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A B S T R A C T

This work presents a mission concept for in-orbit particle collection for sampling and exploration missions
towards Near-Earth asteroids. Ejecta is generated via a small kinetic impactor and two possible collection
strategies are investigated: collecting the particle along the anti-solar direction, exploiting the dynamical
features of the L2 Lagrangian point or collecting them while the spacecraft orbits the asteroid and before
they re-impact onto the asteroid surface. Combining the dynamics of the particles in the Circular Restricted
Three-Body Problem perturbed by Solar Radiation Pressure with models for the ejecta generation, we identify
possible target asteroids as a function of their physical properties, by evaluating the potential for particle
collection.
1. Introduction

Space exploration missions to asteroids have always drawn the
attention of the scientific and engineering community given the chal-
lenges they pose and the possibility they present to further our knowl-
edge of the Solar System. Asteroids carry fundamental information on
the evolution of our Solar System. They are rich in valuable resources
such as metals, silicates, and water, which could be exploited through
future asteroid mining missions [1,2], and enable long-duration mission
self-sustaining. The physical composition of asteroids is varied and,
in most cases, poorly understood; it can be significantly improved
by collecting and studying their samples. By improving our knowl-
edge, we can better target asteroids to be exploited for mining and
increase the efficiency of asteroid deflection missions. Several missions
have visited asteroids and other small bodies; however, only a few
have orbited, landed, or impacted on them. Examples are JAXA’s
missions Hayabusa [3] and Hayabusa2, which has recently entered
its extended phase during which it will perform a flyby wit aster-
oid 2001 CC-21 and rendezvous with the fast-rotating asteroid 1998
KY26 [4–6]. ESA’s Rosetta mission visited comet 67P/Churyumov–
Gerasimenko [7,8], and NASA’s Deep Impact comet Temple1 [9].
More recently, NASA’s OSIRIS-REx recovered samples from asteroid
Bennu [10] and has been extended as mission OSIRIS-APEx, which will
visit asteroid Apophis [11]. In November 2021 the DART mission [12]
was launched and will impact the Dimorphos, the secondary asteroid
of the Didymos binary system, to test technologies for future asteroid
deflection missions. ESA’s HERA mission [11] will follow DART to
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inspect the aftermath of the impact on Dimorphos with the objective
to validate the technology for asteroid deflection.

This work is part of a larger project that studies the possibility of
performing sample collection directly in orbit [13–16], as an alternative
strategy to landing or touchdown. In fact, landing and touchdowns are
among the most challenging aspects of sample-collection missions [17].
In addition, there may be circumstances where landing or touchdown
operations may be too challenging, for example due to conditions of
the terrain, or complex, for example, for asteroids with high rotational
speeds. Starting from the heritage of JAXA’s missions Hayabusa and
Hayabusa2, the project focuses on a mission concept in which we
generate fragments around an asteroid via a small kinetic impactor,
similarly to Hayabusa2, and we then try to collect them while orbiting.
Such a collection mechanism relies on the knowledge of the dynamical
behaviour of the small generated fragments orbiting the asteroid, which
is influenced by the interaction between the ejecta generation process
and the dynamic environment of the asteroid. As part of this project,
this work presents a preliminary analysis devoted to identifying possi-
ble target asteroids as a function of their characteristics. The evaluation
of the target asteroids relies on the study of the evolution of ejecta
particles in the context of the circular restricted three-body problem
(CR3BP) including SRP. The ejection of the particles from the surface of
the asteroid is assumed to be obtained via a small kinetic impactor and
the relevant distributions of the particles’ size and ejection conditions
obtained via an ejecta distribution model derived by experimental
correlations [18–20].
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Several previous works have studied the dynamical behaviour of
small particles around asteroids and comets. In [21], Scheeres dis-
cusses the fate of ejecta, identifying five classes of possible dynamical
evolutions: immediate re-impact, eventual re-impact after at least one
periapsis passage, stable motion, eventual escape after at least one
periapsis passage, and immediate escape. This subdivision of ejecta
fates is of interest in this project as some of these types of dynamical
behaviour or their subsets can be more interesting for in-orbit particle
collection. In [22], Scheeres and Marzari analyse the conditions that
lead to quasi-stable orbits after an impact event applied to the specific
case of the mission Deep Impact on comet Tempel1 [9]. In their
work, they apply an analytical methodology developed by Richter [23]
that considers only the central gravity field and the SRP contribution.
Higher-order gravity terms and tidal forces are neglected and they are
considered to have a smaller influence in the statistical representation
of the ejecta fate. This work shows that only certain combinations
of particle diameter and ejection speed can lead to a quasi-stable
orbit, and also that the contribution of the ejection direction can be
highly influential. Therefore, in this work, we include the contribution
of both the ejection location and direction. Other recent works have
focused on the numerical propagation of the ejecta after an impact
event. Particularly, in [24–26] the impact of the DART spacecraft on
the secondary of a binary system is studied. In these analyses, high-
fidelity models are used for the propagation of the ejecta trajectories
and their global fate is evaluated by studying representative samples
of particles. Similar high-fidelity analyses have been used to verify the
risk for impact on Hayabusa2’s mission to Ryugu [27]. Other works,
instead have studied the possibility of the impact ejecta being trapped
into periodic orbits under the influence of Solar Radiation Pressure and
higher-order gravity terms [28]. Most of these analyses are dedicated to
understanding the fate of an impact event for a specific mission, with
very constrained impact characteristics, or to the dynamical analysis
about a specific small body. In this work, we are studying a new mission
concept that, at the current stage of development, does not have a
dedicated target or a specific mission scenario. As a consequence, this
work is an effort to define preliminary concepts for in-orbit collection
strategies and to identify potentially meaningful targets by using simpli-
fied analyses on a large number of possible candidate asteroids. Once
potential targets are identified, higher fidelity models can be used to
refine the analysis for in-orbit particle collection.

The objective of this work is therefore to identify potential targets
for in-orbit particle collection missions to asteroids. In this context, we
introduce two possible scenarios for in-orbit particle collection. A first
scenario that leverages the dynamical peculiarities of the Lagrangian
point L2, where particles of a given size and speed will tend to pass and
produce favourable conditions for the collection [13,14]. A second sce-
nario that considers the availability of particles in the neighbourhood
of the asteroid; these particles can either be on stable or re-impacting
orbits so that they can remain available for collection long enough
for the spacecraft to collect them. For both these scenarios, we study
what target properties, such as size, density, material type and material
strength, are the most promising for an effective collection mission and
what properties, instead, lead to infeasible mission scenarios. To do
so, a Figure of Merit (FOM) is proposed, which represents the number
of potential particles available for collection for both scenarios as a
function of the target asteroid properties (i.e., size, density, material
type and strength). The key aspect of this work is the combination
between the dynamical evolution of the particles and the modelling
of the impact ejecta in order to estimate the number of potentially
collectable particles. In an effort to have a more general understand-
ing of the in-orbit collection scenarios, we compare different target
asteroids based on their size and density, which can be derived and in-
ferred from ground observations [29]. Additionally, we compare three
different types of materials and several strength levels to understand
the sensitivity of the collection scenarios to these parameters that
408

have and intrinsically higher level of uncertainty. Finally, we perform
a preliminary analysis of the risk the ejected particles pose to the
spacecraft by estimating the number of potentially hazardous impacts.

Section 2 describes the dynamical environment used throughout the
work, Section 3 contains the description of the adopted ejecta model,
and Section 4 defines the collection strategies and the target evaluation
procedures. Finally, Section 5 shows the evaluation of the target as
a function of the asteroid characteristics and the identification of a
shortlist of possible candidates.

2. Dynamical model

The dynamical model used in this work is the Circular Restricted
Three-Body Problem (CR3BP) perturbed by Solar Radiation Pressure
(SRP). In this model, the gravitational effect of the third body (the
ejected particles in our case) is considered negligible with respect to
the two primary bodies (the Sun and an asteroid in our case) that move
on a Keplerian circular orbit. A rotating (synodic) reference frame is
adopted, which follows the motion of the asteroid in its circular orbit
around the Sun. This reference frame is centred in the centre of mass of
the asteroid, its 𝑥-axis points in the anti-solar direction at all times, its
𝑧-axis follows the direction of the asteroid’s orbit angular momentum,
and the 𝑦-axis completes the right-hand orthogonal frame. The CR3BP
is traditionally expressed in non-dimensional units by setting the unit
of mass equal to the total mass of the system and the unit of length
to be the semi-major axis of the orbit of the two primaries [30,31].
Following [14], the equations of motion of the CR3BP perturbed by
SRP in a synodic frame take the form:

⎧

⎪

⎪

⎨

⎪

⎪

⎩

�̈� − 2�̇� = 𝑥 + 1 − 𝜇 − (1−𝛽)(1−𝜇)(𝑥+1)
𝑟3sp

− 𝜇
𝑟3ap
𝑥

�̈� + 2�̇� = −
[

(1−𝛽)(1−𝜇)
𝑟3sp

+ 𝜇
𝑟3ap

− 1
]

𝑦

�̈� = −
[

(1−𝛽)(1−𝜇)
𝑟3sp

+ 𝜇
𝑟3ap

]

𝑦

(1)

where 𝑥, 𝑦, and 𝑧 are the non-dimensional particle positions with
respect to the centre of the asteroid in the rotating frame, while 𝑟sp and
𝑟ap are the distances between the Sun and the particle and the asteroid
and the particle, respectively:

𝑟sp =
√

(𝑥 + 1)2 + 𝑦2 + 𝑧2 (2)

ap =
√

𝑥2 + 𝑦2 + 𝑧2 (3)

The mass parameter, 𝜇, represents the normalised asteroid mass and
as the following expression:

=
𝜇𝐴

𝜇𝐴 + 𝜇𝑆
(4)

here 𝜇𝐴 and 𝜇𝑆 are the gravitational parameters of the asteroid and
he Sun, respectively. The lightness parameter, 𝛽, represents the ratio
etween the SRP acceleration and the gravitation of the Sun, and has
he following expression [13,14]:

= 3
2
𝑃0
𝑐
𝐴𝑈2

𝜇𝑆

𝑐𝑅
𝜌𝑝𝑑𝑝

(5)

where 𝑐𝑅 is the reflectivity coefficient (0 for translucent particles, 1
for black bodies and 2 for reflective particles), 𝑃0 = 1367 W/m2 is the
olar flux at 1 AU, 𝑐 is the speed of light, AU is the astronomical unit, 𝜌𝑝
s the particle density, and 𝑑𝑝 the particle diameter. This expression is
epresentative of the so-called ‘‘cannon ball’’ model, in which the effect
f the SRP acceleration is assumed to act uniformly on an equivalent
ross-section, 𝑆, and always directed along the Sun-particle line [30].

In this work, we consider the motion of ejecta and ejecta particles
are modelled as spheres (𝑆 = 𝜋𝑑2𝑝∕4) of constant density and possess
the same characteristics as the parent asteroid, i.e., same density and
reflectivity coefficient. Table 1 shows relevant values of the lightness
parameters for a combination of target density and particle size of
interest for this work.
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Table 1
Ranges of lightness parameters, 𝛽, as a function of the target density and particle
iameter. The reflectivity coefficient is 𝑐𝑅 = 0.13, which is the average albedo of NEAs

in the NASA Small Body Database [32].
𝑑𝑝 𝜌𝑝

1.0 g/cm3 2.6 g/cm3 5.0 g/cm3

0.1 mm 2.3 × 10−2 8.87 × 10−3 4.6 × 10−3

1 mm 2.3 × 10−3 8.87 × 10−4 4.6 × 10−4

2 mm 1.15 × 10−3 4.44 × 10−4 2.3 × 10−4

The system of Eq. (1) admits an integral of motion, 𝐶, known as the
acobi constant:

= 2𝑈 − 𝑉 2 =
(

𝑥2 + 𝑦2
)

+ 2 (1 − 𝜇) 𝑥 +
2(1 − 𝛽)(1 − 𝜇)

𝑟sp
+

2𝜇
𝑟ap

+

+ (1 − 𝜇)2 −
(

�̇�2 + �̇�2 + �̇�2
)

(6)

here 𝑈 is the potential energy of the system and 𝑉 =
√

�̇�2 + �̇�2 + �̇�2
s the kinetic energy [30]. Given that 𝑉 ≥ 0, from Eq. (6) follows
he inequality 2𝑈 − 𝐶 ≥ 0, which can be used to define the regions
f accessible and forbidden motion of the particles. The boundaries of
hese regions are represented by the Zero-velocity curves (ZVC) [33],
hich bound the motion of a particle with a given energy, 𝐶. It can be

hown that the system of Eq. (1) has five equilibrium points [31,33],
lso called Libration points or Lagrangian points. In this work, we are
ainly interested in the L1 and L2 collinear libration points, which are

ocated along the line connecting the Sun and the asteroid. Specifically,
he equilibrium point L1 is located between the Sun and the asteroid,
hile the equilibrium point L2 after the asteroid, in the anti-solar
irection (on the positive side of 𝑥-axis of the synodic frame). The
ocation of the equilibrium points is influenced by the strength of the
RP acceleration. An increase in SRP causes the L1 to move closer to
he Sun, while the L2 moves closer to the asteroid. In this work, we
re interested in the motion of millimetre to sub-millimetre particles.
he smaller the particle diameter the higher the influence of the SRP is
higher values of 𝛽 as can be inferred from Eq. (5)). As a consequence,
e focus our attention on the anti-solar direction, where the L2 point

ies, and we neglect the point L1, which moves too far away from the
steroid.

. Ejecta model

This section describes the ejecta model used throughout this work.
he ejecta model defines the characteristics of the ejected particles

n terms of size, speed, and launch direction. We consider particles
enerated by an impact on the asteroid’s surface. In this work, we
onsider hypervelocity impacts such as the one of the Hayabusa2
ission [34,35], which can be generated using a small kinetic impactor

arried by the spacecraft. The ejecta model we use is defined by a
ensity function as follows [18]:

(𝑠, 𝑢, 𝜉, 𝜓) = 𝐴𝑠−1−�̄� 𝑢−1−�̄� 𝑓 (𝜉) 𝑔(𝜓) (7)

here 𝑠 is the particle radius, 𝑢 the ejection velocity, 𝜉 the in-plane
jection angle, and 𝜓 the out-of-plane ejection angle (measured with
espect to the local horizontal frame centred at the impact location)
Fig. 1).

The exponents �̄� and �̄� regulate the slope of the distribution, while
is a scaling constant used for mass conservation. The model is a

ombination of uncorrelated distributions: the size, velocity and launch
irection distributions are independent from each other [15,16,18,36].
e assume the ejection of the particle can be uniform within a spherical

ector so that the distribution functions for the launch directions can be
xpressed as:

(𝜉) =

{ 1
𝜉max−𝜉min

if 𝜉min ≤ 𝜉 ≤ 𝜉max (8)
409

0 elsewhere e
Fig. 1. Synodic reference frame centred in the asteroid (𝑥, 𝑦, 𝑧). The local horizontal
frame (𝑥𝑙 , 𝑦𝑙 , 𝑧𝑙) is tangent to the asteroid surface at the ejection location (red dot)
identified by the right ascension, 𝛼, and declination, 𝛿. The in-plane and out-of-plane
ejection angles (𝜉, 𝜓) identify the direction of the ejection speed, 𝑢, in the local
orizontal frame.

(𝜓) =

{ cos𝜓
sin𝜓max−sin𝜓min

if 𝜓min ≤ 𝜓 ≤ 𝜓max

0 elsewhere
(9)

If we consider an impact perpendicular to the asteroid’s surface,
e can expect an axisymmetric ejecta cloud so that 𝜉 ranges from 0

to 360 degrees. Experiments show that the out-of-plane component of
the ejection angle, 𝜓 , usually ranges between 25 to 65 degrees [37].
n this work, this range is adopted. The complete definition of the
istribution function (Eq. (7)) requires the specification of additional
arameters such as the minimum and maximum particle size. For this
ork, the minimum particle diameter is 10 μm, while the maximum

s 10 cm. The selection of the particle size range is based on the
ork in [24,25], where the impact on the Didymos binary system is

tudied. Additionally, the minimum and maximum ejection speed must
e specified. To do so, we can rely on experimental correlation for
mpacts and cratering events [19,20,38]. The ejection velocity can be
xpressed as a function of the impactor and target properties as follows:

𝑢
𝑈

= 𝐶1

[𝑥
𝑎

(𝜌
𝛿

)𝜈]−1∕𝜇
(10)

here 𝑥 is the radial distance from the centre of the crater, 𝑈 is the
mpactor speed, 𝑎 is the radius of the impactor, 𝜌 the target (asteroid)
ensity, 𝛿 the impactor density, and 𝐶1, 𝜇, and 𝜈 are constants that
epend on the target material. Table 2 shows the coefficients for the
aterials used in this study. The considered materials are Sand, Weakly
emented Basalt (WCB), and Sand and Fly Ashes (SFA), which are
ypical choices for modelling asteroid soils [25,37]. The first material
s representative of very loose soil with zero equivalent strength, the
econd of low-strength material, and the third is representative of
eakly cohesive soils, similar to regolith [38].

By substituting the minimum value, 𝑥min = 𝑛1𝑎 (with 𝑛1 = 1.2 [19]),
e get the maximum ejection speed, while substituting the maximum
alue, 𝑥max = 𝑛2 ⋅ 𝑅, we get the minimum ejection speed. The crater
adius, 𝑅, can be computed as follows [19]:

⎧

⎪

⎨

⎪

⎩

𝑅
(

𝜌
𝑚

)1∕3
= 𝐻2

(

𝜌
𝛿

)
1−3𝜈
3

[

𝑌
𝜌𝑈2

]− 𝜇
2 strength

𝑅
(

𝜌
𝑚

)1∕3
= 𝐻2

(

𝜌
𝛿

)
2+𝜇−6𝜈
3(2+𝜇)

[

𝑔𝑎
𝑈2

]− 𝜇
2+𝜇 gravity

(11)

here the first expression is for an impact in the strength-dominated
egime, while the second for a gravity-dominated regime. The param-
ter 𝑌 identifies the target strength, 𝑔 the gravitational acceleration
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Table 2
Material properties.

Sand WCB SFA

𝜇 0.41 0.46 0.4
𝐶1 0.55 0.18 0.55
𝑘 0.3 0.3 0.3
𝑛1 1.2 1.2 1.2
𝑛2 1.3 1 1
𝑌 (MPa) 0 0.45 4 × 10−3

𝐴 (Eq. (7)) 2 2.7 2.4

Fig. 2. Example of ejecta model distribution obtained with Eq. (7). Impact with a
speed 𝑈 = 2 km s−1, impactor diameter of 15 cm, and impactor mass of 2 kg onto a
sand-like target with equivalent strength 𝑌 = 0 MPa.

at the target surface, and 𝑚 the impactor mass. With respect to the
materials used in this study, for Sand material, the impact is gravity
dominated, while for the other two types of materials, i.e., WCB and
SFA, the crater formation is strength dominated Eq. (11). From a com-
parison between the ejecta distribution of Eq. (7) and the expression
derived by [19], we can infer the expression for �̄� = 3𝜇. Therefore, �̄�
depends only on the target material. The coefficient 𝐴 can be obtained
solving for the mass conservation as follows:

∫

max

min
𝜙(𝑠, 𝑢, 𝜉, 𝜓) 𝑑𝑠 𝑑𝑢 𝑑𝜉 𝑑𝜓 =𝑀 (12)

where min and max identify the minimum and maximum of the con-
sidered parameters, i.e., the particle size and velocity, and the in-plane
and out-of-plane components of the ejection angles. The mass of the
crater, 𝑀 , can be computed as follows [19]:

𝑀 = 𝑘𝜌
[

𝑥3 − (𝑛1𝑎)3
]

(13)

where 𝑘 is again a constant depending on the target material, which
can be derived from experimental campaigns Table 2.

An example of a 2D ejecta distribution in particle size and velocity
is given in Fig. 2. The main features of the ejecta model can be
observed: the particle density increases rapidly (it is a log–log plot)
with decreasing ejection speed and particle size so that after an impact
event the majority of the particles will have small size and velocity.

4. Collection strategies definition and target evaluation

This section is dedicated to the description of the two possible col-
lection strategies we have identified and the procedure used to evaluate
target asteroids [15]. The objective of the target evaluation procedure
is to have a preliminary understanding of the possibility of collecting
particles in orbit as a function of the macroscopic characteristics of an
asteroid. We have identified as relevant characteristics the asteroid size,
density, material, and equivalent soil strength. These parameters will
410
be the subjects of a parametric analysis in Section 5, whose aim is to
understand if an in-orbit particle collection mission can benefit from
specific asteroid characteristics. In this work, the target selection evalu-
ation is connected to the potential availability of particle for collection.
Specifically, we are interested in particle size in the millimetre and
sub-millimetre ranges. This choice is directly connected to the ejecta
formation mechanisms, which generates higher number of particles at
smaller sizes (Fig. 2). Therefore, targeting smaller particles increases
the chance for in-orbit collection to be successful. As the particles
of interest are small in size, their dynamics is strongly influenced by
the solar radiation pressure. Smaller particles, in most cases, will be
‘‘swept’’ by the SRP towards the anti-solar direction. Larger particles
can also escape the system, re-impact with the asteroid after one or
more close passages, and, in some cases, remain trapped in quasi-
stable orbits for a long time [21,28]. Following these considerations,
two collection strategies have been identified, which are described
in Sections 4.1 and 4.2. The first strategy focuses on the anti-solar
region beyond the asteroid. In this area, the particle collection can be
enabled by the sweeping effect of the SRP acceleration. The second
strategy, instead, focuses on the region in the neighbourhood of the
asteroid. In this case, we want to analyse the possibility of collecting
particles that either re-impact or keep orbiting the asteroid for longer
time. In Sections 4.1.1 and 4.2.1 we will describe the target evaluation
procedure for both these strategies to understand if different asteroid
characteristics can favour a specific strategy.

The collection strategies and the target selection evaluation de-
scribed in this section both focus on the dynamical behaviour of the
particles as they move around the asteroid. No operational constraints
have been directly analysed in this work, concerning in-orbit particle
collection missions. For example, for the collection strategy in the anti-
solar direction (Section 4.1) may be more difficult to manoeuvre the
spacecraft and eclipses will need to be considered. Nonetheless, at this
stage, we are assuming that the proposed collection strategies can be
carried out, so that we can analyse their potential. The decision to
neglect operational constraints stems from the preliminary nature of the
presented work. Once identified the families of asteroids with the high-
est potential for collection, more refined in-orbit collection analyses can
be carried out, which will also include operational constraints.

4.1. Collection strategy in the anti-solar direction

This section describes a collection strategy in which the spacecraft
stations in the anti-solar region of the asteroids in order to collect the
particles that, after the impact, will be carried in this direction by the
effect of the SRP. For this strategy to be more effective, we can exploit
the dynamical features of the CR3BP that is the presence of the L2
Libration point along the anti-solar direction. In fact, we can compute
the Jacobi constant (Eq. (6)) in correspondence of the libration point
L2 setting the velocity to zero. We identify this Jacobi constant with
𝐶2; a particle with an energy level 𝐶 ≥ 𝐶2 will maintain a bounded
motion around the asteroid because the zero-velocity curve is closed.
On the other hand a lower level of energy may allow the particle to
escape as a bottleneck opens up around L2. It is possible to exploit this
feature and target the collection of those particles that pass through the
bottleneck at L2. This strategy has thus the possible advantage to limit
the collection operations to a more confined and predictable region.
Fig. 3 shows an example of zero-velocity curve together with a set
of trajectories representative of an ejection condition with an energy
level 𝐶 ≤ 𝐶2, for a particle of 1 mm in size. Given the presence of the
bottleneck at L2, some of the particles can escape the system.

As mentioned in Section 2, the L2 is an equilibrium point whose
position depends on the magnitude of the SRP acceleration and, thus,
from the particle diameter. Therefore, also the position and size of the
bottleneck changes with the particle size. This behaviour is comparable
to a mass spectrometer so that the collection of particles with different
sizes may be performed controlling the distance from the asteroid along



Acta Astronautica 203 (2023) 407–420M. Trisolini et al.
Fig. 3. Zero-Velocity Curve, forbidden region (grey area), and example trajectories for
a 1 mm particle having an energy level 𝐶 ≤ 𝐶2.

Fig. 4. Zero-Velocity Curves and L2 point location as a function of the particle
diameter, with an energy level 𝐶 ≤ 𝐶2, for an asteroid with 500 m radius.

the 𝑥-axis of the synodic frame. Fig. 4 shows three ZVC (the point
represents the location of L2) for three different particle diameters
(0.1 mm, 0.5 mm, and 1 mm). We can observe that the position of
L2 and its associated gap moves closer to the asteroid as the particle
size decreases. Given the link to the characteristics of the L2 point, we
refer to the strategy as the anti-solar or L2 collection strategy.

4.1.1. Target evaluation
This section describes the target evaluation procedure for the anti-

solar collection strategy. The objective of the target evaluation is to
assess the potential of an asteroid to be suitable for the collection
following the considered strategy, and to give the possibility to compare
different target asteroids. We measure this potential using a Figure of
Merit (FOM) as a proxy. In this work, the FOM is directly connected to
an estimate of the number of particles that can be collected. After fixing
the characteristics of the asteroid (size and density) and the material
type and strength level, the procedure for the computation of the FOM
is the following:

1. Select a test particle of 1 mm in diameter.
As mentioned in Section 4, we are interested in millimetre and
sub-millimetre particle sizes. Therefore, we use the 1 mm particle
size as representative of the L collection strategy. The concept
411

2

Fig. 5. Examples of trajectories generated by a kinetic impactor. In red the trajectories
passing via di L2 gap. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

of using a test particle as representative of the fate of an impact
event has also been adopted in [24] for the Didymos binary
system.

2. Compute the ejection velocity (𝑢ej) such that a ‘‘small energy gap’’
opens up at L2, as follows [13,14]:

𝑢ej = 𝑢𝐶2 + 𝜖
(

𝑢𝑒𝑠𝑐 − 𝑢𝐶2
)

where 𝑢esc is the escape velocity from the asteroid, 𝑢𝐶2 is the
escape velocity associated to an energy 𝐶2, and 𝜖 is a correction
coefficient that is used to slightly increase the energy of the
system. Following [14], the 𝜖 coefficient is assumed equal to
0.025.

3. Propagate a set of trajectories.
Assuming a 2D CR3BP, we perform an ejection simulation from a
point on the asteroid surface every 10◦. For each ejection location,
a set of trajectories is simulated for a range of ejection angles,
with an interval of 5◦ between 25◦ and 65◦.

4. Estimate number of particles using ejecta distribution
To compute a Figure of Merit (FOM), we combine the simulations
of Point 3 with the ejecta distribution of Eq. (7). Since we assume
that the ejected particles are uniformly ejected in the ejection
direction, we can focus on the part of the distribution that is func-
tion of the particle size and speed, 𝜑(𝑠, 𝑢). The ejecta distribution
represents the particle density as a function of the initial ejection
conditions. Therefore, by integrating it within a range of particle
size and ejection speed, we can estimate the number of particles.
To do so for the L2 strategy, we take the test particle size, 𝑠. For
each 𝑘th bin in ejection location, we evaluate the ejection speed,
𝑢𝑘, as in Point 2. We estimate the number of particles associated
to this combination of particle size and speed by integrating the
ejecta distribution in a neighbourhood of 𝑠 and 𝑢𝑘:

𝑛𝑝,𝑘 = ∫

𝑠+𝜖𝑠

𝑠−𝜖𝑠
∫

𝑢+𝜖𝑢

𝑢𝑘−𝜖𝑢
𝜑(𝑠, 𝑢) 𝑑𝑠 𝑑𝑢 (14)

where 𝜖𝑠 and 𝜖𝑢 define the neighbourhood of integration of the
distribution. Since the conditions are specific, we select a very
small neighbourhood that is 𝜖𝑠 = 1 μm and 𝜖𝑢 = 0.1 cm s−1. For
each ejection location, we have generated trajectories at different
ejection angles and we need to take into account their contribu-
tion, because depending on the ejection angle, some particles will
pass through the L2 gap and some will not. Since the distribution
is considered uniform in the ejection angle, for each ejection
location the particle number 𝑛𝑝,𝑘 is scaled with the fraction of
trajectories passing through the L gap (e.g., red lines in Fig. 5).
2
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Fig. 6. Examples of particles’ trajectories that can be exploited in the orbiting collection strategy. (a) quasi-parabolic orbit (b) SRP-driven re-impacting orbit (c) orbit performing
multiple close passages.
The FOM is then the average over all the ejection locations as
follows:

FOM𝐿2
= log10

[

1
𝑀

𝑀
∑

𝑘=1

𝑛𝐿2 ,𝑘

𝑁
⋅ 𝑛𝑝,𝑘

]

(15)

where 𝑀 is the number of ejection locations, 𝑁 the total number
of trajectories propagated from each ejection location and 𝑛𝐿2 ,𝑘
the number of trajectories passing through L2 for each ejection
location. Where we have introduced the logarithm for a better
representation and comparison of the results.

Following the previously defined procedure it is possible to have an
estimate of the average number of test particles available for collection
in the anti-solar direction. As described in point 3 and 4, we perform an
average over several ejection locations, instead of selecting the location
with the highest number of potential particles. This choice derives from
the fact that the selection of the impact location may depend on other
constraints such as the mission operations or the texture of the soil.
Therefore, an average value is a more robust metric.

4.1.2. Preliminary operational considerations
Despite the paper is focused on the assessment of possible targets

via a simplified analysis, it is useful to provide a preliminary picture of
the possible operations for the collection along the anti-solar direction.
This type of collection, relies on the effect of SRP and on its ‘‘sweeping’’
effect on the small ejected particles. As such, the particles must be col-
lected as they move away from the asteroid, and before they completely
leave the system. Therefore, the operational time for the collection
strategy will range from few hours to a about a day, depending on the
asteroid size and its distance from the Sun. Depending on the objective
of the mission (i.e., if specifics particle sizes are targeted) and the fuel
limitations, the spacecraft can hover in a fixed location, ‘‘waiting’’ for
the incoming particles or move along a trajectory trying to maximise
the flux of collected particles.

4.2. Collection strategy in the neighbourhood of the asteroid

This second strategy is dedicated to the collection of those particles
that, after an impact, will keep orbiting the asteroid for a sufficient
amount of time. Instead, we neglect the particles quickly escaping the
asteroid system. We will refer to this strategy as the orbiting collection
strategy. Different types of orbits can be of interest for the orbiting col-
lection strategy: examples are the quasi-parabolic orbits (Fig. 6(a)), the
re-impacting orbits driven by the SRP (Fig. 6(b)), or orbits that perform
multiple close approaches with the asteroid and will orbit for several
days or more (Fig. 6(c)). These and other types of orbital motions can
all lead to particles that can be collected in a neighbourhood of an
asteroid.
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This strategy has the advantage of having less constraints on the
initial conditions of the ejecta, with respect to the L2 strategy. How-
ever, the particles can occupy a vast space around the asteroid, thus
being less localised. Therefore, a more refined ‘‘collection trajectory’’
would be required for the spacecraft for an effective in-orbit collection.
Depending on what type of particles’ trajectories we target, different
types of collection trajectories may be selected. For example, a hovering
strategy at a specific distance from the asteroid may be beneficial to
collect those particles following almost parabolic trajectories.

4.2.1. Target evaluation
For the orbiting collection strategy, we consider collectable all those

particles that orbit the asteroid for a time greater than a minimum
required time, before re-impacting the asteroid surface. Therefore, we
are interested in particles whose trajectory performs multiple close
passages with the asteroids and orbits for several days and weeks,
but also in those particles that have quasi-parabolic trajectories. How-
ever, we do not consider particles that escape the system. Similar to
Section 4.1.1, we introduce a Figure of Merit, FOMorb, that measures
the particles available for collection. As in Section 4.1.1, the target
evaluation depends on the asteroid size, density, material type and
strength. The procedure for the target evaluation is the following:

1. Specify the size range for the collectable particles: 0.1 – 2 mm in
this study.
Also in this case, the size range is selected to focus on particles of
millimetre and sub-millimetre scales.

2. Select a range of ejection velocities. A simplified Keplerian motion
is used to compute the minimum velocity, 𝑢min, by fixing the
minimum time before re-impact (𝑇min). The minimum speed is
then computed as follows:

𝑎𝑇min
=

[

𝜇𝐴

(

𝑇min
2𝜋

)2
]1∕3

𝑣min =

√

2𝜇𝐴
𝑅𝐴

−
𝜇𝐴
𝑎𝑇min

where 𝑎𝑇min
is the semi-major axis of the particle orbit given the

minimum time before re-impact, and 𝜇𝐴 and 𝑅𝐴 the gravitational
parameter and radius of the asteroid, respectively. For the case in
exam, the minimum time is fixed to 3 h. This time limit has been
selected to allow the spacecraft sufficient time to manoeuvre and
get positioned in the spot dedicated for collection. The maximum
velocity (𝑢max) is set equal to the escape velocity of the asteroid.
In this way, we focus on the particles that tend to remain in orbit
around the asteroid.

3. Propagate the trajectories. In this case, we use a grid in ejection
location every 45◦, and a grid in ejection angle, 𝜓 , every 5◦,
between 25◦ and 65◦. We also use a grid in the particle size and
speed, of 10 and 8 bins, respectively.
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4. Identify the percentage of trajectories still orbiting for a time
greater than the minimum time.
As the diameter influences the dynamical behaviour, different
fractions of particles will be orbiting depending on their dimen-
sions. Therefore, for each bin in particle size, we compute the
fraction of particles (𝑤𝑘) still orbiting after a time greater than
𝑇min:

𝑤𝑘 =
𝑁(𝑡𝑓 > 𝑇min)

𝑁
,

where 𝑁 is the total number of trajectories propagated for each
bin in size (this is the product of the number of bins in particle
speed, ejection location, and ejection direction), and 𝑁(𝑡𝑓 > 𝑇min)
is the number of these trajectories surviving for more than 𝑇min.

5. Estimate number of particles and compute the Figure of Merit
(FOM𝑜𝑟𝑏).
The particle estimate is obtained using the ejecta distribution
of Eq. (7). In particular, we use a subset of the distribution in
particle size and speed. We assume instead that the particles are
uniformly ejected so that each trajectory in ejection direction can
be weighted equally. As for Point 4, to estimate the number of
particles we take into account the dependency in the particle size.
For each 𝑘-bin in particle size, we first compute the minimum and
maximum ejection speed (𝑢𝑘min, 𝑢

𝑘
max) of the orbits satisfying the

condition 𝑡𝑓 > 𝑇min. Then, we integrate the distribution of Eq. (7),
𝜑(𝑠, 𝑢), inside the range defined by the bin in particle size and the
minimum and maximum ejection speeds. The obtained number of
particles is then scaled with the fraction computed in Point 4, to
take into account that not all the trajectories satisfy the condition
𝑡𝑓 > 𝑇min. The expression for the FOMorb is as follows:

FOM𝑜𝑟𝑏 = log10

[ 𝑛𝑑
∑

𝑘=0

(

∫

𝑠𝑘+1

𝑠𝑘
∫

𝑢𝑘𝑚𝑎𝑥

𝑢𝑘𝑚𝑖𝑛

𝑤𝑘 ⋅ 𝜑(𝑠, 𝑢) 𝑑𝑠 𝑑𝑢

)]

(16)

where 𝑛𝑑 is the number of bins in which the particle size range is
subdivided.

It is important to note that the selected Figure of Merit gives an
ptimistic estimate of the number of collectable particles; indeed, it
an be interpreted as the maximum number of particles available for
ollections. The actual number of particles collected will then depend
n the specific mission architecture and collection device. Nonetheless,
he superiority of a target asteroid with respect to another can, in a
reliminary analysis such as this one, be represented by the proposed
OM of Eq. (16), as it represents the highest potential for collection for
given mission.

.2.2. Preliminary operational considerations
As in Section 4.1.2, we provide here a brief outline of the prelimi-

ary operational considerations for the orbiting collection strategy. For
his strategy, we can subdivide the possible operations in two phases. A
irst phase that can focus on particles re-impacting the asteroid before
heir first pericentre passage (e.g., Fig. 6(a)). These particles follow
uite predictable trajectories and their impact time can be estimated.
herefore, the spacecraft can be placed in a hovering position above
he asteroid’s surface in a specified location, waiting for the particles.
his phase is quite rapid and can last between few hours and few
ens of hours. In a second phase, the spacecraft can focus on particles
taying for a longer time around the asteroid. These are the particles
hat perform multiple revolutions around the asteroids; therefore, this
hase can last between days and weeks. In general, these particles will
e larger in size and will be less abundant; hence, their collection will
e more challenging. The chance of collection can be increased by
ounding the motion of the spacecraft to specific regions where we
xpect a higher particle concentration, which depend on the impact
ocation.
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. Results

In this section, the procedures described in Sections 4.1.1 and 4.2.1
re utilised to assess the potential for in-orbit collection of target
steroids. As we want to identify the most suitable families of targets
or such a collection scenario, it is necessary to evaluate a large com-
ination of target characteristics, based on their density, dimensions,
aterial type, and material strength. In fact, these parameters are

he most influential in determining the properties of the ejecta plume
nd, consequently, the particle availability around the asteroids. It is
mportant at this point to recall that the composition of most asteroids
s still unknown, leading to a considerable uncertainty when it comes
o predicting their density and soil strength. While the density can
e connected to the spectral type of the asteroid [39] to reduce such
ncertainties, the soil type and strength is more difficult to predict. As
hese parameters have a strong influence on the outcome of the ejecta
odel, it is critical to perform a parametric analysis considering their

ffects.
To do so, the presented analysis, considers a combination of possible

steroids sizes and densities. Scanning through these combinations we
an try to identify the more promising targets as a function of observ-
ble characteristics, by ranking them using the evaluation procedures of
ections 4.1.1 and 4.2.1. Specifically, we vary the radius of the asteroid
rom 100 m to 15 km, while the asteroid density from 1 g cm−3 to 5.3
cm−3. The radius range derives from data in the NASA asteroid small
ody database, excluding small objects. The density ranges are derived
rom average densities of common asteroid spectral classes [39]. The
reviously defined radius and density ranges are subdivided into a
5 × 25 grid. Therefore the target evaluation procedure is repeated for
25 combinations, to obtain a map that shows the Figure of Merit as a
unction of the asteroid radius and density (e.g., Fig. 7). We chose to
erform the target evaluation on a grid of radius and density instead of
valuating each asteroid in the NEA database because in this way we
ave a more general understanding of what characteristics we should
ook for to have a more favourable in-orbit collection. In addition, there
s a total of more than 25 thousand NEAs catalogued so far, making
t impractical to perform the simulations of Sections 4.1.1 and 4.2.1
or each one of them. Also, having a more generic map, allows us to
valuate newly discovered asteroids by placing them inside the map,
iven their macroscopic properties.

Because the target evaluation depends upon the material type and
trength, a different map can also be obtained for different combination
f materials and strengths. Specifically, in this work, we model the
and-like material with null strength (0 kPa), the SFA material with
wo strength levels (1 and 4 kPa), and the WCB material with four

levels (1, 10, 50, and 500 kPa). It is possible to observe that for the
WCB and SFA materials we consider strength levels below the reference
value reported in Table 2. This decision follows the consideration that
asteroid soils are predicted to be weaker than the corresponding sample
terrains used for ground experiments. Richardson [37] found 10 kPa
to be a reasonable value for the soil strength of comet Temple1, the
strength of lunar regolith is estimated between 1 and 3 kPa [20], and
the impact on asteroid Ryugu showed a very weak soil, with an impact
almost fully gravity dominated [34].

To fully define the ejecta model, the definition of the impactor
characteristics is also required. In this work, we use a fixed impactor
for all the simulations, whose properties are summarised in Table 3 and
the direction of impact is assumed to be perpendicular to the asteroid’s
surface. The impactor has the same characteristics of Hayabusa2’s
Small Carry-On Impactor (SCI) [5,27]. The variation of the impactor
characteristics has only a limited influence on the minimum ejecta
speed. Therefore, it has a limited influence on the fraction of particles
available for collections, which is mainly driven by the low-speed
portion of the ejecta distribution [40].

As described in Section 2, we model the target asteroids as spheres;
therefore, the effect of irregular gravity field is neglected. This as-
sumption follows from few considerations. The performed analysis is
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Table 3
Summary of the impactor properties [5,27].

Quantity Symbol Value

Speed (km/s) 𝑈 2
Radius (m) 𝑎 0.075
Density (g/cm3) 𝛿 8.9
Mass (kg) 𝑚 2

preliminary in nature and is dedicated to identify suitable characteris-
tics for in-orbit sample collection that can allow us to select a potential
target over another by comparing their FOM. This analysis is based
on basic properties of the asteroids and the ones we consider most
influential in the ejecta generation process. The effect of an irregular
gravity field, statistically, has a smaller influence on the overall fate
of the ejecta [22,41,42], particularly for smaller particles sizes such
as the one we are interested. As the procedures of Sections 4.1.1 and
4.2.1 are interested in the overall fate of the ejecta, it was decided to
neglect such a contribution. In addition, as we are not analysing each
NEA individually, we cannot associate a specific irregular gravity field
to the generic combinations of the radius–density grid we use. Also,
information on the gravity field is not available for most of the asteroids
in the NEAs database [32].

A final assumption involved in the target selection analysis concerns
the semi-major axis of the target asteroid orbit used for the computation
of the map. The semi-major axis is assumed to be constant and equal
to 1.755 AU for the different combinations of asteroid size, density,
material, and strength. This value correspond to the average semi-major
axis of the orbits of all NEAs in the NASA Small Bodies Database [32].
This choice results from the necessity to limit the number of simulations
(and thus the computational time), while retaining the representative-
ness of the results. In fact, considering a variable semi-major axis for
the asteroid would require an additional map in asteroid radius and
density for each bin in semi-major axis. In addition, the majority of the
NEAs (about 63%) has a semi-major axis within one sigma (0.56 AU)
of the mean value.

5.1. 𝐿2 Strategy results

This section presents the preliminary collectability analysis for the
𝐿2 collection strategy (as described in Section 4.1), comparing the
results for three different materials. The first result of the study consists
in the generation of maps of collectability scores, representing the Figure
of Merit (FOM𝐿2

) as a function of the asteroid radius and density. Fig. 7
shows examples of such maps for three different cases. A first case,
Fig. 7(a), for which the FOM is evaluated for a sand-like material; a
second case, Fig. 7(b), for the WCB material assuming a strength of 1
kPa; and a third case, Fig. 7(c), for the SFA material with a strength
of 4 kPa. For a better representation we use a logarithmic scale for
the asteroid radius; the FOM already represents the logarithm of the
number of potentially collectable particles.

The first feature we can observe is the presence of infeasibility
regions in all the maps, with a trend that shows increasing infeasibility
regions as the strength of the material increases. This trend is com-
monly present for all the materials but the influence of the material
strength can be more or less pronounced. The infeasibility regions
describes those combinations of characteristics of a target asteroid for
which none of the simulated trajectories passes through the 𝐿2 gap,
as defined in Point 2 of Section 4.1.1. Another observable feature is
the location of the best and worst collection cases. The best case il
located at the upper left part of the feasible region, corresponding
to small, high density target asteroids. Instead, the worst solution is
situated at the upper right corner, corresponding to large, high density
asteroids. Because in general the density and material strength of an
asteroid can be uncertain, it would be preferable, for a more robust
target selection, to stay at enough distance from the infeasibility region.
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Therefore, larger and denser asteroids would provide a safer option
for collection as they are further away from the infeasibility region;
however, they also have a lower ranking in terms of the Figure of Merit.
A final observation on the 𝐿2 collection strategy concerns the values of
the FOM𝐿2

index. Comparing the magnitude of the index between the
different materials, we observe comparable values between the sand-
like and WCB material, while the SFA material shows lower values,
corresponding to a one order of magnitude difference for the number
of particles. The overall magnitude has low overall values of the FOM,
corresponding to tens and hundreds of particles. These are small values;
however, it is important to recall that the index is estimated considering
only a specific value of the test particle diameter and ejection speed.
Therefore, it is used as a relative measure of the availability of particles
at the 𝐿2 gap.

An interesting application of the previously presented maps is the
computation of the FOM𝐿2

index for the asteroids in the NASA Small
Bodies Database [32] by just locating them on the maps as a function of
their mean radius and density. Whenever the size was not available, it
was estimated from the albedo and magnitude information1 Similarly,
the density has been estimated from the spectral class of the aster-
oid [39] and, when not available, assuming an average density of 2.6
g cm−3. If we apply this procedure, we can evaluate the Figure of Merit
for the overall asteroid population and compare it for different material
types and strengths. Fig. 8 shows this comparison. In this plot, the green
line represents the median value of the index, the box represents the
first and third quartiles (it contains 50% of the cases), while the upper
and lower whiskers (black lines) represent the third and first quartiles,
plus and minus 1.5 times the interquartile range (IRQ), respectively.
The remaining dots can be considered outliers.

Interesting features can be observed from Fig. 8. First, the average
Figure of Merit for a given material type decreases as the strength
increases. In fact, we have a three orders of magnitude difference
between the WCB case at 1 kPa with respect to the one at 500 kPa. This
is mainly due to the high ejection speeds generated by high strength
materials so that most of the ejecta rapidly escape the neighbourhood of
the asteroid. Second, the index of the sand-like material is comparable
to a low-strength WCB material, while SFA materials show low index
values despite their low strength. These results show the influence of
the material type on the possible outcome of an impact event. There-
fore, to ensure the robustness of the target selection, it of paramount
importance to perform analyses considering different combinations of
material types and strengths.

Because the infeasibility region changes as a function of the material
type and its strength, we have a different number of possible targets
for the analysed cases. Fig. 9 shows the number of identified targets
for the 𝐿2 collection option for the different cases, assuming all the
targets are modelled with one material-strength combination. It is
interesting to observe that the number of identified targets follows the
trend of the Figure of Merit, with some minor differences. The highest
number of feasible targets (about 3900) is associated to the sand-like
material, while the lowest number of targets (only 8) is associated to
the high-strength WCB option.

Because of the intrinsic uncertainty concerning the modelling and
the characteristics of asteroid materials, this type of analysis allows
the evaluation of the robustness of the 𝐿2 particle collection scenario.
In fact, the list of identified feasible targets can be selected from the
more conservative higher-strength case, to create a shortlist of possible
targets. Of course, the 500 kPa WCB case would be extremely restric-
tive. However, recent missions such as Hayabusa2 and OSIRIS-Rex, and
past missions such as Deep Impact have shown low strength properties
of the explored asteroid’s soil: asteroid Ryugu experienced a gravity-
dominated crater formation when hit by Hayabusa2’s small kinetic
impactor, indicative of very low-strength soils; OSIRIS-Rex showed that

1 https://cneos.jpl.nasa.gov/tools/ast_size_est.html.

https://cneos.jpl.nasa.gov/tools/ast_size_est.html
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Fig. 7. FOM as function of the target size and density for the 𝐿2 collection strategy. (a) Sand-like material (𝑌 = 0 Pa). (b) WCB (𝑌 = 1 kPa). (c) SFA (𝑌 = 4 kPa).
asteroid Bennu has a terrain similar to Ryugu and the tag instrument
penetrated the soil further than expected, indicating a soft terrain; [37]
estimated the strength of the soil of comet Temple1 to be around 10
kPa. Given these considerations, it would be plausible to select an
intermediate soil strength (between 10 and 50 kPa) for a selection
of possible targets. Table 4 shows a shortlist of the asteroids ranked
from the lowest 𝛥𝑣 required to reach them. We compute the 𝛥𝑣 with
a simplified two-impulse trajectory, following the procedure outlined
in [43]. The total 𝛥𝑣 is the sum of the contribution required to inject the
spacecraft into a transfer trajectory from Low Earth Orbit and a second
impulse needed to rendezvous with the asteroid. Table 4 collects some
examples of possible targets, where we have restricted our research
to all NEAs with an assigned name (adding unnamed asteroids would
change part of the ranking) and we have kept only the asteroids having
a valid index for at least four out of the seven different material-
strength combinations. This last decision is excluding several target that
only had collection possibilities for low-strength materials; however,
we decided to present a more robust subset of possible targets. Among
the table’s entries, we highlighted in bold the three best asteroids
in terms of Figure of Merit. Interestingly, we also observe two cases
(Eros and Eric) with negative values of the index (i.e., less then one
test particle passing through the 𝐿2 gap), which are two very large
asteroids (diameters greater than 10 km) and average densities (2.6–
2.7 g cm−3)that are located in the right portion of the FOM maps
415
Table 4
Target asteroid ranking for the 𝐿2 collection strategy. Ranking from the lowest 𝛥𝑣.

Name Sand WCB WCB WCB SFA SFA 𝛥𝑣
1 kPa 10 kPa 50 kPa 1 kPa 4 kPa (km/s)

Anteros 1.22 1.66 1.64 – 1.11 – 5.11
Eros −0.41 −0.12 −0.12 −0.12 −0.49 −0.49 5.58
Zephyr 1.31 1.76 1.72 – 1.18 – 5.86
Geographos 1.14 1.56 1.57 – 1.05 – 6.08
Ivar 0.17 0.51 0.51 0.51 0.09 0.09 6.15
McAuliffe 1.08 1.49 1.50 – 0.99 – 6.18
Seleucus 0.97 1.38 1.38 – 0.88 – 6.20
Oze 0.53 0.90 0.90 0.90 0.45 0.45 6.33
Toro 0.96 1.35 1.35 – 0.86 – 6.43
Toutatis 0.65 1.02 1.02 1.02 0.56 0.56 6.50
Melissabrucker 0.56 0.92 0.92 0.92 0.47 0.47 6.60
Beltrovata 1.22 1.66 1.64 – 1.11 – 6.66
Cacus 1.31 1.76 1.72 – 1.18 – 6.93
Alinda 0.79 1.17 1.17 – 0.70 0.69 6.96

(Fig. 7). We can also observe that all the possible targets require 𝛥𝑣
below 7 km s−1 and three of them below 6 km s−1. Considering the 𝛥𝑣
estimates are conservative and do not take into account gravity assist
manoeuvres, the identified targets are relatively affordable.
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Fig. 8. Boxplot of the FOM𝐿2
as function of the material type and strength.

Fig. 9. Number of identified targets for 𝐿2 collection as function of target material.
Test particle: 1 mm size.

5.2. Orbiting strategy results

In this section we present the analysis for the orbiting collection
strategy. Similarly to Section 5.1, we compare the FOM maps for
the same three material cases (Fig. 10). We can observe a similar
behaviour between the materials, but with some differences. The first
feature we can observe is the presence of an infeasibility region for
the cases of WCB and SFA materials, while we do not observe this
characteristic for the sand-like material. In this last case, all combina-
tions of radius and density lead to particles availability for collection.
This is a consequence of the relation between the minimum ejection
speed and the strength of the material: the higher the strength the
greater is the minimum ejection speed (Eq. (10)). Therefore, for smaller
and less dense asteroids for which the escape velocity is small, the
particles cannot stay trapped around the asteroid for a sufficient time
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to be collected. However, this behaviour also causes the second notable
feature of the plots. In fact, it is possible to observe in Figs. 10(b) and
10(c) that the highest FOM index is concentrated close to the border
with the infeasible region. This is a consequence of the fact that the
ejecta distribution has its peak close to the minimum velocity Fig. 2.
Therefore, if the required ejection speed is close to the minimum one,
a higher number of particles will be available for collection.

Differently from Section 5.1, for the Orbiting case, the potential
targets with the highest Figure of Merit correspond to solutions with
smaller diameters and lower densities (the 𝐿2 collection preferred high
densities ones). This feature can be clearly observed in Figs. 10(b) and
10(c), with the maximum corresponding to the bottom left part of the
feasible region, while Fig. 10(a) shows a maximum for low density
asteroids with radii around 1 km. Given that a trend similar to the 𝐿2
collection strategy is present here for what concerns the location of the
infeasibility region, we can extend the discussion of Section 5.1 also to
this case. Therefore, also for this collection strategy, we would prefer
larger targets for a more robust target selection procedure; however, in
this case, we would focus on low-density options instead of high-density
ones.

Specular to Section 5.1, Fig. 11 shows the boxplot for the FOM𝑜𝑟𝑏
ndex, comparing the different materials and strengths we considered
n the analysis. We can clearly observe a trend that matches the one of
ig. 8, with only minor differences. Particularly, a higher gap between
he Figure of Merit of sand-like material and WCB, and a lower gap
etween the high-strength WCB (500 kPa) and the remaining cases.

As we are using two different methodologies to compute the FOM
for the two collection strategies, we can use the results to compare
different target solutions separately for the two methodologies, but we
cannot the two methodologies among each other. The superiority of
one collection methodology over the other will be mainly influenced
by the operational constraints of the specific mission in exam.

Fig. 12 shows also for the orbiting collection case the number of
identified targets as a function of the target material and strength level.
In general, the trend for the orbiting collection follows the trend of
the 𝐿2 collection of Fig. 9, with a decreasing number of targets as
the strength of the material increases. The same difference can also
be seen between the different types of materials, with the low-strength
SFA options giving results comparable to higher strengths WCB. Both
these behaviours are driven by the impact physics and modelling and,
specifically, by the resulting minimum ejection speed. Higher strengths
lead to higher minimum ejection speeds, which eventually grow bigger
than the escape velocity of the asteroid. Therefore, as the strength
increases, a growing number of asteroids have escape speeds lower than
the minimum ejection speed predicted by the ejecta model, which in
turns lead to a lower number of possible targets. Nonetheless, the num-
ber of identified targets for the orbiting collection scenario is greater
than the one obtained for the 𝐿2 options. Specifically, we observe a
120% increase for sand-like materials, an average 20% increase for
WCB (with a peak of 33% for the 1 kPa case), and an average 22%
increase for SFA.

Equivalently to Table 4, Table 5 shows a shortlist of the best identi-
fied targets, ranked based on the estimated 𝛥𝑣 required for the mission.
Again, we have highlighted in bold the asteroids with the highest FOM
index. We can observe that the table for the orbiting collection strategy
closely resembles the ranking of the 𝐿2 collection strategy, with only
two notable differences: asteroids Wilson-Harrington and Pygmalion.
The asteroid Wilson-Harrington has also the highest Figure of Merit,
indicating the highest potential for collection for the orbiting strategy.

A final table is presented in the following (Table 6), showing a
shortlist of asteroid ranked based on the FOM𝑜𝑟𝑏 index, instead of the
𝛥𝑣. In this case, we observe that the ranking considerably differs from
the 𝛥𝑣-based one of Table 5, introducing several new potential targets.
However, in contrast with the previous two tables, one-third of the
identified targets have large 𝛥𝑣 requirements (more than 10 km s−1)

and are therefore very expensive to reach.
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Fig. 10. FOM as function of the target size and density for the orbiting collection strategy. (a) Sand-like material (𝑌 = 0 Pa). (b) WCB (𝑌 = 1 kPa). (c) SFA (𝑌 = 4 kPa).
Table 5
Target asteroid ranking for the orbiting strategy. Ranking from the lowest 𝛥𝑣.

Name Sand WCB WCB WCB SFA SFA 𝛥𝑣
1 kPa 10 kPa 50 kPa 1 kPa 4 kPa (km/s)

Anteros 7.25 7.93 7.86 – 7.08 – 5.11
Eros 6.33 6.89 6.89 6.89 6.26 6.26 5.58
Zephyr 7.29 7.98 7.65 – 6.87 – 5.86
Geographos 7.21 7.89 7.93 – 7.15 – 6.08
Ivar 6.64 7.24 7.24 7.24 6.56 6.56 6.15
McAuliffe 7.17 7.84 7.86 – 7.09 – 6.18
Seleucus 6.96 7.63 7.62 – 6.86 – 6.20
Oze 6.74 7.37 7.37 7.36 6.65 6.63 6.33
Toro 7.08 7.74 7.73 – 6.98 – 6.43
Toutatis 6.89 7.52 7.52 7.51 6.80 6.85 6.50
Melissabrucker 6.84 7.47 7.47 7.46 6.75 6.74 6.60
Wilson-Harrington 7.53 8.20 7.81 – 7.07 – 6.61
Beltrovata 7.25 7.93 7.86 – 7.08 – 6.66
Cacus 7.29 7.98 7.65 – 6.87 – 6.93
Pygmalion 7.06 7.71 7.71 – 6.97 5.96 6.96
Alinda 6.99 7.63 7.63 7.10 6.90 6.76 6.96

5.3. Preliminary risk analysis from particle impacts

To assess the feasibility of the mission it is also necessary to verify
that the impact of the particles with the spacecraft is not dangerous to
compromise the mission. For this assessment, we model the impact of
417
Table 6
Target asteroid ranking for the orbiting strategy. Ranking from the highest FOM𝑜𝑟𝑏.

Name Sand WCB WCB WCB SFA SFA 𝛥𝑣
1 kPa 10 kPa 50 kPa 1 kPa 4 kPa (km/s)

Davidharvey 7.53 8.20 7.81 – 7.07 – 7.18
Wilson-Harrington 7.53 8.20 7.81 – 7.07 – 6.61
Heracles 7.50 8.16 8.06 – 7.31 – 9.52
Betulia 7.44 8.08 8.10 – 7.36 – 14.75
Midas 7.34 8.01 7.97 – 7.21 – 12.65
Izhdubar 7.29 7.98 7.65 – 6.87 – 15.10
Cacus 7.29 7.98 7.65 – 6.87 – 6.93
Zephyr 7.29 7.98 7.65 – 6.87 – 5.86
Cruithne 7.29 7.98 7.65 – 6.87 – 13.82
Ondaatje 7.29 7.98 7.65 – 6.87 – 7.65
Anteros 7.25 7.93 7.86 – 7.08 – 5.11

the orbiting particles with the spacecraft using Ballistic Limit Equations
(BLEs) [44], which have been extensively used to evaluate the risk
posed by space debris on objects orbiting the Earth [45]. For this study,
a conservative approach has been followed. We consider a single-wall
BLE for ballistic impacts (below the hypervelocity limit). We use the
BLE to derive the value of the critical particle diameter that is the
minimum particle diameter causing damage on a single-wall structure.
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Fig. 11. Boxplot of the FOM𝑜𝑟𝑏 as function of the material type and strength.

Fig. 12. Number of identified targets for Orbiting collection as function of target
material. Test particle: 1 mm size.

The corresponding equation is the following:
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⎡

⎢

⎢

⎢

⎣

1
𝐾3𝑆

⋅ 𝑡0.5𝑤 ⋅
( 𝜎𝑦

40

)0.5

0.6 ⋅ (cos 𝜃)𝛿 𝜌0.5𝑝 𝑢2∕3𝑝

⎤

⎥

⎥

⎥

⎦

18∕19

(17)

where 𝜃 is the impact angle (between the particle velocity and the
normal to the considered surface), 𝑑𝑐 is the critical diameter required
to damage the single wall plate of thickness 𝑡𝑤 if it is hit by a particle
of density 𝜌𝑝 and velocity 𝑢𝑝. For the case in exam, we consider an
aluminium plate with tensile strength 𝜎𝑦 = 276 MPa (to be converted
in ksi for use in Eq. (17)) and a normal impact (𝜃 = 0 deg). The
parameters 𝐾3𝑆 = 1.4 and 𝛿 = 4/3 are associated to impacts on alu-
minium plates [44]. Combining the ejecta distribution of Eq. (7) with
the information of the BLEs, we can estimate which ejected particles
can be dangerous for the spacecraft that is all particles with a diameter
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Fig. 13. Ratio between particle diameter and critical diameter for sand-like materials.
Black shaded area: risk region.

Fig. 14. Ratio between particle diameter and critical diameter for WCB material. Black
shaded area: risk region.

larger than the critical diameter as predicted by Eq. (17). Figs. 13 and
14 show the variation of the ratio between the particle diameter and
the critical diameter for the ejecta distributions relative to sand-like
material and WCB, respectively.

In both cases we can observe a black shaded region concentrated in
the upper right portion of the plot that identifies potentially dangerous
particles. In this case the particle diameter is greater than the critical
one. As expected, the larger the particle the more likely is to cause
damage even at smaller velocities. We can also observe that the sand-
like material Fig. 13 has a larger risk area since the ejection velocities
are higher than the WCB case. In addition, by combining the shaded
area of Figs. 13 and 14 with the particle density distribution (equivalent
to Fig. 2)), we can estimate the number of dangerous particles for
both cases. We can observe that a sand-like material generates five
time the dangerous particles of WCB, with about 550 risky fragments.
In addition, we observe that at low velocities, no particle diameter
is dangerous for the spacecraft and as the ejection speed increases,
particle diameters down to 10 mm can cause damages.

6. Conclusions and discussion

In this work, we focused on understanding the contribution of the
asteroid characteristics to the selection of suitable targets for in-orbit
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sample collection missions. The outcome of the analyses stems from
the combination of the particle dynamics and the ejecta modelling.
Throughout the work, we have considered two collection scenarios:
a first approach that seeks to collect those particles in the anti-solar
direction, exploiting the features of the L2 Lagrangian point, and a sec-
ond approach that instead seeks to gather the particles residing in the
neighbourhood of the asteroid for a sufficient time. For both collection
options, a Figure of Merit has been defined for a preliminary assessment
of the potential collection capabilities, and has been evaluated as func-
tion of the target and material properties. Indeed, the FOM is directly
related to an estimate of the potentially collectable particles. For both
scenarios, feasibility regions have been identified considering relevant
characteristics of the target (i.e., the asteroid radius and density). Ad-
ditionally, uncertain parameters such as the material type and strength
of the asteroid have been taken into account. From the results of
Section 5.2, the orbiting collection is favoured by sand-like materials as
no infeasible regions can be identified. Infeasibility regions are instead
present in all the remaining analysed cases, for both collection options.
These regions grow as the strength of the analysed materials grow. For
comparable strength levels, they appear more predominant for the SFA
material rather than WCB. Beside the collection feasibility, the FOM
index gives also an approximate estimate of the potentially available
number of particles. This is achieved by combining the understanding
of the particles’ dynamics with the development of a distribution-
based ejecta model. The maps of Figs. 7 and 10 show that within
the feasibility region, both collection options can be more efficient
for smaller asteroids; however, the L2 option favours denser targets,
while the orbiting options less dense ones. The generated maps and the
introduced FOMs have been applied to the search of potential targets
by scanning the Near-Earth Asteroid database. By placing inside the
derived maps the NEAs, based on their radius and estimated density,
we can assign them a value of the FOM to evaluate their potential for
in-orbit collection. were used to scan the Near-Earth Asteroid database
to identify targets and possibly rank them. For both the collections
scenarios thousands and hundreds of potential target were identified,
when considering low-strength materials. However, as the strength
increases, fewer targets remain available: around 40 targets for the 50
kPa WCB and only a couple for the 500 kPa case. Combining the maps
of Figs. 7 and 10 and estimating the 𝛥𝑣 required to rendezvous with the
asteroids, we also ranked the potential target asteroids as function of
both the minimum required 𝛥𝑣 and the maximum FOM. Performing the
target selection analysis for different material types and strengths has
also been fundamental to improve the robustness of the target selection
procedure. In fact, given the uncertainties in the knowledge of the
properties of the asteroid soil, a more robust selection can be achieved
by looking at those targets that show potential for collection for more
combinations of material types and strengths.

With the maps of Section 5, we wanted to prioritise the under-
standing of the effects of the asteroid characteristics, which also have
a strong influence on the ejecta generation process. However, it is
important to remark that the methodology used is simplified in nature
and is influenced by a set of assumptions. Therefore, the maps represent
a useful tool to perform a preliminary selection of the targets that is to
obtain a shortlist of candidates for which more refined analysis should
be carried out. For example, the assumption of a constant semi-major
axis can have an influence on the target evaluation as the asteroids
in the NEA database will deviate from this value. In this work, we
have not considered this parameter in order to limit the number of
simulations, while still retaining an understanding of the influence of
other fundamental parameters. Additional maps could be generated for
different semi-major axes to have a more refined target evaluation.
Once the target of the mission is selected, dedicated simulations should
be performed, considering the specificity of the dynamical environment
of the selected asteroid. A first analysis on the candidate impact loca-
tions should be performed, based on the type of collection strategy and
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the operational constraints. Once the impact site is selected, detailed
simulations of the ejecta fate should be performed to identify the better
collection locations, for example, evaluating the flux of particles the
spacecraft can expect given its location and orientation. Given the
dependency of the analyses on several parameters, multiple runs should
be performed for a more statistically-based collection analysis.

In this work, the operational constraints and requirements for the
proposed mission concept have not been tackled in detail. Section 5.3
provides a preliminary analysis and discussion on the potential risk for
the mission. However, other operational constraints will need to be
considered for the future development of the mission concept. As an
example, the L2 collection methodology requires the spacecraft to be
positioned in the anti-solar direction, which can introduce challenges in
maintaining the spacecraft in such position and can expose the space-
craft to long eclipse periods. Future work will be dedicated to more
detailed analyses of both collection strategies, analysing their strength,
weaknesses and operational constraints for a better understanding of
the feasibility of the proposed mission concept. However, given the
preliminary nature of the analysis, such operational constraints have
not been accounted for and will be the subject of future studies. In
fact, future works will farther the analysis on the proposed in-orbit
particle collection mission concept, detailing the operational phases of
the identified collection strategies and providing a more detail analysis
of their particle collection efficacy. In addition, the preliminary design
of the spacecraft and of the collection device will be performed.

Finally, a preliminary assessment of the risk the ejected particles
pose to the spacecraft showed that few particles (in the order of
hundreds) can be dangerous. This is quite a small value, compared to
the total number of fragments generated by an impact. Moreover, the
performed analysis is conservative as a 1 mm single-wall configuration
has been analysed. More common options, such as honeycomb sand-
wich panels can offer a greater protection and further reduce the risk
for the spacecraft.
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