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Abstract

Contact binary asteroids are ubiquitous in the solar system: the Kuiper belt, main belt, and near-Earth populations all house these
complex aggregates. Although contact binaries account for approximately 10% of small bodies in the Solar System, the formation
of one has yet to be observed. We present a preliminary mission design to create a contact binary asteroid and observe its formation
using a binary NEO system, a kinetic impactor, and an observer spacecraft. Not only does this mission address an important gap
in planetary science, it also serves the planetary defense community: it will further demonstrate planetary defense technology to
provide unique observation opportunities. A binary system offers a convenient natural laboratory for this mission, as the ability
to form a contact binary using a kinetic impactor depends greatly on the size of the target and the proximity to its parent body.
From among all known binary near-Earth objects, binary asteroid system (350751) 2002 AW was chosen for this case study. A
spacecraft can achieve rendezvous with this system from low-Earth orbit with a total AV = 4.3 km/s. The system also includes a
50 meter secondary (the lower bound of asteroid size for which a kinetic impactor might be used). A pair of spacecraft launch on
the same launch vehicle and separate before asteroid impact. The two spacecraft are (1) an impactor that has been adapted from
the DART spacecraft and (2) an observer spacecraft that will rendezvous with the binary system and observe the creation of the
contact binary. The spacecraft impact must be designed such that it redirects the secondary into a collision course with the primary
while not catastrophically disrupting the target asteroid. Impact parameters such as angle of impact, catastrophic disruption limit,
and the 8 factor have been considered. Among other design decisions, we present our target-selection methodology, launch-vehicle

considerations, and launch window opportunities.
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1. Introduction

1.1. Binary Asteroid Systems & Contact Binaries

Approximately 16% of of near-Earth objects exist in binary,
triple, or even quadruple systems where, generally, a more mas-
sive asteroid is orbited by less massive asteroids called “moon-
lets” or “secondaries” [1, 2]. The irregular shape and rela-
tively low mass of asteroids allows for small perturbations to
greatly alter the orbits of the secondaries in these systems, lead-
ing to complex orbits. Among other perturbation effects, the
Binary Yarkovsky-O’Keefe-Radzievskii-Paddack (BYORP) ef-
fect is particularly prominent, as it can cause the lifetime of a
binary system to be lower than 10° years [3, 4].

One product of the BYORP effect is the creation of contact
binaries, which are objects formed from one or more distinct
objects impacting each other at low relative speeds. Contact bi-
naries are ubiquitous in every part of the solar system: Kuiper
belt object 486958 Arrokoth imaged by NASA’s New Hori-
zons, comet 67P/Churyumov-Gerasimenko explored by ESA’s
Rosetta, and near-Earth object (NEO) 25143 Itokawa sampled
by JAXA’s Hayabusa are all likely contact binaries [5, 6, 7, 8].
These bodies, shown in Figure 1, represent some contact binary
shapes and illustrate how unique each one is. These three bod-
ies may all be contact binaries, but their formation processes are
unlikely to be the same. Approximately 10% of all small solar
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system bodies are expected to be contact binaries [9, 10, 11].
Despite their relative prominence in the Solar System, the for-
mation of a contact binary has never been observed. The mis-
sion designs in this paper would provide the unique opportunity
to observe contact binary formation and do so while using her-
itage technology.

The BYORP effect is understood to be the primary driver to-
ward contact binary creation, but contact binary formation is
not constrained to this one process [12, 13, 14]. Contact bina-
ries can also be created if there is a relative contact speed be-
tween two bodies on the order of their mutual escape velocity
[15]. Any greater than this relative contact speed, and the two
bodies will impact and fail to form an amalgam, but instead
glance off each other or, in cases of highly energetic collisions,
catastrophically disrupt [16]. The resulting shapes of these bod-
ies is highly dependent on the impact velocity and angle of im-
pact, with more head-on collisions resulting in more cohesive
amalgams and lower angles of impact creating bi-lobed bodies
where both previously distinct bodies nearly retain their origi-
nal shape [15].

Combining the statistics for contact binaries and binary sys-
tems, it is expected that they account for about 25% of small
bodies in the near-Earth population. This means that 25% of
the hazardous asteroids to Earth may be irregularly shaped (i.e.
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Figure 1: Arrokoth (top), 67P/Churyumov-Gerasimenko (center), and Itokawa
(bottom). Images courtesy of NASA, ESA, and JAXA.

questions arise as to where a kinetic impactor should aim to ef-
fectively deflect the body) or have a secondary (i.e. questions
arise as to how to efficiently deflect both bodies). Beyond pro-
viding detailed observations of contact binary formation, this
mission provides a mitigation strategy for small binary sys-
tems if they pose a threat to Earth where a kinetic impact to
the secondary could simultaneously combine the primary and

secondary into a single body and remove mass from the sys-
tem.

1.2. Kinetic Impact to Small Bodies

Impacting an asteroid with a kinetic impactor reproduces the
effects of high energy collisions of small Solar System bodies.
Interestingly, it is most likely that the spacecraft’s imparted mo-
mentum to the target body will be multiplied. That is, if a per-
fectly inelastic collision predicts 1 mmy/s of change in a target’s
velocity, the target would likely experience > 1 mm/s of veloc-
ity change. This surprising result is caused by the ejecta streams
that result from high energy impacts. During a collision, mass
will be excavated and removed from a target and much of it
will exit the target at non-negligible speeds. For this mission
and planetary defense missions that use kinetic impactor tech-
nology, this behavior means that to precisely describe the mo-
mentum imparted to a target, one must know the individual mo-
mentum of each ejected particle and sum up that momentum.
Rather than attempt do this, we instead use the multiplicative
momentum factor, 8 [17, 18, 19]. The S factor multiplies the
momentum imparted to a target from an impactor by account-
ing for the momentum of the ejecta excavated by the impact
event. § < 1 means less momentum was imparted to the target
than an inelastic collision and 8 = 1 means that a collision is
fully inelastic. A 8 < 1 is unlikely for high energy impacts, and
instead 8 > 1 is an expectation when using a kinetic impactor
[20]. B > 2 indicates that most of the momentum imparted to the
target was supplied by ejecta rather than the kinetic impactor,
as was true of the DART mission and will likely be true of this
mission [21].

1.3. Mission Architecture

The NASA DART spacecraft successfully impacted Dimor-
phos on September 26, 2022 [21, 22, 23, 24]. This mission
was Earth’s first asteroid deflection mission, and the results and
technology of the DART mission will be utilized throughout
this paper to further develop this mission. The DART mission
used a kinetic impactor to alter the orbit of the secondary body
in a binary asteroid system, with the expressed goal of deflect-
ing the asteroid and measuring the momentum imparted to it
[21]. Our goal is not only to deflect the asteroid with a kinetic
impactor but to cause the secondary to meet the primary aster-
oid body and form a contact binary. The mission architecture
outlined here uses a mission plan that was proposed previously
for measuring asteroid deflections [25]. Here, we adapt this
architecture to the binary-system target for the following oper-
ations concept:

1. The observer and impactor launch together on a single
launch vehicle and arrive on heliocentric orbit via direct
injection.

2. The two spacecraft separate when coasting in the heliocen-
tric orbit. Along the coasting phase, the impactor maneu-
vers to delay its approach to the system.

3. The observer performs a rendezvous burn with the binary
system.



4. The observer characterizes the two bodies, providing in-
sight into their orbits, masses, densities, shapes, and sur-
faces.

5. The impactor adjusts its orbit using the data provided by
the observer to optimize contact binary creation. It impacts
the secondary.

6. The observer images the contact binary formation and pro-
vides data on the ejecta profile, interior of the secondary,
and effectiveness of impact. After the impact, the ob-
server’s primary goal is to characterize the impact and
gather more data about the system, especially the interior
of the secondary.

1.4. Assumptions and Constraints

We model the primary and secondary as spheres, a conserva-
tive assumption because most likely the asteroids would impact
along their long axes. The long axes of the asteroids are, gener-
ally, in the plane of their motion in binary systems; so, treating
the asteroids as spheres also reduces complexity. We assume
that the asteroid that the spacecraft impacting is a rubble pile,
as is expected of most asteroids in the size range we investigate
[26]. We assume that all secondaries in this study are in circular
orbits around their primary unless better data is available. The
final, significant assumption that we make is that the plane that
the secondary asteroid rotates around the primary on is the same
plane with which the impactor spacecraft approaches such that
all momentum imparted to the secondary will be in the plane of
its current motion. That is, there is no inclination between the
impactor spacecraft and rotation of the secondary, and so we do
not account for a pre-impact inclination change maneuver. We
do, however, provide propellant contingency to account for the
possibility of this burn. This assumption acknowledges that the
the inclination of the secondary’s orbit unknown for this sys-
tem, and yet such a maneuver is likely insignificant even if it
were required.

We constrain the search for binary systems to the near-Earth
population because rendezvous with these objects require less
propellant, which means the observer spacecraft can arrive with
more mass and therefore perform more science. The sizes of
spacecraft that we use are also constrained. The observer space-
craft’s mass shall be no greater than 420 kg, the mass of the
ESA AIM spacecraft with a 33% mass contingency [27]. The
impactor spacecraft’s impacting mass is 483 kg, which is iden-
tical to the estimated dry mass of the DART spacecraft [28].
Our expected dry mass will be lowed than this, as we discard
much of the solar arrays and electric propulsion mass and outfit
the spacecraft with a leaner chemical thruster unit. However,
we still use this value for the impacting mass because there will
also be some mass remaining from necessary attitude control
thrusting and final approach burns for path correction.

2. Mission Design

2.1. Binary System Selection

In order to obtain launch windows and generate a first-cut
approximation of total AV for this mission, we used the JPL

small body mission design tool [30]. However, the overall min-
imum AV transfer did not fully determine which binary aster-
oid system we selected. We also consider what impact speed
is necessary to lower the orbit of the secondary to impact the
primary. For example, the Didymos-Dimorphos system could
not be chosen because it requires unattainable relative veloci-
ties in order to achieve this desired mission result, despite hav-
ing reasonable total AV transfers. Therefore, all binary systems
near to or greater than the Didymos system’s size were excluded
from consideration. We include the Didymos system in Tables
I and 2 as a reference for what was excluded from the search.
We used the assumption of a fully inelastic collision to deter-
mine if a system was worth considering, as this gives a good
approximation of the order of magnitude for the necessary im-
pact speed.

The known parameters for each system are the diameter of
the primary, D,, diameter of the secondary, D;, pre-impact
semi-major axis, a;, and period of secondary’s orbit, 7. Den-
sity, p, is

p=—H (1)
G (D} + D3)
and is assumed to be equal for the primary and secondary bod-
ies. G is the gravitational constant and u is the system’s stan-
dard gravitational paramter. We then define the radius of im-
pact, riyp as

Ds+D
Fimp = : 2_17 2)

and this is used as the radius of periapsis for the minimum and
maximum momentum transfer cases. Because we now have an
apoapsis, a;, and periapsis, rj,,, we can define

a; + Timp

Afmax = T (3)

which is the maximum post-impact semi-major axis for an im-
pact event. We now determine the post-impact speed of the

secondary
2u H
Vp= 2 - “
i f.max

which is either perfectly parallel or antiparallel to the sec-
ondary’s initial velocity. In order to account for these two cases,
we must. We now define 6V as

u

_ B
a; A fmax a;

which is the change in speed of the secondary caused by the im-
pact. V; is the speed of the secondary before impact. 5V has two
solutions because in the bounding cases of maximum and mini-
mum velocity change, the secondary will either continue along
its current path (+ case) or move opposite its initial path and
with the same final speed (— case). The mass of the secondary
is found via
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Table 1: Physical parameters of binary system candidates for impact-induced contact binary creation. All data is derived or provided by Johnston’s archive [29].
The Didymos system is not a target candidate but is listed to emphasize which systems cannot be considered for this mission design.

Name Primary Diameter (m) Secondary Diameter (m) Semi-Major Axis (m) Period (days)
Didymos 780 170 1190 0.4971
1990 OS 300 50 600 0.875
1999 RM45 165 74 290 0.6852
2000 UGI1 260 130 426 0.7667
2002 AW 230 50 520 1.047
2002 TY57 330 60 420 0.4485
2003 SS84 120 60 270 1
2003 UX34 280 100 460 0.625
2004 BL86 320 70 500 0.6
2006 GY2 400 80 500 0.487
2009 FD 150 90 250 0.6
2014 WZ120 300 100 500 0.56938
2017 RV1 300 100 470 0.5896
2018 TF3 270 60 350 0.438

assuming a perfect sphere. The minimum and maximum values
for the spacecraft’s relative speed to the secondary asteroid are
given by

myg

Ve =6V @)

where my,. is the mass of the impactor. We also give this equa-
tion in terms of only known parameters and constants as

2D, + 2Dy i
i —
2a; + D, + Dy

to help show how system parameters affect the V. values. Val-
ues for maximum and minimum V. for each candidate system
are shown in Table 2. The variable V, is used to represent a
spacecraft’s speed if it were to be moved infinitely far from a
gravity source with its current energy such that there was no
potential energy. In these systems, the gravitational energy pro-
vided by the asteroid system is effectively negligible with re-
spect to the spacecraft’s kinetic energy which results in V,, be-
ing nearly identical to V.. For example, in the system 2002
AW, V. was 2.3E-8% larger than V. Because of this minute
difference, we approximate the relative speed of impact as V...

The data in Table 2 motivate selecting the system (350751)
2002 AW (hereafter referred to as 2002 AW) [29, 31]. This sys-
tem meets two distinct criteria: the V,, value required to create
the the contact binary is readily attainable and a rendezvous or-
bit with the system requires a low total AV. If only accounting
for the most attainable V,, value, we would select system 2003
SS84. However, to rendezvous with this system would require a
total mission AV more than double that of 2002 AW. The total
AV value is more important to us because a lower AV means
a more massive and capable observer spacecraft, on which the
data-gathering is dependent. If we were to use any launch vehi-
cle and be free from mass constraints, other systems would be
of greater interest and other criteria would be more important.
We would still need an attainable V, value but we could then
look at maximizing the range of 8 values. That is, maximizing
the chance that the binary system is created after impact. g3 rep-
resents the greatest level of uncertainty in this mission but we
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discuss our results in Section 4.2 and how that relates to mission
success. From Table 2, 2018 TF3 and 2009 FD would be excel-
lent options for maximizing the range of 5 values. Both of these
systems have their maximum V,, more than 9 times greater than
their respective V. This means that if the impactor spacecraft
were to impact exactly at the minimum V,,, any 8 between 1
and 9 would result in collision. Our selected target has a maxi-
mum V,, 4.73 times greater than its minimum V,,, which means
that there is smaller range of 8 values for which an impact will
form a contact binary. We use 2002 AW for this case study be-
cause of its convenient total AV but we recognize that, while
we determine it to be the optimal target for this mission itera-
tion, it is likely not the optimal target among all possible binary
systems.

2.2. Launch Window and AV Requirement

——Earth

——2002 AW

- - .Observer
Impactor

Figure 2: The specified transfer orbit to achieve the mission. The x and y axis
are measured in astronomical units. 1 astronomical unit (AU) = 149597870.691
km.

The trajectory has a departure date of June 12, 2034 on a
Falcon 9 launch vehicle with a C3 = 5.852 km?/s2. The im-
pactor spacecraft departs from the heliocentric rendezvous orbit



Table 2: Assuming a fully inelastic collision and a 483 kg impactor spacecraft, the relative velocities required to carry out this mission are listed. Also included
is the minimum AV transfer required for a rendezvous mission to the system before 2040. Data acquired using the JPL small body mission design tool [30]. The
Didymos system is not a target candidate but is listed to emphasize which systems cannot be considered for this mission design.

Name Min. V., Required (km/s) Max. V., Allowed (km/s) Min. Total AV (km/s)
Didymos 488.2 3503 6.2
1990 OS 3.49 17.78 6.5
1999 RM45 5.12 38.28 13.5
2000 UGL11 20.10 173.6 10.0
2002 AW 2.69 12.76 4.3
2002 TYS7 5.01 44.16 10.3
2003 SS84 2.06 12.03 8.9
2003 UX34 22.44 168.2 11.5
2004 BL86 8.97 62.54 12.6
2006 GY2 9.97 92.50 11.1
2009 FD 7.46 69.19 8.6
2014 WZ120 35.21 2533 14.5
2017 RV1 23.06 179.8 8.5
2018 TF3 4.61 41.64 11.9
Launch on Falcon 9 Observer rendezvous . . . .. .
6/12/2034 4/23/2035 is sufficient for this mission design.
Table 3: The payload masses of different launch vehicles for C3 = 5.8516
< 315 Days > | < 165 Days > km?2/s2.
P> Vehicle Version Payload Mass [kg]
274 Days 206 Days Falcon 9 Full Thrust, RTLS 1255
Antares 232 1455
. . 002 AW Falcon 9 Full Thrust, ASDS 2655
T Valean ves 230
Falcon Heavy Recovery 5735
Figure 3: Timeline of key mission events. The line beyond the impact indicates New Glenn New Glenn 6115
Extendeq mission duration, as the observer will continue to image the system Vulcan VC4 7700
eyond impact.
Vulcan VC6 9815
Falcon Heavy Expendable 13395

on March 12, 2035 where it performs a 2.359 km/s burn so that
the observer spacecraft can fully characterize the system before
the impact occurs. This allows the observer spacecraft to ren-
dezvous with 2002 AW well before impact, as the observer will
arrive with Vo, = 1.894 km/s and 165 days before impact. The
total mission AV = 4.313 km/s for the observer. The impactor
arrives with V, = 2.391 km/s, which we take as the impacting
velocity.

2.3. Launch Vehicle Selection

Table 3 represents the launch vehicles that could perform this
mission if it needed to be launched this year. It does not rep-
resent the launch vehicles that will necessarily be available in
2034 but does provide a basis for what could support the mis-
sion. The mission will use a Falcon 9 rocket as its launch ve-
hicle. With a C3 = 5.852 km?/s?, the Falcon 9 has a 2655 kg
payload capability (for ASDS landing) according to a NASA
Launch Services Program Launch Vehicle Performance Web-
site performance query. Not only was it the launch vehicle
that the DART mission relied on, but it is also a less expen-
sive launch vehicle because of its reusability. As explained in
Section 2.4, the payload mass for this mission (including signif-
icant contingency) is 2496 kg, so the Falcon 9’s 2655 kg limit

2.4. Technology to be Utilized

The technology risk for this mission is low. It can incorporate
technologies that have already flown or are being developed as
parts of future missions—i.e. TRL 5 or higher. Specifically, we
use the DART spacecraft as a model for the impactor in this
mission, but with some key differences. This mission uses a
modified version of the DART spacecraft. The spacecraft was
630 kg at launch and impacted Dimorphos at 579 kg after ex-
pending propellant and ejecting LICIACube, its CubeSat com-
panion. The impact mass of the impactor we use in this paper is
483 kg, identical to the dry mass of the DART spacecraft, which
is the spacecraft’s dry mass plus 50 kg of unused chemical pro-
pellant. The baseline mission does not use electric propulsion
but, instead, uses chemical thrusters. This choice reduces the
mass of solar arrays, which reduces inertia and therefore ben-
efits the attitude-control (ACS) subsystem: the reduction leads
to lighter ACS hardware and permits higher-bandwidth attitude
control. Roll-out solar arrays, like the DART spacecraft used,
sacrifice some maneuverability for launch volume. While this
choice made sense for DART, which requires more power, it
is not necessary here. A camera similar to DRACO, baselined
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Figure 4: Earth to asteroid 2002 AW porkchop plots. The left plot details the Earth C3 value and Vo, at 2002 AW for the observer spacecraft. The right plot shows
the total wet mass that the impactor spacecraft can have for these transfers from LEO to rendezvous with 2002 AW. It is created assuming a Falcon 9 will be used
as the launch vehicle. The optimal transfer maximizes the maximum wet mass for the impactor.
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Figure 5: Impactor porkchop plot. The selected transfer is at a point where:
(1) the impact to the secondary has a high chance to produce the contact binary
and (2) the wet mass of the impactor is less than the maximum provided by the
optimal transfer in Figure 4. There are many points in this figure where one of
the two criteria are met, but both are necessary. The selected transfer point has
a Vo = 2.4 km/s (an impact velocity with a high likelihood of contact binary
production for our impactor spacecraft) and minimizes the required impactor
spacecraft mass for that impact velocity.

on DART, could provide optical navigation here. Though Di-
morphos and Didymos are much larger than 2002 AW, DART
approached them much faster than would be the case for this
mission (6.14 km/s versus 2.39 km/s) [32]. Therefore, the tar-
get is visible for less time than DART could image Dimorphos,
but this difference should not present a significant issue for nav-
igation.

The observer spacecraft is inspired by the ESA AIM space-
craft, which was intended to characterize the Didymos system
before DART impacted and then measure the effects of the im-

pact. The AIM mission did not occur, but the spacecraft was
partially redesigned and became the Hera mission, which will
instead obtain detailed data about the post-impact Didymos sys-
tem [33]. The AIM spacecraft’s dry mass is estimated to be 420
kg (including a 33% mass contingency) which is the mass we
use for our observer [27]. AIM’s payload is designed specif-
ically to characterize a binary asteroid system before impact:
low- and high-frequency radar instruments to measure the inte-
rior of the body, imaging ability to scan the entire surface, and
thermal measurement of the surface are all capabilities of the
AIM spacecraft [34].

Shape models of the secondary will be used to pinpoint the
optimal impact area before the impact occurs. This realtime
data will benefit from information collected on the target aster-
oid by the Goldstone Radar, which will be able to observe it for
multiple years before the proposed launch date. That informa-
tion includes preliminary determinations of the shapes of the
primary and secondary [35]. The AIM spacecraft was meant
to arrive at the Didymos system 130 days before impact and
to characterize the secondary fully in that time. Not only are
the instruments on AIM suitable for the proposed observer, the
objectives for AIM are also nearly identical. The proposed ob-
server also has more time, 165 days compared to 130, to char-
acterize objects with much less surface area than those in the
Didymos system. So, this observer should be highly capable.
It will have the additional objective of imaging the aftermath
of the collision and formation of the contact binary, but the
timeline for these observations will be identical to those for
the DART system, as the timescale of ejecta evolution (some-
thing that AIM was meant to observe) is much greater than the
timescale for our contact binary creation [22].

2.5. Data to be Collected
The observer spacecraft will map the interior and exterior of
the secondary using high- and low-frequency radar before im-



Table 4: The mass breakdown for this mission design. CBE refers to the current
best estimate of the dry mass. The contingency masses are derived from [27,
28, 36]. Propellant mass is calculated as the mass necessary to perform all
maneuvers for the CBE + contingency mass of each component. All propellant
calculations use an /;;, = 235 seconds.

CBE 402 kg
Contingency 40 kg (10%)
Impactor Propellant 925 kg
Prop. Contingency 93 kg (10%)
Total 1460 kg
CBE 316 kg
Contingency 104 kg (33%)
Observer Propellant 523 kg
Prop. Contingency 52 kg (10%)
Total 995 kg
Total 2455 kg
Falcon 9 Launch 2655 kg
Mass Margin 200 kg

pact occurs to better estimate 8 before impact. This data not
only helps to complete the mission goals, but also has signif-
icant scientific value, as studying the interiors of solid bodies
is among the recent planetary science decadal’s priority science
questions [37]. Studying the interior of the secondary is particu-
larly important to this mission, as the relevant interior forces of
asteroids include non-negligible cohesion along with the grav-
ity resulting from the distinct boulders and rubble that make
them up [38, 39]. While the inclusion of cohesive forces may
not greatly alter the effects of an impact, studying them has sci-
entific importance and can be used to better model the history of
the secondary [40]. In addition to radio wave mapping, the ob-
server will thermally image the surface of the secondary with
a 20 meter spatial resolution and A/AA = 200 spectral resolu-
tion [34]. Although the strength of the contact binary interface
won’t be directly measured, the thermal imaging will provide
insight to the processes that the impact created and determine
how the surface and subsurface were altered [41, 42].

The gravity field created by the binary system can be de-
termined in multiple ways. In one method, we track where
ejecta disperses around the binary system, specifically measur-
ing where particles travel and deriving the gravity field from
their trajectories. This method has been used before to great ef-
fect on the OSIRIS-REX mission when the asteroid Bennu was
ejecting particles from its surface [43, 44]. Though this method
can certainly be used after impact, it is unlikely to be of use for
predicting density before impact. Another method is based on
measuring the trajectories of the observer spacecraft and lan-
der in the system and using their perturbed motion to determine
the gravity field. That is, the spacecraft will be controlled pre-
cisely and will experience perturbations. Comparing these per-
turbations with the designed trajectory of the spacecraft, given
enough measurements, allows us to determine the masses and
bulk densities of the primary and secondary.

Determining S8 after the impact will require understanding the
masses of the two bodies and will be helped by mapping the
ejecta plume created by the impact. Thus, understanding the

gravity field is only the first step towards understanding the pro-
cesses that we are causing. Perhaps most important to measur-
ing S8 is determining what the secondary’s path is after impact.
As shown in Figure 6, the trajectory of the secondary after im-
pact is highly dependent on S. Certainly, with knowledge of the
interior of the secondary provided by the observer spacecraft,
an expected 8 should be estimated before impact. This mission
provides an opportunity to test our best estimates of 3, includ-
ing significant known information about the system, against a
readily measurable impact.

3. Mechanics of Kinetic Impact

3.1. 2002 AW Density and Mass

There is little available information on the mass of the two
asteroids and, in available data sets, the densities are only as-
sumed [29]. Knowledge of the mass is critical, as it is linearly
related to the asteroid’s momentum change provided by the im-
pacting spacecraft. We determine the density of 2002 AW using
Equation 1 and the masses then are easily determined. For the
target asteroid 2002 AW, we derive the masses of the primary
and secondary asteroid to be 1.006E+10 kg and 1.034E+8 kg,
respectively. We determine y to be 0.6783 m?/s? and the den-
sity of each body to be 1579.1 kg/m?>. Based on lightcurve data,
it is known that 2002 AW is a B-class asteroid [31]. B-class as-
teroids have a reported average density of 2190 + 1000 kg/m?
which our derived density also agrees with [45]. Though these
derived quantities are used throughout this paper and are current
best estimates, they are not measured and therefore may not ac-
curately represent the actual binary system. To conclusively
derive these values with precision, a detailed shape model and
more data on the secondary’s orbit are necessary. We note that
even with the DART mission to Didymos and Dimorphos, the
densities of the two objects are still uncertain [21]. Conversely,
the observer spacecraft in this mission will help to determine
the densities of the two asteroids before impact, as this is a ca-
pability that the DART mission did not have.

3.2. Investigation of Impact
The full momentum transfer of the spacecraft impacting the
secondary asteroid is represented as

msVi + mscvsc = (ms + Mye — mejecta) Vf + mejectavejecta (9)

where m; is the mass of the secondary, V; is the initial velocity
vector of the secondary with respect to the primary, m;, is the
spacecraft mass, V. is the spacecraft’s impacting velocity with
respect to the primary, m,jecrq is the sum of the ejected mass,
V is the final velocity of the secondary after impact with re-
spect to the primary, and Ve, is the ejecta’s average velocity
vector. However, 1 jecia and V,jecrq are completely unknown in
the system. Instead of solving for both of these quantities and
drastically increasing the error in our calculations, we introduce
the multiplicative momentum factor 3, as introduced in Section
1.2, and defined as

Me jecta (Vejectu - Vf)
B = v
MgV sc

+1 (10)



such that 8 = 1 is a perfectly inelastic collision. The g3 fac-
tor for this collision has not been analytically approximated, as
this calculation would require significantly more knowledge of
2002 AW than is currently available. Instead, we will present a
range of B factors and impact angles for which our previously
specified spacecraft and trajectory will result in a collision. The
final velocity vector V of the secondary asteroid is given by

_ msvi +ﬁmscvsc

m.Y + mSC

v, (11)

which is a rearrangement of Equation 9 while accounting for 3.

Max. 8
<
VSC
A
)4 N a
i P
Vi
»
Min. 8

Figure 6: The secondary asteroid’s orbit before the impact (orange) and after
the impact (blue) depending on the g factor. The maximum and minimum cases
will both have the same impact point which is represented by the asteroid on the
left of the figure. As S8 increases, the final orbit will look more like the orbits on
the top of the figure. Bounds for the maximum 8 and minimum f3 are provided in
Figure 7, as they are dependent on . The impact angle a is measured between
the asteroid’s pre-impact velocity vector V; and the spacecraft’s impact velocity
vector V. and is defined in Equation 14.

We define the inertial perifocal frame such that the three vec-
tor components are: the unit vector from the primary asteroid
to the secondary at impact p, the velocity unit vector of the sec-
ondary at impact g, and the angular momentum unit vector of
the secondary about the primary w. The state of the asteroid in
this frame during impact is

ry = a;p 12)

vi= /5 (13)
a;

where g; is the pre-impact semi-major axis. We define « as

ViV, ~ A
o= {arccos(winnvun) if Vie-g>0

ViV ) ; N
— _Yi'¥se g <
arccos(”V,_H“VM|| if Vie- g <0

(14)

so that the velocity of the spacecraft at the point of impact is

Ve sin(a@)
Vi = | Voo cos(a) (15)
0

where the magnitude of V. is V, in this form. As discussed
in Section 2.1, the gravitational energy of the binary system

is negligible with respect to the impactor’s kinetic energy and
so we assume that ||[Vy|| = V.. As such, the final velocity
vector of the secondary with respect to the primary, V, can be
represented as

m 0 m Ve sin(a@)
V=M \/Z ey, 16
e — Oai B p—— c(())s(a/) (16)

in the perifocal frame. Because the position and velocity vec-
tors are known for the moment of impact, we can now compute
the semi-major axis ay, the eccentricity vector e, and the radius
of periapsis r,

i

Y= 2 IV Pl (n

e:VfX(rSXVf)_L (18)
r T

ry = a(1 ~ [lel) (19)

for the secondary after impact. To obtain a range of 5 and « for
which the secondary and primary asteroids collide, the radius
of periapsis must be less than the radius of the primary and
secondary asteroids (i.e. 7, < Tipp).

The radius of periapsis for all combinations of 1 <8 < 6 and
90° < a < 270° are displayed on Figure 7. The radius of impact
is shown as the black contour lines on the plot. This impact
radius is a conservative estimate, as the asteroids will not be
perfect spheres and the 140 meters is a sum of the radii of the
asteroids (25 meters for the secondary and 115 meters for the
primary). Based on this model, the bounds for S for which the
primary will impact the secondary are 1.13 < < 534 ata =
180°. We do emphasize that these bounds can be drastically
increased with a different target, as was discussed in Section
2.1. In Figure 7, the entire area encapsulated by the two black
bands represents a high confidence collision result for the two
asteroids after impact. The lower band denotes the case where
the spacecraft impact delivers barely enough momentum to the
secondary that they contact. The upper band denotes the case
where the spacecraft impact delivers the maximum momentum
to the secondary.

We then determine the contact speed of the secondary into
the primary analytically using

2,
Vi = A| - - & (20)

Vimp ayr
which can be determined for the entire parameter space. We
represent the case where @ = 180° (perfectly tangential impact)
in Figure 8, as this is what we focus on in this case study. The
impact speed is less than escape speed, as is required for a body
in an elliptical orbit, and so this impact should create a contact
binary.

4. Discussion

4.1. The Catastrophic Disruption Limit
A kinetic impactor is capable of catastrophically disrupting
a small body (causing it to lose 50% of its mass) if it hits with
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Figure 7: The contour measures the radius of periapsis of the secondary after the spacecraft impact in meters. The 8 value is measured on the y axis and the impact
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Figure 8: The impact speed of the secondary into the primary. The right y-axis
gives the impact speed as a value normalized by the escape velocity. For 8
outside of the represented values, the contact binary will not form and therefore
the impact speed is not applicable.

sufficient energy. For our chosen small body with a 25 meter ra-
dius, a conservative estimate of the the catastrophic disruption
limit is Q" = 90 J/kg where Q" is the critical kinetic energy
of the impactor divided by the mass of the target for which
more than 50% of the target’s mass will be lost [46]. With
our impactor of 483 kg traveling at a relative impact speed of
2.391 km/s and our derived secondary mass of 1.034E+8 kg,
we find that our impact will deliver 13.35 J/kg to the target,
or approximately 14.8% of the catastrophic disruption limit.
Though we expect that the asteroid should not catastrophically

disrupt, a significant percentage of the secondary’s mass will be
ejected. In the DART mission, the impactor delivered 2.54 J/kg
to the target, approximately 2.8% of the catastrophic disruption
limit, and caused 0.3%-0.5% of Dimorphos’ mass to be ejected
[32, 23].

4.2. Mission Assurance

The greatest uncertainty in this mission is the 8 factor. We
use Figure 7 as a design tool to optimize S bounds and com-
pare these bounds to other studies to provide mission assurance.
The bounds for 8 to cause the secondary to impact the primary,
1.13 < B < 5.34, cover a wide range of asteroid properties.
The prediction for 8 before the DART mission’s impact was
between 1 and 5 and predictions for 8 only exceeded 5 in edge
cases with an extremely low coefficient of friction and mate-
rial strength/cohesion [47]. After the impact, the DART team
reported bounds 2.2 < 8 < 4.9 when accounting for uncer-
tainty in the density of Dimorphos which validated the predic-
tions [21]. Assuming an equal density for Didymos and Di-
morphos, 8 = 3.61*12 with 1o~ bounds which was a common
result for cases where the cohesion was less than 10 MPa in the
prediction tests [47]. The effect of cohesion on g is significant
and increasing cohesion will decrease 5. We take values from
Bennu into consideration because it is expected that our target
asteroid is a B-type and a rubble pile, as is the asteroid Bennu.
Bennu has a cohesion of of less than 1 Pa and material strengths
of 0.1-0.8 MPa [48, 49]. Despite these values being very small,
we do not expect that they will result in 8 being greater than 5
because impact velocity also has a significant effect on 3; de-
creasing impact velocity will decrease the 8 factor [18]. In mod-



els of impacts to Bennu, it was estimated that impact velocities
less than 25 km/s (i.e. up to an order of magnitude greater than
our impact velocity) would cause the 8 values to be less than 5
[50]. For cohesion of 1 kPa and material strengths between 1
kPa and 100 MPa, an impact at our impactor speed should not
yield a 8 value greater than 3.5. For a porosity of 40% and an
impact speed of 10 km/s, any cohesion in the range of 1 kPa
to 100 MPa did not yield a 8 value greater than 3.5. When ac-
counting for all of these previous simulations, we argue that the
[ value that our kinetic impactor will produce should fall into
the bounds 1.13 < 8 < 5.34. That is, we expect to create a
contact binary. Part of our future work will be further validat-
ing this expectation through simulations for our specific target
using the little known data about it.

4.3. The Ideal Target

Of the list of systems we considered, 2002 AW was the best
target for this mission. However, it should not be viewed as the
ideal target for this mission. A truly ideal target would be dif-
ferent from 2002 AW in that it would: have a smaller system
semi-major axis relative to primary and secondary size so that
the range of 5 values that would result in collision increases (i.e.
2018 TF3), have a moderate to high albedo so that it is easier to
observe for the fast-approaching impactor (i.e. Didymos), and
have multiple chances for radiometric observations before the
mission to determine a shape model for at least the primary as-
teroid (i.e. Moshup). Though 2002 AW fails on these attributes,
it does have other aspects that make it an attractive target such
as: a 50 meter diameter secondary which is the minimum size
for which a kinetic impactor would be practically used, a min-
imal rendezvous AV from LEO, and an easily attainable V,
value necessary for contact binary creation. The likelihood that
an NEO fulfills all of these criteria is very small but it is pos-
sible. Because the ideal asteroid for this mission is likely very
small (primary diameter < 250 m), it is possible that an aster-
oid is known but its secondary has not yet been discovered. We
reason that this is possible because 2002 AW’s secondary was
first discovered only recently in March 2022, 20 years after the
primary was discovered, and it ended up as the target for this
mission design.

5. Conclusion

This mission would provide the ability to closely observe a
contact binary formation and would characterize a contact bi-
nary at all stages in its formation process. A binary system pro-
vides the perfect natural laboratory to carry out this mission, as
was true of the DART mission. Not only does the analysis sug-
gest this mission is achievable, but its technology risk is low,
as are its launch and spacecraft-development costs. It leverages
existing technology in both the impactor and observer space-
craft of the mission and requires only a single Falcon 9 launch.

This mission serves both the planetary defense community
and planetary science community. The secondary of 2002 AW
has the minimum diameter for which a kinetic impactor would
be used for planetary defense (50 meters) and so this mission
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provides a test of the ability to deflect small objects without
causing catastrophic disruption. This mission would rapidly
determine the f8 factor after impact by using data from the ob-
server spacecraft and add to the still-uncertain understanding
of expected S factors for impacts to arbitrary objects. Under-
standing the strength of contact binaries, specifically near their
contact interface, is both scientifically valuable and highly ap-
plicable knowledge when deflecting hazardous contact binaries
or binary systems.
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