flyby solar aspect angle to 90 £ 45° removes
~7.5% of the targets.

In addition, it must be pointed out that the orbital mechanics of an LPC encounter at
a given heliocentric distance, from 0.9 to 1.2 au, constrain the feasible combinations of
relative speed and flyby solar aspect angle, as depicted in Fig. 38. The solar aspect angle
provides information directly as to whether the encounter is on the inbound or the outbound
leg of the comet’s orbit, with the angle being >90° or <90°, respectively.
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The approach to encounter phase is assumed to be defined as the last 60 days before
the flyby. By trajectory design there will be no need for a deterministic manoeuvre during
this phase, hence operations can focus on the navigation required to reach the comet. This
navigation will rely on ground-based measurements of the comet’s position, radio tracking
of the spacecraft using the ESTRACK deep space antennas and, most importantly, on the
optical data from the navigation cameras (see Sect. 6.1.7). The optical observations have
the strength to directly relate the states of the spacecraft and target comet, improving the
accuracy of the prediction of the flyby location and time, and allowing critical trajectory
correction manoeuvres (TCMs) to be performed.

The flyby targets are defined in the B-plane, i.e. the plane perpendicular to the relative
velocity ¥ and passes through the comet nucleus. Two perpendicular directions are de-
fined: the T vector is the orthogonal projection of the Sun-to-target vector onto the B-plane.
The R vector completes an orthogonal right-handed triad with S = ¥ ; and T. The B-plane
targets for the spacecraft and probes are defined by the closest approach distance and the
angle 6, with the T-axis measured in the direction towards the R-axis.

The final approach operations will take place according to the timeline illustrated in
Fig. 39, which is still subject of refinement and optimisation in future phases of the mission
design.

— The navigation camera will be used continuously to improve the determination of the nu-
cleus position and the flyby accuracy. A ground turn-around time of 12 h (seen as the
data cut-off time before each TCM) is considered necessary to downlink the last image,
perform the on-ground processing, orbit determination and next manoeuvre and/or sep-
aration planning, and to uplink telecommands. Therefore, the input data cut-off for each
TCM is 12 hours beforehand.

— The spacecraft composite (A, B1 and B2) is assumed to be targeted at the B1 aim point,
with a closest approach of 850 km and 8 = 135°, thanks to navigation during the approach
phase.

— A stochastic TCM at —44 hours to the flyby will target the composite precisely at the B1
aim point, making use of the most updated optical observations.

— Separation of Probe B1 will occur 2 hours later, following a post-TCM tranquilisation
phase and a slew to the separation attitude.

— TCM @ 30 hours to the flyby will target the platforms A+B2 towards the aim point
of Probe B2 at closest approach of 400 km and 6 = 180°. This TCM will combine a
deterministic part of ~6 m/s with a stochastic correction.
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Fig.39 Timeline of operations for the comet flyby

— Separation of Probe B2 occurs 6 hours later.

— The diversion manoeuvre of spacecraft A occurs —20 hours to the flyby. It targets a greater
closest approach distance of 1000 km and 6 = 180°. The deterministic part of the diver-
sion manoeuvre is 8.5 m/s.

6.1.6 Back-up Targets

It is critical for the mission’s success that the availability of a backup target for any launch
date is ensured. This has been investigated for a down-selected list of 11 comet candidates
provided by the Science Consortium and for the 4-year launch timeframe 2029-2032. The
analysis identified 3 backup targets compatible with a transfer AV allocation of 600 m/s and
an overall mission duration of 6 years, chronologically as follows:

1. From 2029-03-24 to 2030-05-18: 15P/Finlay
2. From 2030-05-18 to 2030-12-14: 289P/Blanpain
3. From 2030-12-14 onwards: 300P/Catalina

Figure 40 shows a summary of the backup target selection. As an example, for launch on
January 1st, 2030, the backup target is 15P/Finlay and the latest selection of a primary LPC
target needs to occur before ~3 years after launch. Otherwise, a transfer to 15P will be used,
which requires departure ~3.5 years after launch and arrives in September 2034; 6 months
later, or 5.2 years after launch, the mission will be finished. We observe that more than 3
years are provided consistently from launch until the decision to go to the backup target.
Only relatively short periods, in Q1-Q2 2030 and May 2032, provide shorter decision cut-
off times of between 2.5 and 3 years.

6.1.7 Spacecraft Design Drivers and Schedule

The mission design is driven by the key objective of performing multi-point observations
during a high relative velocity flyby with a target which will be identified after the finali-
sation of the spacecraft design. An Engineering Dust Coma Model, EDCM, was developed
by members of the mission’s proposing consortium, to assess the risk from dust particle im-
pacts onto the spacecraft (Marschall et al. 2022), the results of which are available at https://
doi.org/10.5281/zenodo.6906815. The main design drivers of spacecraft A and probe B2 are
summarised in Table 16.

Following adoption of the mission by ESA, the project team carried out the satellite level
Preliminary Design Review (PDR). For the mission’s definition phase, two consortia were
contracted to provide designs for spacecraft A and probe B2; these were led by OHB-IT
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writing is in Q4 of 2029, 26P is no longer reachable

and a TAS-UK. On completion of the PDR, the OHB-IT-led consortium was selected by
ESA as the prime contractor. The design proposed by the selected OHB-led consortium
is represented in Fig. 41. Given the fast development approach followed by Comet Inter-
ceptor, the design solutions had to rely on existing platform heritage, minimizing the need
for qualification activities. The total spacecraft mass, including propellant and margins is
limited to 975 kg by the presently estimated launcher performance (for a dual launch with
Ariel). The overall dimensions of the stowed spacecraft are ~1600 x 1600 x 1500 mm.
The configuration of spacecraft A includes:

— a cuboid shape, hosting all platform equipment and accommodating payload and probes.

— the Attitude, Orbit, Guidance and Navigation Control (AOGNC) subsystem, including
different sensors (Coarse Sun Sensor, Gyro, Star Trackers, Navigation Cameras) and ac-
tuators (Reaction Wheels and Reaction Control System).

— achemical propulsion system with a large AV capability.

— a communication system based on a fixed High Gain Antenna operating in X band and
including an inter-satellite link operating in S band.

— two deployable solar arrays.

— athermal control system, based on a classic passive design.

— a dust shield protecting spacecraft A and probes during the encounter phase on the ram
face.

— two probes accommodated on the same spacecraft side.

The chemical propulsion system is designed to provide, within the maximum allowed
launch mass, a minimum transfer AV capability of 600 ms~! (see Sect. 6.1.4); in addition,
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Table 16 Main design drivers for the Comet Interceptor spacecraft

Design driver

Main implications

Dual launch with ARIEL on A62
Multi-point observation principle
Large payload complement

Target defined at late stage

Maximise probability to reach a
suitable target

Interplanetary mission

Measurements performed during a
high relative velocity flyby

Comet environment

Programmatic constraints as from
F-Mission call

Max launch mass limited to 975 kg
Additional probes to be carried by the main spacecraft

Accommodation of several in situ and remote sensing units on
spacecraft A and Probe B2

Spacecraft design compatible with range of possible targets, of
encounter conditions and Sun-Earth-Target geometries
Maximise AV capability. Navigation & Target tracking
capabilities to remain compatible with multiple targets. High
maximum flyby relative velocity (range 10 to 70 km/s)
Spacecraft operating at ~1-2 au from Earth

“One shot” science. Data downlinked to Earth after the closest
approach

Capability to survive the dust environment for a variety of
possible targets
Cost at completion boundaries. Fast development track.

Incompatibility with dedicated technology developments and
need to rely on existing, flight qualified solutions

Fig.41 Comet Interceptor spacecraft A and probe B2 design concepts (OHB)

should the Ariane 6.2 performance improve by the time of Comet Interceptor’s launch, the
capability to load additional propellant, thus exceeding the minimum required AV perfor-
mance, is requested. It is noted that during the flyby the target is maintained in the field
of view of the high-resolution camera CoCa via the dedicated Rotating Mirror Assembly
(Sect. 5.1), while the spacecraft maintains inertial attitude, maintaining the dust shield in the
relative velocity direction.

Probes B1 and B2 are both smaller craft, without propulsion capability, and are deployed
from spacecraft A via dedicated separation systems. Both B1 and B2 carry dust shields for
protection during the encounter, and will transmit data from their scientific instruments to
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Fig.42 Comet Interceptor probe
B1 after separation from
spacecraft A (JAXA)
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Table 17 The key dates for the
Comet Interceptor high level
schedule

Wide Angle
Camera

PS (Cometary lon Mass Spectrometer)

PS (Magnetometer)

Milestone Date

Selection as F1 mission June 2019

PDR Q22022

Mission Adoption June 2022

Prime selection Q4 2022

Start of phase C/D Jan 2023

CDR July 2023
(Instruments)
Q4 2024 (System)

Delivery of payload flight units

QAR
Launch ready
Launch (L)

Arrival at L2

Waiting at L2
Transfer to target Comet

Comet flyby
End of Operations

Q4 2025 (probe B2)

Q1 2026 (spacecraft
A)

Q1 2026 (probe B1)
Dec. 2027
Mid-2028

Dec. 2029
(shared with ARIEL)

L + 4 months
Maximum 5 years

Latest L + 5.5 years
Latest L + 6 years

spacecraft A via dedicated S-band inter-satellite links. The masses of both probes are ~35 kg
each, with a typical diameter/size of ~0.5 m.
B1 has a cuboid shape, and is 3-axis stabilised through a dedicated Attitude, Guidance

and navigation sub-system (Fig. 42). Its electrical power system is based on deployable solar
arrays and a secondary battery. B2 has an axisymmetric shape, is gyroscopically stabilised
and has no attitude control capability. Its power system based on a primary battery, with an
operational lifetime of ~30 hours.
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The key dates for the Comet Interceptor high level schedule are given in Table 17. Com-
pared to L- or M-class missions, the schedule is highly compressed, with 3 years of study
phase (0, A, B) from ESA Science Programme Committee selection in June 2019 to formal
adoption in June 2022, and 6 years of development phase (C, D) from adoption to launch
readiness mid-2028.

7 Conclusion

Comet Interceptor, which will be the first dedicated comet mission launched by any space
agency for over 25 years, promises to provide unique, multi-point measurements of a long-
period comet, preferably dynamically-new. The mission also represents a new approach to
a science mission by ESA, being the first in the agency’s F-class of projects. The mission
addresses ambitious science objectives in a modest-cost project, and is the first planetary
mission selected by an agency where its primary science target has not been identified be-
forehand, and may not even be known at the time of launch.
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