
Acta Astronautica 186 (2021) 98–108

A
0
(

Contents lists available at ScienceDirect

Acta Astronautica

journal homepage: www.elsevier.com/locate/actaastro

Research paper

Icarus: In-situ monitoring of the surface degradation on a near-Sun asteroid
Tuomas Lehtinen a,b,∗, Mikael Granvik b,a, Andrea Bellome c, Joan-Pau Sánchez c

a Department of Physics, University of Helsinki, P.O. Box 64, 00014, Finland
b Asteroid Engineering Laboratory, Onboard Space Systems, Luleå, University of Technology, Box 848, S-98128 Kiruna, Sweden
c Space Research Group, Cranfield University, Cranfield, United Kingdom

A R T I C L E I N F O

Keywords:
Space mission
Asteroid
Rendezvous
Near-Sun

A B S T R A C T

Icarus is a mission concept designed to record the activity of an asteroid during a close encounter with the
Sun. The primary science goal of the mission is to unravel the nontrivial mechanism(s) that destroy asteroids
on orbits with small perihelion distances. Understanding the destruction mechanism(s) allows us to constrain
the bulk composition and interior structure of asteroids in general. The Icarus mission does not only aim to
achieve its science goals but also functions as a technical demonstration of what a low-cost space mission
can do. The proposed space segment will include a single spacecraft capable of surviving and operating in
the harsh environment near the Sun. The spacecraft design relies on the heritage of missions such as Rosetta,
MESSENGER, Parker Solar Probe, BepiColombo, and Solar Orbiter. The spacecraft will rendezvous with an
asteroid during its perihelion passage and records the changes taking place on the asteroid’s surface. The
primary scientific payload has to be capable of imaging the asteroid’s surface in high resolution using visual
and near-infrared channels as well as collecting and analyzing particles that are ejected from the asteroid.
The payload bay also allows for additional payloads relating to, for example, solar research. The Icarus
spacecraft and the planned payloads have high technology readiness levels and the mission is aimed to fit
the programmatic and cost constraints of the F1 mission (Comet Interceptor) by the European Space Agency.
Considering the challenging nature of the Icarus trajectory and the fact that the next F-class mission opportunity
(F2) is yet to be announced, we conclude that Icarus is feasible as an F-class mission when certain constraints
such as a suitable launch configuration are met. A larger mission class, such as the M class by the European
Space Agency, would be feasible in all circumstances.
1. Introduction

We present a mission concept that aims to identify the mechanisms
that drive the observed activity on asteroids with small perihelion
distances and eventually destroy them.

For more than two decades it was thought that most near-Earth
asteroids are eventually destroyed in a collision with the Sun [1].
Recent models of the near-Earth-object (NEO) population have shown
that there is a lack of known objects on orbits with small perihelion
distances and that the explanation for the missing NEOs is nontrivial
[2,3]. The only sensible explanation is that NEOs experience a super-
catastrophic disruption when their perihelion distance 𝑞 becomes small
enough but still significantly larger than that considered by Farinella
et al. [1]. According to the recent NEO models, the disruption of
decameter-scale and larger NEOs occur when 0.05 au ≲ 𝑞 ≲ 0.2 au. Such
disruption distances are nontrivial to explain because the simplest ex-
planations such as tidal forces caused by the Sun and direct evaporation
can immediately be ruled out [2,3].

∗ Corresponding author at: Department of Physics, University of Helsinki, P.O. Box 64, 00014, Finland.
E-mail addresses: tule@iki.fi (T. Lehtinen), mgranvik@iki.fi (M. Granvik).

The interior characteristics of asteroids such as their bulk (material)
composition and structure are major knowledge gaps in contemporary
planetary science. The discovery of mainbelt comets [4] and the direct
detection of water on asteroid (1) Ceres [5] suggest that our knowledge
of the bulk composition of asteroids is biased, because it is mainly
based on (remote) spectroscopic observations of asteroid surfaces and
laboratory analysis of meteorites that survive atmospheric entry. If the
mechanism causing the destruction of asteroids at small 𝑞 would be
known, it would allow us to more accurately predict the distribution of
meteoroids in the interplanetary space and pave the way to a deeper
insight about the bulk composition of NEOs. Unfortunately, there is
currently very limited knowledge of what exactly causes the destruction
of NEOs at small perihelion distance irrespective of their material
composition.

Asteroid (3200) Phaethon is currently the best-known example of
an non-cometary body that is apparently undergoing thermally-driven
surface degradation during a few days around its perihelion passage
vailable online 21 May 2021
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[6]. Comet 322P is another object that shows comet-like activity close
to the Sun in SOHO data while no signs of activity can be observed at
a heliocentric distance of 1–2 au suggesting that it may in fact be an
asteroid [7]. We are aware of observation programs that have recently
been initiated to look for comet-like activity on asteroids with small 𝑞.

hese programs will likely increase the sample of potentially interesting
ission targets.

The surface degradation on Phaethon produces meteoroids that
ontribute to replenishing the Geminid meteoroid stream but at the
urrent rate is not sufficient to sustain the Geminid meteor flux. Based
n the relation between the absolute magnitude (𝐻) and the typical
isruption distance (𝑞⋆) presented by Granvik et al. [2], Phaethon is
ot expected to disrupt on its present orbit given the combination of
ts size and perihelion distance.

JAXA’s DESTINY+ mission, which will be launched in 2022 ac-
ording to the current schedule, will do a fast flyby of Phaethon and,
otentially, of asteroid (155 140) 2005 UD, which may be a fragment of
haethon [8,9]. DESTINY+ will also fly through the Geminid meteoroid
tream. The Phaethon flyby will occur at a heliocentric distance 𝑟 ∼
au and Phaethon has never shown any activity at that distance from

he Sun. Hence the DESTINY+ mission is unlikely to provide direct
vidence about the mechanism which causes the observed activity
uring Phaethon’s perihelion passage.

Here we present Icarus, a mission concept that is complementary to
he DESTINY+ mission. The main goal of Icarus is to observe changes
hat happen to an asteroid during its perihelion passage and gain
nsight about the processes that produce the observed activity on
steroids at small 𝑞 and eventually destroy them completely. Icarus
arries a high-resolution imager that covers visual (Vis) and near-
nfrared (NIR) wavelengths as well as equipment to analyze gas and
ust ejected from the asteroid. The concept is specifically designed
ithin programmatic and cost-cap conditions comparable to those of
n F-class mission by the European Space Agency (ESA) [10]. The con-
traints are primarily met by relying heavily on heritage missions and
eadily available components off the shelf (COTS). Some proposed parts
ight need modification, but all the underlying technology aboard the

carus spacecraft is fully flight-tested and qualified. On the other hand,
he trajectory design is a particularly challenging aspect of the mission
see detailed discussion in Section 5.3.)

A short overview of the mission (see Section 5.2 for a more detailed
escription):

• After launch the Icarus spacecraft will perform orbital maneuvers
to reduce the perihelion distance of its orbit to 𝑞 ∼ 0.2 au.

• Icarus will then rendezvous with a suitable asteroid – chosen
based on the launch date and trajectory – at a heliocentric dis-
tance 𝑟 ∼ 0.7 au, follow it through the perihelion passage at
𝑟 ∼ 0.2 au, and continue until 𝑟 ∼ 0.7 au again.

• During the perihelion passage Icarus will fly close enough to the
target asteroid to successfully commission its payload suite and
gather all the required scientific data.

• Icarus will stay operational for a few months after the perihelion
passage maintaining a periodic ground contact.

• After about 6 months of science operations Icarus will be de-
commissioned. The whole mission is estimated to last from 7
to 9 years. It should be noted, however, that the currently con-
sidered targets follow a clear trend of increased time of flight
with decreased 𝛥V. This introduces an important trade-off, to be
considered in the next mission phases, between launch mass and
total mission duration.

Some specific questions that the successful Icarus mission will an-
wer are:

(a) What are the primary mechanisms causing the destruction of
asteroids at small perihelion distances?
99
(b) How does the mass-loss rate change before, during, and after the
perihelion passage?

(c) What is expelled by the asteroid?
(d) Is there evidence for volatile elements?

In the Sections that follow, we first present the scientific moti-
vation and science requirements for the mission (Sections 2 and 3,
respectively). We then describe the mission implementation and the
environment in Section 5, the space segment in Section 6, and examples
for the scientific payload in Section 4. Finally, we offer our conclusions
in Section 7.

2. Scientific motivation

The overarching Science Goals of the Icarus mission are to

• understand the mechanism or mechanisms that drive the activity
and destroys asteroids on orbits with small perihelion distances,
and

• improve our understanding of the meteoroid environment in the
inner solar system.

During the recent years, several different mechanisms have been
proposed to explain the activity and/or destruction of NEOs on small-
𝑞 orbits. The proposed destruction mechanisms include, but are not
limited to, thermal cracking [11] combined with radiation pressure that
will blow away the resulting particles [12], the anisotropic emission
of thermal photons [13] or the scattering of sublimating gas molecules
[14] that lead to an increased spin rate and eventually destruction, and
the violent release of pressure that has accumulated below the surface
layer [cf. 15]. Whereas the previous mechanisms are caused by the
thermal environment close to the Sun, Wiegert et al. [16] propose that
the destruction of both SOHO comets and asteroids at small 𝑞 is at least
partly caused by meteoroid erosion, that is, the removal of material
through impacts by high-speed meteoroids.

Testing the hypotheses put forward is challenging because there
are no in-situ observations of an ongoing destruction process. Also
relevant direct measurements are missing such as an estimate of the
meteoroid population close to the Sun. There are currently only a few
indirect empirical constraints that can be used to test the hypotheses
put forward. The most fundamental empirical constraint is that smaller
NEOs are destroyed farther from the Sun Granvik et al. [2]. Kilometer-
scale bodies typically reach a critical perihelion distance 𝑞⋆ ∼ 0.05 au
before being destroyed whereas decameter-scale bodies are typically
destroyed at 𝑞⋆ ∼ 0.2 au.

A linear extrapolation of the (𝐻, 𝑞⋆) relation suggest that bodies
with diameters less than one meter and with perihelion distances
similar to the semimajor axis of Mercury (𝑎 ∼ 0.4 au) should have been
destroyed. This is indeed what has been verified to be the case based on
the orbits of observed meter-scale Earth impactors [17]. The upper limit
for the sizes of the fragments produced in a sequence of disruptions is
not well constrained at the moment, but millimeter-scales have been
suggested based on meteor data [16].

While all NEOs that approach the Sun are eventually destroyed,
darker NEOs tend to be destroyed farther from the Sun [2,18]. This
makes sense if the destruction mechanism is sensitive to, e.g., the
volatile content, because darker, carbonaceous NEOs are thought to
contain more volatiles than their brighter, silicate-rich counterparts
[19].

Graves et al. [20] showed that the spectral slopes of NEOs belonging
to spectral types S and Q become less reddened with a smaller peri-
helion distance. This suggests that the same mechanism that destroys
NEOs at very small 𝑞 may just be refreshing the surfaces at larger 𝑞.

The specific Science Objectives of the Icarus mission are hence to

• quantify the changes incurred by the perihelion passage to the
target asteroid’s shape and surface characteristics,
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Table 1
Summary of the basic science requirements.

Target Conditions Science Section

Asteroid with perihelion distance 𝑞 ≲ 0.2 au
and aphelion distance 𝑄 ≳ 0.7 au.

Rendezvous with target asteroid. In-situ asteroid monitoring. 2

Asteroid surface (high resolution). Suitable altitude for ∼ 10 cm/px
resolution (baseline < 5 km).

Visual data of changes on asteroid
surface in centimeter resolution.

4.1.1

Asteroid surface (large FOV). Suitable altitudes for global imaging. Images of the asteroid and visual data of
global changes on asteroid surface.

4.1.1

Asteroid surface (large wavelength
coverage).

Suitable altitude for ∼ 2.5 cm/px
resolution (baseline < 5 km).

High range (up to 2500 nm) spectral
data of asteroid surface.

4.1.2

Near asteroid environment. Increased asteroid activity. Analysis of collected material. 4.1.3
T
S

• determine the surface composition of the target asteroid,
• quantify the mass-loss rate throughout the perihelion passage,
• identify the source(s) of the activity on the target asteroid, and
• determine the composition and size distribution of the ejected

material.

The target asteroid has to meet some scientific constraints to en-
ure that the Science Goals and Science Objectives are met. Given
ur current knowledge about the destruction of NEOs at small 𝑞, the
estruction mechanism(s) is active on asteroids with 𝑞 ≲ 0.2 au. The
estruction mechanism should also be active on objects with larger
, say, 𝑞 ≲ 0.4 au, but we do not have solid evidence for that from
irect observations or debiased population models. Aiming for a target
ith 𝑞 ∼ 0.2 au should thus ensure that the mission is both feasible
nd scientifically successful. In general, aiming for a target with an
ven smaller 𝑞 would be preferable, because the destruction is most
ikely occurring at a higher rate at smaller 𝑞 and the measurements are
herefore easier to make and interpret.

The destruction of NEOs at small 𝑞 is visible in the NEO 𝑞 distribu-
ion up to 𝑞 ∼ 0.7 au as a lack of detected NEOs at small 𝑞 compared to
odel predictions [2]. Based on dynamical modeling, the destruction
rocess itself is not affecting the 𝑞 distribution at 𝑞 ∼ 0.7 au [2].
he discrepancy between the observed and predicted 𝑞 distribution
t 𝑞 ∼ 0.7 au is instead a secondary effect caused by the typically
on-monotonic evolution of 𝑞 [see, e.g., Fig. 8 in 21]. That is, some
mall fraction of the test asteroids that should, in reality, be destroyed
t small 𝑞 would erroneously contribute to the theoretically-predicted
istribution at larger 𝑞 when their 𝑞 increases, if the destruction is not
ccounted for in the models. For 𝑞 ≳ 0.7 au there is no population-level
vidence for the destruction of entire asteroids. Orbital models also
how that most asteroids that reach a small 𝑞 will have an aphelion dis-
ance 𝑄 ≫ 0.7 au [3]. When combined these pieces of information imply
hat the destruction process is typically periodic. For understanding the
ypical destruction process one should therefore focus on objects that
ndergo periodic destruction phases which implies that their 𝑄 ≳ 0.7 au.
or the same reason the monitoring should start when the target is
ore or less inactive, that is, at a heliocentric distance 𝑟 ∼ 0.7 au, and
onitor it throughout the perihelion passage until it evolves back out

o 𝑟 ∼ 0.7 au.
As for the target size there are currently no strong constraints, be-

ause meter-scale NEOs are apparently destroyed at 𝑞 ∼ 0.4 au [16] and
oulders on the surfaces of larger objects should be similarly destroyed
t the same distance. Hence all NEOs that reach a sufficiently small 𝑞
re destroyed, but the smaller ones run out of material earlier than the
arger ones that thus have time to evolve to a smaller 𝑞. A practical
cientific constraint is to ensure that the target asteroid chosen is large
nough to survive the perihelion passage so that it can be monitored
lso on the outbound trajectory. An orbit with 𝑞 ∼ 0.2 au corresponds
o the average destruction distance for NEOs with diameters of a few
ens of meters. Hence a target with a diameter of at least 100–200 m
100

s adequate.
able 2
ummary of key characteristics of the preliminary payload suite.
Parameter Value Notes

Narrow-angle resolution 18.6 μrad/px Rendezvous distance < 5 km.
Wide-angle resolution 101 μrad/px FOV 11.35◦ × 12.11◦

Spectral range 250–2500 nm VIS-NIR imagers, SWIR detector
Total mass ∼ 47 kg With design margin.
Total power ∼ 130 W With design margin.
Total volume ∼ 0.47 m3 With design margin.

3. Science requirements

The Science Objectives described in Section 2 lead to the Science
Requirements discussed below (for a summary, see Table 1).

The mission calls for in-situ monitoring of an asteroidal object with
perihelion distance 𝑞 ≲ 0.2 au and aphelion distance 𝑄 ≳ 0.7 au prior,
during, and after its perihelion passage.

Visual (Vis) high-resolution imaging of the asteroid’s surface with
centimeter-scale resolution is required to pin-point macroscopic
changes in the surface constituents. A preliminary estimate for the re-
quired resolution is <20 μrad/px which would correspond to ∼10 cm/px
from a distance of 5 km. The high-resolution imager should cover a
wavelength range of 250–1000 nm. The field of view (FOV) of the
instrument should also enable global monitoring of the asteroid.

Hyperspectral imaging of the asteroid surface will provide infor-
mation about, for example, the composition of the asteroid. The hy-
perspectral imager does not need to have as high a resolution as
the high-resolution imager, but should still provide < 600 μrad/px
corresponding to ∼2.5 m/px from a distance of 5 km. The instrument
should be capable of Vis to near-IR imaging up to 2500 nm.

The science objectives also require collection and analysis of the ma-
terial expelled from the asteroid. If the material expulsion is driven by
thermal changes then this activity will increase during and immediately
after the perihelion passage. The instrument for particle collection and
analysis is required to detect both refractory and volatile elements. In
addition, measurements of the meteoroid environment in the vicinity
of the asteroid would be useful.

4. Outline of the science payload

4.1. Example payload suite

The mission requires at least three different instruments, complying
with the Science Requirements, to fulfill its Science Objectives and,
ultimately, Science Goals. The options listed in the following sections
overlay an example payload suite, which functions as a proof of concept
that suitable instrument architecture already exists and is at least partly
space qualified. A summary of the key characteristics are provided in
Table 2.
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4.1.1. High-resolution imager
We chose the Optical, Spectroscopic, and Infrared Remote Imaging

System (OSIRIS), flown with the Rosetta spacecraft, for the preliminary
analysis [22]. OSIRIS has an approximate size of 800 × 1000 × 500mm3

ith a total weight of about 35 kg including a high-resolution Narrow
ngle Camera (NAC), a Wide Angle Camera (WAC), and electronics
oxes. The NAC images over a wavelength range of 250–1000 nm with
n angular resolution of 18.6 μrad/px. The WAC has a wider FOV with
resolution of 101 μrad/px. By imaging a 1-km-diameter asteroid from
distance of around 5 km the NAC (with a FOV of 2.20◦ × 2.22◦) can

esolve around 9 cm per pixel. From the same distance the asteroid fills
he entire FOV of WAC (11.35◦ × 12.11◦). The OSIRIS camera system is

flight proven and all the underlying technology is available.

4.1.2. Hyperspectral imager
As the baseline for the hyperspectral imager, we chose the Asteroid

Spectral Imager (ASPECT), which is currently in development for the
Milani (previously APEX) CubeSat [23] to be launched as a part of
ESA’s Hera mission. The imager utilizes visual (VIS), near-infrared
(NIR) and short-wavelength infrared (SWIR) channels to gain a wave-
length range of 500–2500 nm. The size and power requirements are
moderate (97 × 97 × 100mm3 and 10 W, respectively). The spectral
capability is achieved by a tunable Fabry–Perot Inferometer. The instru-
ment currently has a Technology Readiness Level (TRL) of 5/6, which
is acceptable for an ESA F-class mission. The underlying architecture
of the instrument is, however, based on space-qualified designs of the
instruments flown on Aalto-1 and Picasso VISION [24,25].

4.1.3. Particle collection and analysis
A particle detector and/or mass spectrometer is needed to study

the material expelled from the asteroid. The Compact Ion and Neutral
Mass Spectrometer (INMS), developed for the Dellingr CubeSat that
was launched in 2017, is a good candidate [26]. The instrument offers
in-situ measurements of ionized and neutral H, He, N, O, N2, and O2
densities. The instrument is compact (110 × 100 × 100mm3), relatively
lightweight (600 g), does not require a lot of power (1.2 W), and the
design is flight proven.

Inclusion of a dust detector is desirable since it helps the navigation
system to stay out of the asteroid tail while simultaneously providing
scientific data about the near-asteroid environment. A Piezo Dust De-
tector (PDD), designed for the Armadillo mission that was launched in
June 2019, is specifically developed to be a cost-effective solution [27].
One detector includes 9 elements with a total size of 80 × 80 × 40mm3,
weighs less than 500 g and uses a small amount of power (3 W). It can
detect particles with velocities up to 10 km/s from 1 μm to 1 mm.

4.2. Additional instrumentation

Depending on the final launch capabilities, additional modular in-
strumentation could be added to the Icarus payload suite. Approximate
constraints on the additional instrumentation are the following:

• The size should be around 300 × 100 × 100mm3 (3U).
• The maximum mass is ∼ 4 kg.
• The TRL of the proposed instrument has to be at least 5/6.

e note that these constraints may change because they depend on the
inal configuration of the spacecraft.

. Mission implementation

As per ESA’s F-class mission constraints and requirements (Sec-
ion 5.1), the design of the mission has to be conservative and inno-
ative while still providing reliable hardware solutions. Furthermore,
he mission has to be designed to be in agreement with the standards
efined by the European Cooperation for Space Standardization (ECSS).
he Icarus mission shall achieve its primary scientific goal, be ready
o launch within 10 years from the next F-class mission call, and
dapt mass and power margins of 20% as defined by ECSS for concept
101

issions. (
Table 3
An indicative cost breakdown provided by ESA [10].

Item Cost Notes

Space segment ∼65% Includes all elements to be funded by ESA.
ESA project ∼15% ∼20% of the cost of the space segment.
Spacecraft operations ∼20% Strongly depends on the mission profile.
Launch costs 0% Covered by ESA.

5.1. Constraints and requirements

For the programmatic constraints we use those that were announced
for the F1 mission call in 2018 [10], because no new F-class calls are
open at the moment. We thus assume that the main constraints for a
future F-class mission are that

• the maximum wet mass has to be less than 1000 kg,
• the Cost at Completion (CaC) has to be less than 150M euros (not

including launch costs; Table 3),
• the TRL of the spacecraft platform needs to be at least 7 by

mission adoption,
• the total mass of the instrument(s) should not exceed 80 kg,
• the TRL of the instrument(s) needs to be at least 5/6 by mission

adoption,
• the nominal science operations have to last less than 2 years not

including the cruise phase.

The most relevant design constraints relate to the mission environ-
ment and mission profile:

i. the spacecraft shall carry out science operations at heliocentric
distance 0.2 au ≲ 𝑟 ≲ 0.7 au,

ii. the spacecraft shall rendezvous with an asteroid at a distance
less than 5 km,

iii. the spacecraft shall withstand the solar irradiance (∼35000
W/m2) during closest approach to the Sun,

iv. the spacecraft shall provide sufficient power at a heliocentric
distance 0.2 au ≲ 𝑟 ≲ 1.5 au,

v. the spacecraft shall accommodate for a high-capacity internal
memory (∼ 380Gb),

vi. all the recorded data shall be returned without significant losses,
vii. space shall be allocated for primary science payloads as well as

potential additional payloads,
viii. the spacecraft shall be compatible with all in-orbit environments

(Section 5.4), for example via radiation hardening or thermal
rejection,

ix. the communications subsystem shall communicate, at adequate
rates and bands (uplink/downlink), with ground stations,

x. the on-board data handling subsystem shall be able to process
and store all the scientific and housekeeping data produced,

xi. the power subsystem shall keep all vital subsystems running at
all times,

xii. the propulsion subsystem shall complete all the necessary orbital
maneuvers in order to complete the mission,

xiii. the attitude and orbit control subsystem (AOCS) as well as the
guidance, navigation and control (GNC) system shall be able
to navigate and determine spacecraft position and attitude and
provide corrections to both.

.2. Overview of mission operations

The Icarus mission can be divided into relevant operational phases.
hese include: launch and early operations phase (LEOP), in-orbit
ommissioning phase (IOCP), operational phase (OP), and end-of-life
EOL) phase. We will next discuss the main events of each phase.

Before and during launch the spacecraft will be in stand-by-mode

SBM) and only the necessary subsystems (i.e. communications) are
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Fig. 1. The spacecraft images the terminator of the asteroid.

on, powered by the battery system on-board. After separation from
the main stage in LEOP an initial acquisition mode (IAM) is entered.
In IAM the spacecraft will find nominal attitude and deploy the solar
arrays and communications hardware. The IAM is completed when the
spacecraft receives solar power and establishes contact with the Earth.
Once Icarus is in its operational configuration, the IOCP begins during
which operation and system performance is validated and the early
operational orbit is established. This phase can take up to a few weeks.

When all the systems have been validated and the IOCP is complete,
the spacecraft enters its OP where it will remain for the majority of the
mission duration. The OP includes all the mission related tasks such
as orbit acquisition and maneuvers, cruise phase and navigation, and
scientific data collection (science operations). The cruise phase includes
a transfer period which can last up to 8 years depending on the chosen
mission profile (see Section 5.3.2). The spacecraft will work according
to a schedule uploaded from ground, which can be updated and patched
if and when needed.

Icarus will commence science operations once the spacecraft is in
rendezvous with the target asteroid and at 𝑟 ∼ 0.7 au. The main task
during science operations is fine pointing, meaning that the spacecraft
will remain in such an orientation and distance that the payload suite
(see Section 4) has time to gather the required amount of data. Icarus
will also establish ground contact whenever possible throughout the
mission. The planned mission profile has the spacecraft in a plane
around the asteroid where the asteroid’s terminator can be observed
(Fig. 1). This is done so that the contrast between the sunlit and
shadowed regions can be imaged simultaneously giving a diverse data
set from a single viewpoint. For example, the thermal gradient of the
surface is strong at the terminator, and it is thus a region that most
likely shows significant activity. All of the orbital and attitude maneu-
vers conducted during the science operations are done conservatively
and maintaining a safe attitude relative to the Sun. Any proposed
additional mission objectives will be performed during the OP and all
of the additional mission data will be treated similarly to the nominal
data. The duration of the science operations is estimated at less than
6 months, with about 60 days for science operations followed by a
maximum of 40 days of downlink time (see Section 6.1).

If something goes wrong at any stage of the mission, Icarus will en-
ter a safe mode (SM). The goal is to remain in safe attitude (i.e., the heat
shield pointed toward the Sun) while keeping the ground link available.
102
To ensure spacecraft safety, the next iterations of the Icarus concept has
to consider communication blackouts due to solar conjunctions.

After the OP the mission will move to the EOL phase. If the final
orbit does not put Icarus in the immediate vicinity of the Earth, no de-
orbit maneuvers are needed. However, if the final mission cost budget
allows for it, or if additional sponsorship from ESA Member States or
partners is secured, a possibility for a non-conventional EOL exists.
Instead of disconnecting power supplies and emptying propellant tanks,
the spacecraft would move into post-mission operations and be left in
small-𝑞 orbit transmitting simple housekeeping data (see estimate in
Section 6) while performing a system-wide stress test in the extreme
heat of the Sun. Eventually the Icarus spacecraft will fail and be
destroyed, thereby living up to its name.

The total Icarus mission duration is estimated to last 7–9 years,
which will mostly depend on the launch, final propulsion configura-
tion (i.e., chemical or electric propulsion system) and 𝛥𝑉 budget (see
further discussion in Sections 5.3.2 and 6). It is thus likely that the
mission duration may be longer than that allowed by the ESA F-class
mission constraints, which state that the maximum mission duration
is 5.5 years including a 5-year cruise phase followed by 6 months of
science operations [10]. However, an early estimation of the Icarus
space segment cost shows that some of the allocated budget could
be transferred to the operations costs allowing for an additional 2–
4 years of mission operations time if chemical propulsion is chosen or
1–1.5 years if choosing an electric propulsion system. Sponsorship from
ESA Member States or partners could further ensure that the Icarus
mission complies with the cost-cap set by ESA for F-class missions.

5.3. Baseline mission design

The design of the trajectory is built on requirements and constraints
derived from two sources: the mission Science Objectives and ESA’s
boundary conditions from the first F-class mission call [10]. The follow-
ing sections show the first steps toward a suitable baseline trajectory,
that follow the aforementioned requirements and constraints.

5.3.1. Target asteroid
Potential target asteroids must, as discussed in Section 2, have a

perihelion distance 𝑞 ≲ 0.2 au as well as a reasonable size (i.e., absolute
magnitude 𝐻 ≲ 22). As of December 2020, 63 such asteroids are
known. However, it should also be noted that, by the time Icarus is
launched, many more such objects should have been discovered. The
next available mission and launch opportunity for Icarus would be
the next potential F-class mission (F2), which is expected to share the
launch with ESA’s M5 mission (either Theseus or EnVision) in 2032.
Due to the unknown launch date and configuration, it is essential
to have enough candidate targets to choose from to accommodate
different scenarios.

In addition to asteroids discovered by the leading ongoing asteroid
surveys such as Catalina Sky Survey (CSS), Panoramic Survey Telescope
And Rapid Response System (Pan-STARRS), and Asteroid Terrestrial-
impact Last Alert System (ATLAS), Icarus’ list of candidate targets will
include discoveries by the Vera C. Rubin Observatory Legacy Survey of
Space and Time (LSST). LSST is scheduled to start in late 2023 and it
will be the most extensive NEO survey ever performed [28]. Table 4
provides a set of example targets for Icarus with 𝑞 ∼ 0.2 au and orbits
for some of them in Fig. 2.

5.3.2. Preliminary trajectory design
The velocity at infinity 𝑣∞ required to inject a spacecraft into

a small-𝑞 orbit directly from Earth goes beyond the capabilities of
current launch vehicles [33]. It is thus necessary to design a multiple-
gravity assist (MGA) trajectory to change the spacecraft energy with
respect to the Sun by exploiting close passages with celestial bodies.
NASA’s Parker Solar Probe [34] and ESA’s Solar Orbiter [35] are recent

examples of MGA missions for small-𝑞 target orbits around the Sun.
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Table 4
Examples of candidate targets for the Icarus mission. 𝑞 is the perihelion distance, 𝑄 is
the aphelion distance, 𝑃 is the orbital period, and 𝐷 the effective diameter.

Designation 𝑞 [au] 𝑄 [au] 𝑃 [d] 𝐷 [km]

(153 201) 2000 WO107 0.200 1.623 318 0.5
(387 505) 1998 KN3 0.195 2.888 699 1
(455 426) 2003 MT9 0.197 4.868 1472 0.7
(506 491) 2003 UW29 0.189 2.150 462 0.2
2007 MK6 0.196 1.966 411 0.3
2010 VA12 0.199 2.334 522 0.4
2015 DZ53 0.196 2.828 679 0.2
2020 HD9 0.195 4.237 1229 0.4
2020 KG6 0.191 2.069 439 0.5

Fig. 2. Orbits as seen from the North Ecliptic Pole for asteroids (153 201) 2000 WO107
[top left; 29], (387 505) 1998 KN3 [top right; 30], (455 426) 2003 MT9 [bottom
left; 31], and (506 491) 2003 UW29 [bottom right; 32].

In both cases, ballistic tours combining fly-bys with the Earth (E) and
Venus (V) are enough to achieve the desired science orbits. Parker
Solar Probe is expected to perform seven Venus fly-bys to gradually
reduce the periapsis to within 10 solar radii from the center of the Sun
over about seven years of flight [36]. Solar Orbiter’s cruise trajectory is
based upon a fast EVVEV tour sufficient to reduce 𝑞 to less than 0.3 au
in about two years from launch by exploiting resonances between the
Earth and Venus [37].

However, the Icarus mission concept derives into somewhat more
challenging requirements for the trajectory design. On the one hand,
the identified asteroid candidates with small perihelion distances, while
having perihelion distances comparable to those reached by the Parker
Solar Probe and the Solar Orbiter, also have larger semimajor axes
(i.e., orbital energy) than those of Parker Solar Probe’s and Solar
Orbiter’s operational trajectories. On the other hand, the Icarus mission
will not only require a specific orbit, but also a timely rendezvous
with the target asteroid, ideally before its perihelion passage. Regarding
this latter challenge, and as discussed in Section 5.3.1, a reasonable
number of potential targets already exist, with the expectation that
many more will be known by the time Icarus is launched. Hence, the
specific final object to be targeted will ultimately depend on the launch
date and relative phasing between planets and the targeted object. The
remainder of the discussion instead focuses on the former challenge.
That is, assessing the feasibility of accessing the targeted orbital region
(i.e. relatively high semimajor axis with very small perihelion).
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Fig. 3. Contours corresponding to different 𝑣∞ for Venus, Earth, Mars and Jupiter. The
𝑣∞ have discrete values of 1, 5, 9, . . . km/s (increasing upwards). (For interpretation of
the references to color in this figure legend, the reader is referred to the web version
of this article.)

To assess the feasibility of reaching orbits with small perihelion
distances and high orbital energies, complex MGA transfers are ex-
plored by means of a Tisserand graph-inspired search as described in
[38]. Tisserand graphs have been widely used to efficiently tackle the
combinatorial optimization problem posed by long MGA sequences, as
this allows for fast computation of candidate fly-by tours with simple
energy considerations [39]. This is particularly useful in early phases
of mission design, when multiple trajectory options may be needed.
Tisserand graphs can be obtained by parametrizing the Tisserand in-
variant with respect to the infinity velocity of the spacecraft relative to
the gravity-assist body [40].

Fig. 3 shows a specific Tisserand 𝐸, 𝑞 graph to inform Icarus
trajectory design [38]. In the graph, we describe the target orbital
region of interest (𝑞 = 0.2 au) as well as the set of possible departure
conditions (Earth–Venus transfer configurations in 2032 and beyond).
The graph also shows the contours of the velocity at infinity (𝑣∞) for
Venus, Earth, Mars and Jupiter, which visualizes possible sequences of
gravity assist to reach the target region of interest [39]. Thick marks
along the 𝑣∞ contours indicate the maximum orbital change achievable
in one single encounter with the given planet (as a result of a 200-
km-altitude hyperbolic passage). However, Tisserand graphs contain no
explicit information about planets position along their orbits. Therefore
the phasing between the spacecraft and planet is ensured by means of
a modified Tisserand graph exploration [38].

Two particular target orbits with 𝑞 = 0.2 au are highlighted in Fig. 3
(green and yellow diamonds). Examples of potential target asteroids
in Table 4 are also shown in Fig. 3. The target marked with a green
diamond has a period of 355 days (𝐸 = −452 km2/s2), which is
already longer than that of asteroid (153 201) 2000 WO107. The target
marked with a yellow diamond instead has a period of 517 days (𝐸 =
−352 km2/s2), which implies an aphelion distance reaching the main
asteroid belt. In general, the higher the energy along the 𝑞 = 0.2 au line,
the higher the expected number of targets, according to the current best
estimate of the orbit distribution of near-Earth asteroids [41]. Different
combinations of planetary fly-bys and Deep Space Maneuvers (DSM)
will allow for different transfer costs (in terms of total 𝛥𝑉 ), as well as
different total transfer times (or time of flight; ToF). The methodology
described in [38] allows to generate a pool of candidate MGA sequences
that reach the desired target point on the graph.

The resultant Pareto front of MGA sequences that reach the green
and yellow diamonds as well as asteroid (153201) 2000 WO107’s or-
bit, are shown in Fig. 4. Each diamond solution in Fig. 4 represents
a complete sequence of planetary gravity assists terminating with a
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Fig. 4. The Pareto front of total 𝛥𝑉 and time of flight. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

Fig. 5. MGA transfer to reach target orbit with 𝑞 = 0.2 au and a period of 355 days.
The blue trajectory represents the cruise phase. The square represents the departing
condition, while the circles represent planetary encounters. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

Hohmann-like transfer that allows to finally reach the target orbit. As
it can be observed, a whole range of options exist, which follow a
clear trend of decreasing 𝛥𝑉 at increasing time of flight. These results
provide a preliminary understanding of the trajectory design space
and inform the early iterations of the mission and system designs.
Ultimately, the final transfer choice will need to be refined when
specific asteroid targets, and launch and space segments are more
clearly outlined. Nevertheless, these results show that while reaching
orbits with 𝑞 = 0.2 au is clearly feasible, as also shown by past missions,
achieving high energies (or aphelion distances) adds complexity to the
transfer, which translate to long MGA sequences and long times of
flight. As an example, Table 5 provides a summary of the best transfer
option with less than 7.5 years of time of flight that reach the target
orbits in Fig. 4. Note that the three examples in the table feature
sequences of 9–11 planetary encounters in order reduce the transfer
𝛥𝑉 to manageable values. Lastly, Fig. 5 provides a heliocentric view of
the complete sequence of planetary gravity assists and manoeuvres to
reach an orbit with 𝑞 = 0.2 au and a period of 355 days.
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Table 5
Summary of optimal transfer option available for a ToF < 7.5 years.

Target MGA sequence 𝐶3 𝛥𝑉 ToF
[km2/s2] [km/s] [yrs]

2000 WO107 EVVEVVMEE <7.85 1.9 7.1
Period 355d EVVEVEVVEVE <7.85 2.1 7.2
Period 517d EVVEVVMEE <7.85 3.3 7.1

Table 6
Worst-case solar flux based on measurements at 𝑟 = 1 au and extrapolated to 𝑟 = 0.2 au
[42].

Type Wavelength Flux at 1 au Flux at 0.2 au
[nm] W/m2 W/m2

Near UV 180–400 177 4425
UV <180 0.046 1.15
UV 100–150 0.015 0.375
EUV 10–100 0.004 0.1
X-ray 1–10 0.0001 0.0025
Flare X-ray 0.1–1 0.001 0.025

Table 7
Typical solar wind parameters at heliocentric distances 𝑟 = 0.2 au and 𝑟 = 1 au [42].

Parameter 1 au 0.2 au

𝜌 [cm−3] 8.3 217.5
𝑣 [km/s] 468 468
𝑇𝑒 [K] 1.0 × 105 1.0 × 105

𝜆𝐷 [m] 7.3 1.48

5.4. Mission environment overview

We will next look at the mission environment. All values used
are based on the environmental analysis conducted during the Bepi-
Colombo and the Parker Solar Probe missions, and adjusted using the
inverse square law. Both missions provide a good starting point for
analysis due to their similar mission profiles.

5.4.1. Electromagnetic radiation
The spacecraft will be subjected to a variety of electromagnetic

radiation during its journey. The direct solar flux, present during the
entire mission, will be the biggest factor. The solar irradiance varies
from 350W/m2 at 𝑟 = 1.5 au to 35 000W/m2 at 𝑟 = 0.2 au. The
spacecraft can also be subjected to planetary infrared (IR) radiation
which can vary greatly even over small time scales [42]. For example,
in the case of Venus the geometric albedo in the visible wavelengths
is 0.65 by average and the solar irradiance at the distance of Venus is
about 2600W/m2. Hence the irradiation reflected off of Venus is about
1700W/m2.

The solar radiation spectrum is approximated by a black-body ra-
diation curve (𝑇 = 5780K) which is the basis for the measured
worst-case-scenario values at 𝑟 = 1 au (Table 6). The UV radiation
analysis is particularly important since it is known to degrade the
surface materials of a spacecraft causing a variety of problems [43].

5.4.2. Plasma environment
The relevant plasma environments include the incoming solar wind

and planetary magnetospheres during orbital maneuvers. The solar
wind speeds range from 300 km/s to 1200 km/s, but are most com-
monly around 470 km/s. They carry ions with considerable kinetic
energy (1 keV for protons and 4 eV for He-ions) that can cause sput-
tering that degrades the spacecraft surface [42]. Typical solar wind
parameters are summarized in Table 7.

The natural plasma environment around the spacecraft can change
due to emitted gas. For example, the produced neutral gas, caused by
sputtering, can, in turn, produce a low-energy (< 10 eV) ion population,
ionized by sunlight, near the spacecraft [42]. These ions may be drawn
to negatively charged surfaces changing the optical properties of the
components. There also exists a possibility for harmful electrostatic
discharges from high-voltage components.
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5.4.3. High-energy particles
High-energy particles such as electrons (∼ 100 keV) and ions (∼

1 MeV) can easily penetrate spacecraft walls and deposit a considerable
radiation dosage to critical components [42]. Absorbed ions can de-
velop single-event upsets (SEU), where a transistor changes state due to
a specific energy transfer, causing considerable damage to the memory
components of the spacecraft. Furthermore, high-energy particles carry
significant kinetic energy and dislodge particles from materials, which
then can exhibit altered electrical, mechanical, and optical properties.

Most high-energy electrons, encountered by the spacecraft, are ei-
ther from solar activity or from the Jovian system, if solar activity
is low. The electrons from the Jovian system are fairly energetic,
with maximum energies of ∼ 5 × 104 keV, but have low fluxes (∼
10−10–10−1 cm−2/sr/s/keV) while solar electrons have similar maxi-
mum energy values (∼ 2 × 104 keV) but much higher flux values (∼
2.5×10−2–2.5×108 cm−2/sr/s/keV). In addition, during periods of high
solar activity, particle events have been recorded to produce protons
with energies higher than 100 MeV [42]. As the 25th solar cycle started
between 2019 and 2020, with expected peak activity around 2025, we
can estimate that the 26th solar cycle could start somewhere in the first
half of 2030 and have its peak activity in the latter half of 2030 [44].
This might overlap with Icarus’ closest approach to the Sun and should
be considered in later iterations of the mission concept.

5.4.4. Micrometeoroid and dust environment
A collision with a micrometeoroid can cause serious damage de-

pending on its speed, impact angle, weight, and size. Particles with
diameters < 1mm can degrade surface materials and cause damage to
optical components while larger ones can damage or destroy spacecraft
structures.

According to the analysis done for the Parker Solar Probe mission,
the dust density in ecliptic orbits (latitude ±30◦) around the Sun is
inversely proportional to the heliocentric distance for 0.05 au < 𝑟 <
1 au. The typical bulk density is, however, ∼ 2.5 g/cm3 [45]. These
streams can have relative velocities up to 350 km/s and can cause
serious damage to the spacecraft. Further analysis on the particulate
size and fluence is needed to estimate the order of magnitude of impact
probabilities and the size of spacecraft shielding.

6. Space segment

The main challenge for the Icarus mission is to design a space
segment that is as simple and cost effective as possible. The preliminary
analysis was conducted in a study using conservative assumptions
and estimations utilizing concept design margins (+20% to budgets)
where applicable. The following design is the first iteration of the
space segment and serves as a proof of concept. It relies on heritage
from previous ESA (BepiColombo and Rosetta) and NASA (Parker Solar
Probe, Deep Impact, and Messenger) missions.

The preliminary analysis shows that the proposed space segment is
technologically feasible. This means that no new technology is needed
and all existing hardware is flight proven. Icarus is also compliant with
ESA F1 mission constraints with the cost budget and the trajectory
being the only aspects requiring a more in-depth analysis.

6.1. Spacecraft system

Fig. 6 shows the spacecraft in both launch and operational configu-
rations. The spacecraft will deploy two solar arrays, symmetrically on
the opposite sides, that can be actuated for Sun tracking and to limit
the solar input. For heat protection Icarus will use a heat shield that
faces the Sun during the perihelion passage. Located on the opposite
side of the heat shield is a steerable high-gain antenna (HGA) actuated
by a dual-gimbal mechanism with two degrees of freedom. The payload
suite has unobscured view of the asteroid while allowing the solar array
and the heat shield to face the Sun. A set of 10 N bi-propellant thrusters
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Fig. 6. The spacecraft in launch and operational configuration. The Ariane 62 internal
volume is used for Ref. [46].

execute all major orbital maneuvers while two sets of small-Newton
thrusters provide 3-axis attitude control and help with reaction wheel
desaturation. The four propellant tanks, located inside the spacecraft
hull, distribute bi-propellant composed of mixed oxides of nitrogen
(MON) and monomethylhydrazine (MMH) to all thrusters. Aluminum
alloy (Al 6061) is proposed for the structures due to its strength and
thermal properties. A shield thickness of approximately 8.5 mm is also
needed for estimated micrometeoroid environment (Section 5.4). The
structure is reinforced with truss supports capable of bearing the launch
loads. Surrounding the main engines, a payload adaptor ring bridges
the launcher and the spacecraft by connecting to the payload adaptor
fitting. The payload adaptor fitting, used here as an example, is part of
a payload adaptor system provided by Ariane Space and is designed to
fit a spacecraft into their Ariane 62 launch vehicle [46].

The spacecraft has an estimated wet mass of about 880 kg including
the concept design margin. The mission payload weighs around 47 kg
not including any additional instrumentation [22,23,26,27]. The total
estimated propellant budget is around 530 kg with 470 kg for the main
propulsion and 60 kg for the reaction control system. The propellant
budget is calculated for a 2.7 km/s transfer, including the concept
design margin, despite the preliminary 𝛥𝑉 analysis in Section 5.3.2 (see
further discussion in Section 6.2). The launch adaptor is not included
in the mass budget since it is assumed to be included in the ESA launch
costs. It would, however, add only a maximum of 50 kg to the overall
mass budget.

Icarus will rely on a thermal heat shield for protection near the
Sun. The heat shield, heritage to the Parker Solar Probe [45], is con-
structed of carbon-to-carbon (C-C) composite shell containing a layer
of reticulated vitreus carbon (RVC) foam. The RVC is the shield’s main
insulator with thickness determined by the surface temperature and the
allowed heat flow through the insulator and into the spacecraft. The
Sun-facing side of the shield has a coating, such as alumina (Al2O3),
that will maximize reflectivity and minimize absorptivity. The shield
was proven functional for the purposes of Icarus at the end of 2019
when the Parker Solar Probe reached 𝑟 < 0.2 au. The outside of the
Icarus spacecraft is wrapped in Kapton multi-layer insulation (MLI) film
while possible patch heaters, heat piping, and radiator panels ensure
that vital components remain within acceptable thermal limits.

The power for the spacecraft is produced by two actuated solar
arrays with one degree of freedom. The array wings can be rotated for
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Sun tracking and to reduce incoming solar power near the perihelion.
The proposed panels bear heritage to the MESSENGER mission [47]
utilizing optical solar reflector (OSR) mirrors and solar cells with a ratio
of 2:1 to reduce panel absorbance. Similar solar panel architecture was
also used aboard the Parker Solar Probe [45] and the Solar Orbiter [48].
The array panels are sized according to the lowest solar irradiance,
which happens when the spacecraft is the farthest from the Sun. As
a baseline this is estimated to be 𝑟 ∼ 1.5 au. The size of the arrays may
need to be adjusted after target selection when the mission design is
known in detail. The system also includes a battery assembly which will
provide power during early operations, before solar array deployment,
and keep the nominal systems running in the case of an eclipse.

The attitude and orbit control system (AOCS) together with the
guidance, navigation and control (GNC) subsystem ensures correct
spacecraft attitude, orientation, and location in space. The Icarus
AOCS/GNC includes two star trackers and four solar-horizon sensors
[heritage to the Parker Solar Probe mission; 45] for triangulating
spacecraft location and orientation related to the Sun, two inertial
measurement units to recognize the spacecraft’s attitude, and four
reaction wheel assemblies and two sets of small-Newton thrusters for
attitude control. When approaching the perihelion, the attitude control
becomes a high priority in order to remain in the shadow of the heat
shield. The allowed pointing error to the Sun is related to the size of
the shield, and can be increased with relatively small changes. When
approaching the target, the main telescope can be used for visual
tracking and the fine pointing achieved by utilizing the reaction wheels.
A similar system configuration has already been used in previous small-
body missions such as Rosetta and Deep Impact. The FOV of the
payload will also allow for some pointing error that depends on the
distance to the target.

An early version of the Icarus propulsion subsystem contains a set
of 10 N thrusters, that provide enough thrust during the cruise phase
of the mission to reach the needed trajectory and to intercept the
target asteroid. Relying on a design with a long list of heritage, such
as BepiColombo and Rosetta [49,50], Icarus will deploy at least three
10 N bi-propellant thrusters with a maximum thrust of 12.5 N each and
specific impulse (𝐼𝑠𝑝) of about 290 s [51]. The whole propulsion system
includes all the required components including high-pressure regula-
tors, flow control units, sensors, and piping. The thrusters are designed
to work in both long-term steady state and pulse-mode operation.

The communications subsystem will have to be able to reliably re-
ceive commands and updates from ground and transmit large amounts
of scientific data. The Icarus antenna system is modeled after the
Parker Solar Probe mission [45]. It has an actuated high-gain antenna
(HGA) capable of transmitting in Ka-band and receiving in X-band
while two hard-mounted low-gain antennas (LGA) transmit and receive
only in X-band. The LGA system works during early operations and
as a backup system. The spacecraft will produce a large amount of
data and thus the on-board data handling (OBDH) system will need
to be able to store large amounts of data reliably. The BepiColombo
OBDH system provides a large capacity solid-state mass memory device
(∼384 Gb) as well as a SpaceWire interface capable of handling large
bitrates [49]. During science operations all the collected and stored
data from spacecraft’s internal hard drive will be transmitted via the
HGA in Ka-band and received, most probably, by the ESA Tracking
Station Network’s (ESTRACK) 35 m Deep Space Tracking Stations in
Cebreros, New Norcia or Malargüe. Considering heritage from both the
Rosetta and the Parker Solar Probe missions and estimating an average
downlink speed of 100 kbps from 1.5 AU in Ka-band, with an effective
downlink time (dump duration) of 16 h per day, around 175 Gb of
science data from Icarus’ internal memory could be transmitted within
40 days [45,52]. The effective downlink time will, however, depend
on the final mission profile and ground station pass durations. Icarus is
also estimated to produced a constant 1 kbps of housekeeping data.

The cost of the mission was estimated using an analogy cost esti-
mation methodology which provides a rough magnitude of the budget
and serves as a good starting point for further analysis. The estimate
complies with ESA F-class mission constraints and does not disqualify
the Icarus mission.
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Fig. 7. The Icarus spacecraft using chemical propulsion (top) and electrical propulsion
(bottom).

6.2. Technical challenges and alternative architectures

A preliminary trajectory is depicted in Section 5.3.2 (Fig. 5) fea-
turing a total 𝛥𝑉 of about 2.1 km/s and a time of flight of 7.2 years.
However, the Pareto front solutions presented in Fig. 4 demonstrate the
existence of both solutions with smaller 𝛥𝑉 or shorter time of flight
requirements. The baseline system design presented in Section 6.1 con-
sidered a chemical propulsion system with a 𝛥𝑉 capability of 2.7 km/s.
With such a 𝛥𝑉 budget a heliocentric cruise of 6.5 years would be
possible, which would correspond to a mission duration of seven years,
considering six months of science operations.

If a larger 𝛥𝑉 turns out to be necessary, to shorten the mission
duration, for example, or if the aforementioned 𝛥𝑉 budgets are ulti-
mately not considered feasible with chemical propulsion, Icarus may
need to rely on a low-thrust propulsion system. One option is the
electric propulsion system flown aboard the BepiColombo spacecraft.
It includes four Kaufman-type ion-engines with a maximum thrust of
approximately 150 mN each and specific impulse of about 4300 s [49].
A low-thrust propulsion system comes with its own set of problems such
as high power demands and overall system complexity. Using just one
of BepiColombo’s ion-engines and scaling it down would increase the
total power requirement for Icarus up to 3 kW which would, in turn,
require a significantly larger area for the solar arrays (see comparison
in Fig. 7). Preliminary analysis shows that even with a low-thrust
propulsion system and associated design changes, the mission would
still stay within the mass budget of an ESA F-class mission. It should
also be mentioned that most of the reference solutions described in
Fig. 4 allow sufficient coasting time to perform the necessary low-
thrust 𝛥𝑉 maneuvers, hence indicating the feasibility to refine a similar
transfer with an adequate control law for the continuous acceleration
case.

If the mission will opt for a low-thrust system it could benefit from
an external propulsion system, which is ejected after its functionality
has expired. A similar architecture is used in BepiColombo and was also
considered for the Solar Orbiter [48,49]. A configuration like this could
solve the problem of excess heat leaking into the spacecraft, but would
in turn increase the complexity of the system. If, however, this could
be designed to be a cost-effective solution, it would greatly increase the
likelihood of a successful mission.

The Icarus AOCS/GNC subsystem currently utilizes four sets of
reaction wheel assemblies for attitude control. The system also includes
a reaction control system in order to counteract momentum stored
by the reaction wheels. Depending on the final configuration of the
spacecraft and allowed slewing rate, a set of smaller wheels with less
momentum storage might prove more suitable. With smaller reaction
wheels, a cold gas reaction control system could also be implemented,
simplifying the design even further.

In addition to resizing the solar arrays, the mission could benefit
from a different panel architecture all together. The main downside
of the MESSENGER panels is their weight and cost, and as Icarus
does not really need thermal protection until 𝑟 ∼ 0.4 au, it could thus

utilize more conventional solar panels until then. The challenge is to



Acta Astronautica 186 (2021) 98–108T. Lehtinen et al.
design a system where the switch between the two kinds of panels
happen. One option is an architecture where only a fraction of the array
includes MESSENGER panels, while the remaining portion would have
normal panels. This would require some kind of protection of the non-
reflective array area near the perihelion to counter for overheating. The
spacecraft could also utilize a system where the heat shield is used to
house the MESSENGER panels while the array, with normal panels, is
actuated to functionally disable them.

As mentioned in Section 2, targets with perihelion distances 𝑞 <
0.2 au might prove to be preferable. This should be possible with only
slight modifications to the Icarus system, and can be explored more
in the following iterations. However, as the heat flux and radiation
increases exponentially with smaller 𝑞, a suitable trade-off with system
complexity and perihelion distance has to be found.

7. Conclusions

We presented the science case for a rendezvous mission to an
asteroid, that has a perihelion distance of ∼ 0.2 au, and described the
scientifically interesting measurements that would have to be obtained
during the asteroid’s perihelion passage to meet the science objectives.
We then laid out a concept for a mission, Icarus, that could obtain those
measurements.

The preliminary Icarus design presented is a proof-of-concept to
determine if the mission is feasible considering ESA F-class constants
and existing flight proven technology. Icarus is a novel space mission
in that it combines two challenging mission profiles—an asteroid ren-
dezvous at a small heliocentric distance. By deploying at least three
instruments and a robust architecture, Icarus will reliably and cost
effectively complete its mission and provide unique measurements that
cannot be obtained from the Earth.

We conclude that there exists no technological bottle-necks and
all the chosen hardware have TRL 9. The payload suite includes one
instrument which is currently in development, but has a TRL 5/6 with
solid heritage behind it. With conservative assumptions and estimations
the Icarus spacecraft is also in compliance with most of the ESA F-
class mission requirements and constraints set in the 2018 call for
proposals, including weight and cost. However, due to the challenging
mission trajectory and predicted cruise time, we must note that the
Icarus proposal may only be marginally feasible as an F-class mission
and would require the M5 mission, with which the F2 mission will be
launched, to have a similar trajectory profile. EnVision would be an
obvious candidate sharing additional 3 km/s escape velocity. Despite
this we would like to emphasize that the Icarus mission would most
certainly be feasible as a larger mission and expanded budgets would
even allow for additional science to be conducted in, for example, near-
Sun solar studies. Thus, if EnVision is not selected, there are a few
alternatives going forward: (i) perform a more in-depth mission analysis
to see if Icarus trajectory and budgets allow Theseus as a launch
companion, (ii) expand the mission to M class with more scientific
output, or (iii) wait for the F3 mission call.

Target selection is the most critical issue for the entire mission
because it dictates the required 𝛥𝑉 budget. While asteroid Phaethon
would be a scientifically interesting target, it is challenging to find a
mission design that can accommodate its small 𝑞 and large 𝑄 given the
F-class constraints on mass and mission duration. However, upcoming
surveys such as LSST will guarantee that there will be ample targets
to choose from in the years to come. Proposing Icarus as an M-class
mission would also allow asteroid Phaethon to be considered.

There is still a lot of work to be done, especially in spacecraft design,
instrument design, and the mission profile, but we have not identified
any critical aspects that would make the Icarus mission unfeasible
for scientific, technological, financial, or programmatic reasons. Hence
we hope that our work will trigger wider interest and further studies
focusing on topics relevant to Icarus (or an Icarus-like mission) in the
107

space engineering and planetary science communities.
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