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On 5 April 2019, the Hayabusa 2 spacecraft performed the first successful
artificial impact experiment on an asteroid. The Small Carry-on Impactor (SCI)
device was deployed at an altitude of 500 m above Ryugu’s surface. The 2 kg
copper projectile hit Ryugu'’s surface in 40 min and caused the formation of an
artificial crater 14.5 m in diameter. Once the SCI was deployed, the Hayabusa
2 spacecraft performed a two-week escape trajectory reaching altitudes as far
as 120 km from Ryugu. The spacecraft then returned to its nominal position at
20 km altitude (Home-Position) from Ryugu for hovering control. This was done
to prevent ejecta particles from seriously damaging the spacecraft and
compromising its functionality. In this article, we present a method to
forecast the daily probability of spacecraft damage along the selected
nominal escape trajectory due to the debris cloud formed by an artificial
impact. The result of the damage analysis confirmed that the selected
escape trajectory experienced a small number of particle collisions under
the design threshold, which would not have resulted in damage. Indeed, no
damage was reported on the Hayabusa 2 spacecraft and it kept operating
normally after the SCI operation. The method here presented serves as a
guideline for post-impact mission operations to forecast and estimate the
probability of damage to spacecraft or CubeSats operating near a small
celestial body after an artificial impact experiment has occurred.
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1 Introduction

The Hayabusa 2 mission is the Japanese sample and return
mission launched in 2014 to the asteroid Ryugu. Ryugu’s samples
were successfully returned to Earth on 6 December 2020. The
Hayabusa 2 mission has been now extended to reach its new
target, asteroid 1998 KY26, in 2031 (Hirabayashi et al., 2021).
The Hayabusa 2 is the successor mission to JAXA’s Hayabusa
mission to the asteroid Itokawa. The Hayabusa 2 spacecraft
encountered Ryugu on 27 June 2018, followed by two
touchdowns on February 21* and 11 July 2019, respectively.
The Hayabusa 2 spacecraft successfully performed the first
artificial impact on an asteroid on 5 April 2019 (Arakawa
et al., 2020). During the asteroid proximity operations, the
Hayabusa 2 spacecraft was set to a base position, Home
Position (HP), at 20 km above the asteroid facing the sub-
Earth direction. This technique was successfully used by the
Hayabusa mission and it is known as hovering'. All operations
such as trajectory conjunction maneuvers, gravity measurement,
fly-around observations, cratering, and touchdowns start from
HP and return to HP position after each mission operation
(Tsuda et al., 2013, 2020; Saiki et al., 2022b).

The Hayabusa 2 spacecraft was equipped with a Small Carry-
on Impactor (SCI), and it formed a crater of 14.5m in size to
allow the sampling of substrate asteroid materials (Saiki et al,
2017, 20205 Arakawa et al., 2020). The SCI is a compact kinetic
impactor released along the HP axis at 500 m from the asteroid’s
surface to create an artificial crater on it. As part of the Hayabusa
2 experiment, the spacecraft released a deployable camera
(DCAM3) to observe the impact event while the mother
spacecraft flew away from HP position to be placed in a safe
location from the asteroid’s ejecta. An impact velocity of 2 km/s
was required for the Hayabusa 2 mission to crater Ryugu (Saiki
etal, 2017,2020;2022a). Previous work in JAXA showed that the
asteroid ejecta would leave the landing site after 2 weeks,
therefore allowing the Hayabusa 2 mother spacecraft to return
safely at HP and continue with the scheduled mission operations
(Matsumoto et al., 2011). However, the debris trail of asteroid P/
2010 A2 observed by Rosetta spacecraft suggested that the debris
was the result of a natural collision event occurring with the
asteroid in 2009 (Snodgrass et al., 2010). Therefore, dust particles
of a diameter size larger than 1 mm can last in an asteroid’s orbit
for several months or years. The Ryugu asteroid is a C-type
asteroid composed of regolith material with large-sized particles
in the order of cm in diameter. Those large-size particles pose a
great risk for the Hayabusa 2 spacecraft (Micheal et al., 2016).

In this paper, a methodology to predict the probability of
damage to a spacecraft after an artificial impact on asteroids is
developed. The semi-analytical method here proposed is

1 The spacecraft does not orbit the asteroid.
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TABLE 1 Effect of the solar radiation pressure acceleration on Ryugu'’s
sphere of influence. Calculated by using Eqgs 4, 5 and when SRP
and solar tides are equal.

Particle diameter Sphere radius

0.1 mm 440 [m]

1 mm 1.03 [km)]

1cm 3.25 [km]

0.1 m 10.28 [km]

based on formulating a two-point boundary value problem
between the point of impact and the spacecraft’s position for
predicting the initial state that the ejecta must have to collide
with the spacecraft. This method allows one to then estimate
the likelihood of a particle intercepting the spacecraft and
damaging it by using cratering models. The methodology
proposed allows for a fast evaluation of the probability of
damage to a spacecraft after an artificial impact and it was
used as a damage estimation tool during Hayabusa 2’s mission
operations. The method proposed is thus of use for evaluating
the risks posed to the spacecraft by the impact during the
mission operations that follow the impact event. The fate of
the asteroid ejecta is here investigated through numerical
modeling for diameter-size dust particles from 0.1 to 1 cm.
An N-Body high fidelity dynamical model called goNEAR tool
(Soldini et al., 2020¢; b, 2022) is used where the asteroids
shape model gravity, its ephemeris, the solar radiation
pressure accelerations and the effect of the Sun’s, and
planets’ third-body perturbations are taken into account.
This is done to observe with numerical experiments if the
ejecta will collide with the spacecraft. The scaling laws and the
single Al plate damage model are here combined with the
results from a two-point boundary value problem to assess the
likelihood of damage. The methodology proposed can be
adapted to artificial impact experiments, for example, for
the probability of damage to LICIACube (Dotto et al,
2021) from NASA’s DART impact (Rivkin et al., 2021).

The paper is organized as follows: Section 2 provides
information on the environmental perturbations that a
particle experiences in the gravity regime of Ryugu. The
proposed methodology to evaluate the probability of
spacecraft damage after an artificial impact on an asteroid is
shown in Section 3. Section 4 presents the results of our analysis
specific to the SCI impact operation. Finally, an insight into the
qualitative motion of ejecta particles around asteroid Ryugu is

presented in Section 5.

2 Environmental perturbations

The dynamics of the ejecta around the weak gravity field of
asteroids are subject to environmental perturbations as the
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FIGURE 1

Solar radiation pressure (dashed lines) for four particle diameters (0.1 mm, 1 mm, 1 cmand 0.1 m) and solar tides (black line) scaled with Ryugu'’s
gravity force. This picture was done following the calculation of Yu et al. (2017) adapted for the Ryugu case.
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(2017).

blue stars) and Pluto (violet hexagrams). These plots have been computed following Ref Yu et al

asteroid’s irregular shape and spin ratio, the solar gravity, and
solar radiation pressure. Depending on the altitude of the ejecta,
some perturbations are more dominant than others. In the case of
the Ryugu asteroid, the following spheres of influence can be
computed following the definition given in Yu et al. (2017):

« The Hill sphere (solar tides equals the asteroid gravity):
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(km] 1

o The sphere of influence (the asteroid gravity is dominant):

2/5
R, = 1’m<—> =6.3 [km]
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Predicted position dispersion through Monte Carlo analysis (Saiki et al., 2017, 2020).
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Schematic representation of the two-point boundary value problem formulation with a reference frame in body-fixed coordinates.

 The solar gravity equals the asteroid gravity:

12
R = rm< Ha ) -874 [m]
AuSun

where y,, is the gravity constant of the asteroid Ryugu (30 m*/
2
§’) and g, the gravity constant of the Sun’s. r,,, = \ T"4‘; S (mean

(©)

radius, Ryugu in a circular orbit around the Sun’s). T, is the

orbital period and it is set to 1.3 years while r,,, = 1.78 - 10° [km].
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The Solar Radiation Pressure (SRP) perturbation (as,,) for
dust particles is given by (Scheeres, 2012):
A (d-r)

asrp = —CrP(); |d _ r|3,

4)

where d and r are the distances of the Sun’s and of the dust from the
asteroid, respectively. The Sun’s pressure, Py is 10° kg km® s> m™, the
reflectivity coefficient C, for the dust, defined as (1 + p) with p being the
reflectivity. A and m are the areas and the mass of spherical dust
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6 (F) days after the SCI impact along the Hayabusa 2 escape trajectory (in black) with C, set to 1.1.

particles. In Table 1, four different sizes of dust particles have been used
to compute the sphere of influence’s radius. Above that radius, solar
radiation pressure is dominant with respect to the asteroid’s gravity.
The values of those spheres of influence’s radii have been found
asin Yu et al. (2017). Figure 1 shows the normalized solar tide (solid
black line) and the SRP (dash line) scaled by Ryugu’s gravity. The
picture is given in logarithmic scale and the unitary horizontal line
(dash-dot line) represents the case in which the perturbation equals
the gravity of the asteroid. The intersection between the dashed lines
and the solid line with the unitary horizontal line gives the value of
the radius of influence of the considered perturbation. The four radii
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of influence for four sizes of particles are summarised in Table 1,
while the intersection between the solid line and the horizontal line
represents the Hill sphere (R;) that was previously computed in Eq. 1.

In this case, we also add the third body perturbation of the
Sun’s, a, (Scheeres, 2012):

a = A r
s = l’lSun |A|3 |r|3 >

Here, ys,, is the Sun’s mass parameter, A is the distance between
the Sun’s and the dust particles, and r is the distance of the dust
particles with the asteroid. Figure 2 shows the planets’ third body

®)
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Power-law distribution of the ejected particle size (Holsapple
and Housen, 2007; Yu et al., 2017; Wada, K. et al., 2021).

perturbation (Figure 2A) and tides (Figure 2B) during the
Hayabusa 2 mission operations. As one can see, the Sun’s is
the major perturbation with respect to the other planets’.

Figure 2 shows that at the time of impact, the tides of Venus
are a dominant effect to the same order as those of Jupiter. Our
analysis includes the effect of all planetary tides, the Sun’s tide,
and the solar radiation pressure acceleration.

3 Methodology

In this section, we present the methodology employed during
the SCI operation to estimate the potential damages to the
Hayabusa 2 spacecraft. We started with the knowledge of the
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expected SCI’s impact location of 300° in longitude and less than
20" in latitude. The predicted position dispersion is shown in
Figure 3 in green.

A two-point boundary value problem was first solved
between the location of the SCI impact and the position of
the Hayabusa 2 spacecraft along its escape trajectory. Thus,
we were able to compute the ejection velocity at the crater site
that a particle would have to impact the spacecraft. Moreover, we
could calculate the velocity at which the particle could hit the
spacecraft and evaluate the predicted damages. Figure 4 shows a
schematic representation of the problem. Given the local horizon
plane (LH) in light blue, the orientation of the ejection velocity
(Vo, in blue in Figure 4) is expressed in terms of azimuth («, in
green in Figure 4) and elevation (Jy, in red in Figure 4). The red
dashed trajectory represents the solution after optimization.

The Two-Point Boundary Value Problem (TPBVP) is similar
to Lambert’s problem. However, in our study, the effect of
environmental perturbations is taken into account. The
following steps were taken:

o The Time of Flight (ToF), the initial position of the SCI
impact point on Ryugu, and the final position of the
location of the spacecraft along the escape trajectory
were kept fixed. The area-to-mass ratio of the ejecta
particle and its reflectivity coefficient, C, were also kept
fixed;

The proposed single shooting method requires an ODE

integration of the ejecta velocity guess at SCI impact (V; in
Figure 4) which is expressed as a function of three angles
and it is given by:
V' cos 8y cos ag
Vo=1 Vycosdysinay ¢, (6)
Vo sin 80

with Vy = Viax(1 + sinxy) where V. is set at 2.5 km/s. The
goNEAR N-Body planetary propagator was used (Soldini et al,,

frontiersin.org
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FIGURE 8

Estimation of a fraction of particles that can collide with the
Hayabusa 2 spacecraft when leaving the SCI impact site at a
specific azimuth.

2020¢; b, 2022) and it takes into account the planetary tides, the
Sun’s tide, the polyhedron gravity model of the asteroid, and the
solar radiation pressure acceleration.

« The optimization problem requires minimizing the error
in distance between the position of the particle at the end of
the integration (¢ and the location of the spacecraft at a
fixed location along the escape trajectory. Thus, the cost
function is as follows:

7)

Dgggo Ireys - rej(tf)”-
In Eq. 7, rgy, is the position vector of Hayabusa 2 along the
escape trajectory, which is fixed and r,;(ty) is the final position of
the ejecta particle at the end of the integration. The boundary
conditions are given as 0° < &g < 360°, — 90° < §, < 90° and — 90° <
X < 0°. Note that the optimization problem is here reduced in
finding three angles, «, (in-plane angle or azimuth), §, (out-of-
plane angle or elevation), and xy (e.g. V = Vo With x = 0°).

Figure 5 shows an example of solutions for the proposed
TPBVP when the size of the ejecta particles varies from 1 mm to
10 cm in diameter for different ToF. The reflectivity coefficient
(C,) of the particles is assumed to be 1.1. We selected a time
interval of 1 day to forecast the probability of the ejecta hitting
the Hayabusa 2 spacecraft. While the TPBVP provides a possible
trajectory between the point of impact and the spacecraft, it is
necessary to now calculate the probability of the dust particles
being ejected at a specific azimuth (a) and elevation (J,). For
further details on the Hayabusa 2’s escape trajectory, refer to
Saiki et al. (2017, 2020).

Figure 6 shows the profile of the ejecta escape velocity at the
SCI impact location, the elevation angle, and the relative ejecta-
spacecraft impact speed as a function of the size of the dust
particles for the solutions in Figure 5. The light blue curves
represent solutions at different ToF (1, 2, 3, 4, 5, and 6 days after
the SCI impact). The escape velocity of all the calculated solutions
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is above the theoretical value of 0.38 m/s for a point mass gravity
model (+/2u,/r,)* as shown in Figure 6A (black dashed line).
Figure 6B shows the elevation angle compared with the
theoretical value of the scaling laws’ crater model (black
dashed line) (Wada, K. et al,, 2021; Arakawa et al, 2020).
This highlights that, although we find potential trajectories
between the SCI impact and the location of the Hayabusa
2 spacecraft by solving a TPBVP, not all the solutions found
are probable when matched to the crater model theory (Wada, K.
et al.,, 2021; Arakawa et al., 2020). Therefore, we now evaluate the
probability of a number of particles being ejected at a specific
azimuth and elevation. The following impact probability density
function is thus assumed:

t+At

P(t) = J N(>re;)PuPs dt, (8)

t

where N(> ;) is the power-law distribution of the ejected particle
size with r,; being the ejecta radius. P, and Ps are the density
functions of a particle being ejected from the crater at a particular
azimuth, «, and elevation, &, respectively. The power-law
distribution of the ejecta particle size is given by (Holsapple
and Housen, 2007; Yu et al., 2017; Wada, K. et al., 2021):

2
N(>r.;) = <“") S ﬁ: ©)

rej

where r,; is the radius of a spherical dust particle, M,; is the total
mass of the ejected particles, 7,y is the maximum particle radius
set at 10 cm while m,,,, is the mass of a particle of 10 cm in

2 r,is the equivalent sphere radius of the asteroid.
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radius, estimated as 8 kg (Wada, K. et al., 2021). The total mass of

M.

¢j is approximated by

particles ejected from the crater,
computing the volume of a sphere cap:

2
Y

chp - T[h (Rcmter 3 ),

3 (10

where h is the height of the cap, R4, is the radius of the cap and
it corresponds to half of the diameter of the estimated crater.
Here, we investigated two extreme cases for a 20 m and 8 m crater
[actual crater size (Arakawa et al., 2020)]. Finally, the total mass is
computed as M; = V,,p.; where the density of the ejecta, p,;, is
equal to 2.5 g/cm’. Figure 7 shows the power-law distribution
presented in Eq. 9 as a function of the radius of the particles.
Given a predefined escape trajectory for the Hayabusa
2 spacecraft, the formulated TPBVP allows us to obtain the
deterministic trajectory flown by a particle from the SCI
impact point on Ryugu’s surface to a specific location along
the Hayabusa 2’s escape trajectory. This allows us to precisely
estimate the ejection speed of the particle and the impact
speed with the Hayabusa 2 spacecraft regardless of the terrain
conditions. The solution from the TPBVP allows us to
determine the effect of the damage by estimating the speed
of the impact. A sensitivity analysis is then carried out as a
function of particle sizes. The probability heavily depends on
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the terrain condition and it provides us with an estimation of
the number of particles that could impact the spacecraft. Here,
the nominal case of a symmetric crater and ejecta cone is
assumed as the first approximation of the number of particles
that can intercept the spacecraft. Note that the artificial crater
formed on Ryugu was not found to be symmetric due to the
presence of boulders (Wada, K. et al., 2021). Thus, this implies
that the probability along the azimuth is not uniform and
certain azimuth angles are less likely to have contributed to the
ejection of particles. However, the most important point of
this estimation is to establish the damage effect which is
quantified directly as a solution of the TPBVP while the
terrain conditions affect the estimation of the overall
number of particles that could intercept the spacecraft. In
this case, the TPBVP has shown that the speed of the particles
that would impact the spacecraft is within the design limit
thus the terrain conditions do not affect the estimation of
damage but rather the number of particles that intercept the
spacecraft. The choice of a symmetric crater model was made
as these analyses were carried out during the SCI operations
and it provided an initial estimate. We can now compute the
fraction of particles that would hit the spacecraft when leaving
the surface of Ryugu in a specific azimuth direction, «. Thus,
the density function is given by:

frontiersin.org
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Dy, and L are the distance from the SCI impact site and the

where the angle 6 is shown in Figure 8. Figure 8 shows the crater
size in blue with diameter D and 6 is computed, knowing the
distance of the Hayabusa 2 spacecraft from the SCI impact point,
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Hayabusa 2 spacecraft and the spacecraft’s 8 m cross-section,
respectively. The fraction of particles that can hit the spacecraft
from a particular elevation direction § is given by:

Ps=1- (P(amean + A(s) - P(ameun - AS))) (12)
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TABLE 2 Probability of the number of particles (N) per day that are predicted to collide with the Hayabusa 2 spacecraft: results for a 20 m crater.

ToF Ejecta diameter Collision t (Eq. 13) N/day
speed on HY2
Days cm m/s mm
1 0.1 0.54 8.51183E-4 4.59275E-08
2 0.1 0.8 0 787.185
2 0.44 0.02 -
4 0.36 0.03 -
6 033 0.04 -
8 031 0.05 -
10 03 0.07 -
3 0.1 1.03 0 792.92
2 0.46 0.02 1.83
4 0.34 0.03 0.25
6 0.28 0.04 0.03
8 0.26 0.05 0
10 0.24 0.05 0
4 0.1 1.13 0 591
2 0.5 0.02 1.9
4 043 0.03 041
6 042 0.05 0.21
8 041 0.07 0.13
10 0.42 0.09 0.06
5 0.1 1.42 0.002 0.182
2 0.54 0.02 0.077
4 0.39 0.031 0.1621
6 035 0.044 0.18
8 0.34 0.058 0.1264
10 033 0.072 0.0571
6 0.1 1.73 0 0.004
2 0.62 0.02 0.0002
4 04 0.03 0.0004
6 0.33 0.04 0.0008
8 0.3 0.05 0.0013
10 0.28 0.06 0.0019

where P is the cumulative distribution function, 6,,c4, = 45,
AS is the difference in the elevation direction between the
mean value (8,,¢.,) and the one of the particle’s velocity (V)
computed with the TPBVP and 1o = 10% 6,0, Which are
given from the ejecta model from impact (Holsapple and
Housen, 2007; Wada, K. et al., 2021; Arakawa et al., 2020).
Figure 9 shows the velocity distribution in the x-y local
horizon plane as a function of the elevation. The local
horizon plane is defined as shown in Figure 4 (light blue
plane). Equation 12 was used to obtain Figure 9, where each
point in the figure represents a direction of V.

Frontiers in Space Technologies

Figure 10 shows the ejecta velocity in the x-y local horizon plane,
V,, computed with the TPBVP method as a function of the ToF
(days after impact, Figures 10A-F) and the ejecta diameter size (color
bar in Figure 10). Figure 10 shows that solutions from the TPBVP for
millimeter-sized particles can be found on day 1 after impact, while

xy

centimeter-sized particles could intercept the spacecraft from day
2 after impact. It is also interesting to notice how the azimuth (in-
plane angle of the x-y local horizon plane in light blue in Figure 4)
changes showing that on day 6 of ToF the ejecta particles share the
same azimuth. Figure 11 shows the Ps computed in Eq. 12 for the
solutions shown in Figure 10. This shows that millimeter-sized
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TABLE 3 Probability of the number of particles (N) per day that are predicted to collide with the Hayabusa 2 spacecraft: results for a 8 m crater.

ToF Ejecta diameter Collision t (Eq. 13) N/day
speed on HY2
Days cm m/s mm
1 0.54 0.54 8.5E-4 1.11327E-08
2 0.1 0.8 0 19.08
2 0.44 0.02 -
4 0.36 0.03 -
6 033 0.04 -
8 031 0.05 -
10 0.3 0.07 -
3 0.1 1.03 0.0015 19.22
2 0.46 0.0177 0.044
4 0.34 0.028 0.006
6 0.28 0.037 0.00063
8 0.26 0.046 0.0001
10 0.24 0.054 0.00002
4 0.1 113 0.0016 0.1433
2 0.5 0.019 0.046
4 043 0.0343 0.01
6 0.42 0.051 0.005
8 041 0.069 0.003
10 0.42 0.0883 0.0013
5 0.1 1.42 0.002 0.0044
2 0.54 0.02 0.019
4 0.39 0.0315 0.004
6 035 0.044 0.0044
8 0.34 0.058 0.0031
10 033 0.072 0.0014
6 0.1 1.73 0 0.0001
2 0.62 0.02 0
4 04 0.03 0.00001
6 033 0.04 0.00002
8 03 0.05 0.00003
10 0.28 0.06 0.00005

particles are likely to collide with the spacecraft in the first 3 days after
impact while centimeter-sized particles are more likely to collide with
the spacecraft after day 4 from the SCI impact. The color associated to
each histogram in Figure 11 matches the day of impact as presented in
Figure 6.

We now want to evaluate the probability of damage (Wijker,
2008) to the spacecraft based on the relative ejecta-spacecraft
impact velocity and the probability of impact. Thus, the target
thickness equation is here used (Wijker, 2008):

t= Klmop‘mvgmpi, (13)
where m,, is the projectile mass (g), in our case, a spherical
ejecta particle, and v, is the relative impact speed of the ejecta

Frontiers in Space Technologies

1

on the Hayabusa 2 spacecraft (computed with the TPBVP,
Figure 6C). K| is the constant of the target material, assumed
to be 0.55 for an Al panel of the spacecraft, p, is the density
(g/cm’®) of the ejecta assumed as 2.5 g/cm’. The formula in
Eq. 13 allows us to compute the thickness threshold, ¢, of a
single Al plate. The acceptable penetration threshold
for an Al single plate is 0.289 mm to avoid permanent
damage.

4 Probability of damage results

In this section, two sizes of crater were considered of
20 m and 8 m respectively. The results of the TPBVP were
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in the ejection speed.

used to compute how many particles per day will collide with
the Hayabusa 2 spacecraft and also the thickness of
penetration given in Eq. 13 was evaluated to estimate the
possible damages. Tables 2, 3 show the daily forecast
probability of the number of particles that could collide
with the spacecraft (N/day) as for Eq. 8. This analysis is
done by varying the diameter size of the ejecta particle
between 0.1 and 10 cm. The TPBVP is solved to compute
the collision speed on the Hayabusa 2 (HY2) spacecraft
which allows computing the thickness of penetration, t
(Eq. 13). Missing solutions in the N/day column imply a
lack of probability that the event occurs. Indeed, only
particles of 0.1 cm size can impact the spacecraft on day
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Zero velocity curves of a 10 cm particle with ejection speed increasing from 15 cm/s (A) to 70 cm/s (B). The figures from (A—1) shows a variation
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1 after the SCI impact (6 April 2019). Day 2 (7 April 2019)
and 3 (8 April 2019) were the most likely days for ejecta
particles to collide with the spacecraft. However, the
thickness of penetration is far below the damage threshold
0f 0.289 mm for both the 20 m and 8 m crater sizes. Figure 12
show the N/day probability for the 20 m (Figure 12A) and
8 m (Figure 12B) crater respectively. We could thus conclude
that the Hayabusa 2 escape trajectory was a safe strategy to
avoid the ejecta particles generated from the SCI impact.
While millimeter-sized particles were likely to collide with
the spacecraft two-three days after impact, centimeter-sized
particles could collide with the spacecraft after day 4 (9 April
2019), causing no expected damage. The overall fraction of
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Zero velocity curves of ejecta particles of 1 mm (A,D,G,J) 1 cm (B,E,H,K) and 10 cm (C,F,1,L) size (columns of figures) as a function of the ejecta
speed (rows of figures).

particles colliding with the spacecraft is negligible and
although a small fraction could collide with the
spacecraft, the collision speed was under the Al panel
design threshold.
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5 Hill problem

So far we have demonstrated that the ejecta particles from the SCI
impact could not damage the spacecraft while following its escape
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trajectory during the SCI operation. However, it is useful to illustrate
how the effect of SRP and particle size affect the qualitative motion of a
particle. In Soldini et al. (2020a), the scaling laws were used as a first
guess of the ejecta curtain for direct integration in an N-Body planetary
model (goNEAR tool). In this study, we found that centimeter-sized
particles could stay in orbit for a few weeks. Thus, we are interested in
evaluating the qualitative motion of particles with ejecta speeds close to
the theoretical escape value of 38 cm/s. Moreover, the two touch-down
operations have also contributed to lifting off ejecta particles from the
surface of Ryugu. In this section, we provide a qualitative insight into the
Hill sphere of influence where the boundaries of motion, known as Zero
Velocity Curves (ZVCs), can be quickly visualized. The Sun-Ryugu
photogravitational Hill problem is here assumed where the Sun’s and
Ryugu’s gravity is modeled as a point mass and the effect of SRP is taken
into account (Soldini et al., 2020c). The Hamiltonian nature of the
problem allows defining an integral of motion (Jacobi constant), thus,
given an initial state of the particle, its motion could be bounded
according to the value of its corresponding Jacobi constant. The Hill
problem is defined in rotating coordinates with the system centered on
Ryugu and the Sun’s sharing a fixed distance with Ryugu with
coordinates x < 0 and y = z = 0. Figure 13 shows the case of the
ZVC for a 10 cm size particle when the ejection velocity, Vj, is varied
between 15 and 70 cm/s. The white area represents a region where the
motion of the ejecta particle is possible while the green area is the so-
called forbidden region of motion. The ZVC is the curve that separates
the white region from the green. As shown in Figure 13, ejection speeds
lower than 30 cm/s means that the particle can not escape the sphere of
influence of Ryugu (i, either re-impact the surface or stays in orbit).
Above 40 cm/s, the particle is free to escape Ryugu. The case of 35 cm/s
can still provide long-term orbiting motion due to the cap shape of the
Hill sphere. By increasing Vj, the ZVC tends to get closer towards the
Sun’s, reaching a distance from Ryugu of 1,400 km for an ejecta speed of
70 cm/s. Thus, it is possible to make use of this qualitative information
for selecting a safe location for placing the spacecraft during the impact.
Indeed, ejecta with a velocity below 40 cm/s would allow the spacecraft
to be easily located in safe areas far from any debris if positioned inside
the forbidden regions (green areas in Figure 13). Conversely, for ejecta
with a velocity above 40 cm/s, the altitude of the forbidden regions
reaches distances above 100 km which is the maximum distance that
the Hayabusa 2 spacecraft has operated from Ryugu. In cases where the
forbidden regions are at higher altitudes, the best approach is to place
the spacecraft behind the asteroid to shield it from the ejecta, as was
done for the Hayabusa 2 spacecraft.

Figure 14 shows the comparison of the ZVC for the size of particles
of 1 mm, 1 cm, and 10 cm (columns of figures) and ejecta speeds of 30,
35, 40, and 45 cm/s (rows of figures). Millimeter-sized particles are
prone to a fast escape while centimeter-sized particles require a higher
ejection speed. While ejecta particles were less likely to impact the
spacecraft along the escape trajectory during the SCI operation, we have
here presented qualitative scenarios of bounded particle motion around
Ryugu. As said, the forbidden regions represent a potentially safe space
for the spacecraft to be placed during impact. However, it is expected
that particles of different sizes and ejecta speeds are lifted-off by the
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impact, thus making it difficult to define a forbidden region that holds
true for all the analyzed cases. The favorable option is to place the
spacecraft in a shielding position behind the asteroid itself which was the
rationale for the Hayabusa 2’s escape trajectory after the SCI impact.
Nevertheless, these considerations allow us to identify the particle sizes
and ejecta speeds that could pose a long-term risk for the spacecraft. In
the cases where the motion of a particle is bounded or quasi-bounded to
the asteroid, it can not escape the asteroid’s gravity field, thus potentially
staying in long-term orbit around it as shown in Figures 13A-D and
Figures 14B-F.

6 Conclusion

In this article, a two-point boundary value problem was
proposed to compute the ejection speed from the SCI impact
site and the relative ejecta-spacecraft impact speed. The probability
for a particle to be ejected at a specific azimuth and elevation was
also taken into account following the crater scaling laws. This
method allowed forecasting of the number of particles per day that
were likely to collide with the Hayabusa 2 spacecraft along its
escape trajectory. The target thickness equation for a single Al
plate was used to conclude that the SCI impact did not pose a risk
to the Hayabusa 2 spacecraft. Finally, an insight into the qualitative
motion of ejecta particles around Ryugu was also presented. The
methodology proposed here can be easily adapted to artificial
impact experiments, for example for the probability of damage to
LICIACube from NASA’s DART impact.
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