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Abstract

The 2025 Planetary Defense Conference (PDC) hypothetical asteroid impact threat
exercise is being conducted in coordination with the United Nations-endorsed Space
Mission Planning Advisory Group (SMPAG), exercising SMPAG's processes for
assessing space mission options and communicating to decision makers. In this
paper, we describe the work performed by our NASA-led team and present the
results we contributed to the SMPAG effort for the exercise. Our NASA-led team
assessed mission options for asteroid reconnaissance (flyby and rendezvous),
deflection, and robust disruption using several viable techniques: kinetic impactors,
ion beam deflection, and nuclear explosive devices. Our simulations and analyses
considered how much change-in-velocity an asteroid can tolerate before
fragmentation onset, and we worked towards establishing requirements for robustly
disrupting an asteroid. Heuristics informed by the simulation results are incorporated
into optimization of deflection and disruption mission campaign options. Finally, we
make some observations about useful generalizations from these results with
potential applicability to any planetary defense scenario.
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1. Introduction

The 2025 Planetary Defense Conference (PDC) hypothetical asteroid impact threat
exercise’ is being conducted in coordination with the United Nations-endorsed
Space Mission Planning Advisory Group (SMPAG)?, enabling an exercise of
SMPAG’s process for producing technical recommendations for space mission
options using inputs received from space agencies in participating nations. In this
paper, we describe the work performed for this exercise by the NASA-led team. We
also note that there was good agreement between the analysis results generated by
our team and the other participating teams.

We discuss our methodologies for assessing space mission and campaign options
for responding to the hypothetical scenario using a variety of approaches, including
reconnaissance, deflection, and disruption. For reconnaissance, we assess flyby and
rendezvous options and we include both re-tasked extant spacecraft and
purpose-built spacecraft. Detailed results for analysis of re-tasking extant spacecraft
for reconnaissance are also presented in a related paper [1]. For Earth impact
prevention missions, both asteroid deflection and robust disruption of the asteroid
are considered, and the following mission types are assessed: Kinetic Impactor (KI)
deflection and disruption, lon Beam Deflection (IBD), and Nuclear Explosive Device
(NED) deflection and disruption.

We also summarize simulation studies performed to 1) ascertain how much
change-in-velocity (AV) an asteroid can tolerate before fragmentation onset; and 2)
establish requirements for robustly disrupting an asteroid, i.e., breaking it into small
and widely scattered fragments posing little to no residual Earth impact risk.
Heuristics informed by simulation results are incorporated into optimization of
multi-action deflection mission campaign options that spread the total deflection
impulse across multiple smaller impulses as a strategy for avoiding asteroid
fragmentation during deflection. Studies were also performed assessing the
minimum amount of time required between deflection impulses to measure their
effect on the asteroid’s orbit before the next impulse. Details of that study are
presented in a related paper [2].

We assess mission options at two epochs in the scenario timeline: Epoch 1, about
two months post-discovery when Earth impact probability climbs above the 1%
threshold for SMPAG involvement and large uncertainties in asteroid physical
properties and Earth impact location drive large uncertainties in mission
requirements; and Epoch 2, just after a flyby reconnaissance mission has
reconnoitered the asteroid, significantly reducing uncertainties in asteroid physical
properties and Earth impact location and thus enabling more precise assessments of
mission options.

Finally, we summarize the results we provided as inputs from NASA to SMPAG for
integration with all such results from other space agencies participating in this

! For hypothetical asteroid impact threat exercise scenario details, please visit
https://cneos.jpl.nasa.gov/pd/cs/pdc25/ (last accessed 2025-07-27).
2 For more information about SMPAG, please visit https://smpag.net/ (last accessed 2025-10-17).
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exercise. We also make some observations about useful generalizations from these
results with potential applicability to any planetary defense scenario.

2. Hypothetical Asteroid Impact Threat Scenario Overview

As part of the activities for the 2025 Planetary Defense Conference, a realistic
impact scenario was designed. The main goal of the scenario was that of exercising
the readiness to respond to an asteroid impact threat, including the involvement of
SMPAG.

The selected hypothetical asteroid is on an impact trajectory for 2041 April 24. The
absolute magnitude of the asteroid is H = 21.9, which roughly corresponds to a
diameter in the range of 100-250 meters for an albedo between 5% and 25%. Fig.
2.1 shows the orbit of the asteroid, which has a semimajor axis of 1.7 au (and
therefore an orbital period of 2.1 years), an eccentricity of 40%, and an inclination of
11 deg.
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Fig. 2.1: Orbit of hypothetical asteroid 2024 PDC25 (red) relative to the Earth

(blue) projected onto the ecliptic plane. The discovery, epoch 1, and impact
configurations are marked.

The hypothetical asteroid was “discovered” by the Catalina Sky Survey [3] on 2024
June 6, when it was at a solar elongation of 90 deg and became bright enough
(apparent magnitude of V = 21.5) to be observed from the ground. The asteroid’s
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designation is 2024 PDC25, which is not a permissible designation for a real asteroid
because three letters are not allowed.

2.1 Epoch 1

After discovery, we simulated a realistic cadence of observations to assess the
amount of information that would be available over time. The impact in 2041 is
immediately recognized as a possibility, but with a very small initial probability, about
1in 10,000. Epoch 1 of the exercise is set to 2024 August 1, when, after nearly two
months of tracking, the probability of impact reaches 1.6%. This impact probability is
larger than the 1% threshold and therefore triggers a notification to SMPAG by the
International Asteroid Warning Network (IAWN)?.

The physical properties of 2024 PDC25 are mostly constrained by infrared
observations from the James Webb Space Telescope [4]. The asteroid’s diameter is
likely in the range of 90-160 m, with a median diameter size of 125 m and a full
range of 50-280 m. Moreover, the asteroid belongs to the S-type taxonomic class
[5], which implies a stony composition and favors a bulk density between 1.6 and 2.7
g cm™ [6].

Although an impact is unlikely at this stage, the corridor of possible impact locations
can already be constrained. Fig. 2.2 shows the potential impact corridor, which
extends from the Russian Laptev, Kara, and Barents Seas, across Eastern Europe,
the Mediterranean Sea, and Africa to the Cape of Good Hope, across the South
Atlantic and Antarctic coast, and ends in the South Pacific. The impact locations are
colored by the average affected population estimates produced by the NASA
Probabilistic Asteroid Impact Risk (PAIR) modeling [7A] performed for the exercise,
available on the exercise scenario website'. The affected population estimates
depend on the impact location and the mass of the asteroid, along with other entry
and damage factors, all of which remain highly uncertain at this time.
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3 https://cneos.jpl.nasa.gov/pd/cs/pdc25/PDC25-IAWN_Impact_Notification1.pdf (last accessed
2025-10-17). For more information about IAWN, please visit https://iawn.net/ (last accessed
2025-10-17).

4


https://cneos.jpl.nasa.gov/pd/cs/pdc25/PDC25-IAWN_Impact_Notification1.pdf
https://iawn.net/

Fig. 2.2: Average affected population along potential impact regions for 2024
PDC25 at Epoch 1.

2024 PDC25 can still be tracked with astrometric observations through
mid-December 2024, when it will then become unobservable from Earth until August
2025 through mid-November 2026. These additional observations will reduce
prediction uncertainties and refine the probability of an impact in 2041. No additional
information on the size of 2024 PDC25 can be obtained without deep-space radar
observations, which are not possible until 2041, or without observations from a
spacecraft encounter with the asteroid.

2.2 Epoch 2

For Epoch 2 of the PDC25 impact scenario, time fast-forwards by four years. Thanks
to additional tracking from the ground, the probability of impact in 2041 reached
100% in September 2025. In response to the IAWN notification, SMPAG issued
several recommendations, including a fast flyby reconnaissance mission. We
therefore simulated a mission that flew by 2024 PDC25 on 2028 April 12 at a relative
velocity of 8 km/s. Epoch 2 is set to 2028 April 28, when the results from the flyby
mission become available.

The data collected during the flyby confirm that 2024 PDC25 is an S-type asteroid
and greatly reduces its size uncertainty, as shown in Table 2.1. The asteroid has a
spherical equivalent diameter of 145-155 m, with an elongated shape around twice
as long as it is wide. The flyby data also measured the rotation period (3 hours),
thermal inertia (200 + 20 J m2 K™ s7"2), and spin axis (RA = 253 deg, Dec = 74 deg,
with an uncertainty of 3 deg). This physical characterization results in a Yarkovsky
drift [7] of 586 + 195 m/yr. Moreover, optical navigation measurements during the
approach and flyby greatly refine orbital predictions.

The region of possible impact locations is now reduced to a 470-km corridor across
the border between Angola and the Democratic Republic of the Congo (see Fig. 2.3%).
Combining the derived physical properties with the impact velocity of 13.8 km/s
results in impact energies from 45-160 Mt, most likely from 60—-105 Mt. The entry
parameters for the impact points shown in Fig. 2.3 vary only slightly among the
points, and they are well known for given points. The entry velocities span
13.723-13.728 km/s, the entry angles are moderately steep, spanning 67°-71° from
horizontal, and the entry flight directions (headings) are all nearly directly northward.

* From https://cneos.jpl.nasa.gov/pd/cs/pdc25/epoch2.html.
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Table 2.1. Asteroid Physical Properties at Epoch 2.

5th Mass
Percentile

25th Mass
Percentile

75th Mass
Percentile

95th Mass
Percentile

.........

mocratic

Highest
Mass

Diameter (m)

Bulk Density
(g/cm3)

| Porosity
| Mass (billion kg)

Surface Escape
Velocity (cm/s)

Absolute
Magnitude

| Albedo
| Taxonomic Type

Best-fit Ellipsoid
Axis 2a (m)
Best-fit Ellipsoid
Axis 2b (m)

Best-fit Ellipsoid
Axis 2¢ (m)
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1.211

0.595

2.00

21.42

0.221

115

118

235

152
1.128

0.596

2.09

6.04

21.98

0.123

122
122
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149

1.514

0.57

2.60

6.85

22.16

0.109

123

116

230

21.24

0.253

120

115

241

150

2.207

0.313

3.93

8.33

21.6

0.179

119

117

244

151

2.54

0.244

4.59

21.59

0.179

119

120

242

152

2.968

0.093

5.49

9.79

21.58

0.178

121

124

236

154

3.372

0.062

6.41

10.57

21.86

0.135

112

125

259

126

126

234

3. Deflection Requirements

The requirements for deflecting the asteroid are framed in terms of 1) the distance
that the asteroid’s B-plane coordinates [8] must be moved in the B-plane in order to
move the asteroid’s potential impact locations completely off the Earth; and 2) the
change in the asteroid’s velocity (AV) required to move the asteroid by the necessary
distance in the B-plane to achieve deflection off of the Earth.
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3.1 Epoch 1

During Epoch 1, the uncertainty in the asteroid’s Earth impact location spans the
entire impact risk chord in the B-plane. Because Kls can only deflect southward, this
means that the worst-case deflection distance for Kis is the full chord length, which
would occur if the asteroid’s Earth impact location happened to be at the northern
Earth limb and the Kis then had to deflect the asteroid by the entire chord length in
the southward direction. Kls can only deflect southward because that direction
corresponds to slowing the asteroid down, which can be achieved by placing the
spacecraft on a smaller (and easier to launch into) orbit around the Sun than the
asteroid’s orbit. In that case, the spacecraft is moving more slowly than the asteroid
when impacting the asteroid at the asteroid’s perihelion, and therefore slows the
asteroid down. Deflecting northward would require speeding the asteroid up, which
would require the spacecraft to be launched into an even higher orbit around the Sun
than the asteroid’s orbit, such that the spacecraft would be traveling faster than the
asteroid when impacting it at perihelion. That proves to be impractical, because
relatively little spacecraft mass (or no mass at all) can be launched into such a large
orbit around the Sun due to current limitations on launch vehicle capabilities.
Because IBD and NED can deflect northward or southward, the worst-case
deflection distance for IBD and NED is half of the chord length, corresponding to the
asteroid’s Earth impact location in the B-plane being at the geocenter. To illustrate
how the deflection AV requirement may vary depending on what the asteroid’s Earth
impact location actually turns out to be, Figure 2.4 shows the along-track AV
required for deflection as a function of the time at which the AV is applied to the
asteroid, for the full chord, half chord, quarter chord, and one-tenth chord. The
along-track direction for AV maximizes the deflection distance represents the
minimum AV required to achieve a given deflection distance in the B-plane.



10%% Chord (NED)

25%% Chord (NED)

Half Chord (NED)

Full Chord (KI)

10% Vesc 5th %tile Ast Mass
10% Vesc 50th %tile Ast Mass
10% Vesc 95th %tile Ast Mass
10% Vesc 100th %tile Ast Mass

z:\AA

[ NV

a

Required Av_ for Deflection, cm/s
B~

. TN pdl B NS ~ ‘\\ 7
0 — —-Qj;__//-—-«\,)/ ~ -
16 14 12 10 8 6 4 2 0

Time Before Impact, years

Figure 2.4: Required along-track AV for deflecting the asteroid by various
fractions of the impact risk chord length. Horizontal lines corresponding to
10% of the escape velocity for the 5th, 50th, 95th, and 100th percentile asteroid
masses are shown for reference. AV above 10% escape velocity could risk
unwanted asteroid fragmentation.

3.2 Epoch 2

The flyby reconnaissance mission significantly reduces uncertainties in both the
asteroid’s physical properties and Earth impact location. Figure 2.5 shows the
post-reconnaissance Earth impact uncertainty region and the corresponding
northward and southward deflection distances in the B-plane required to move the
asteroid off the Earth.

Northward Deflection B-Plane Distance: y
e 7.370 km (125 km asteroid perigee altitude)
¢ Includes 3o uncertainty in impact location
e ~33% of impact risk chord length in the B-plane

Nuclear Explosive Devices (NEDs) and lon Beam
Deflection (IBD) can deflect in this direction. [

Southward Deflection B-Plane Distance:
e 15,352 km (125 km asteroid perigee altitude)
¢ Includes 30 uncertainty in impact location
e ~70% of impact risk chord length in the B-plane

Kinetic impactors can only deflect in this direction.

NEDs and IBD can also deflect in this direction.

\

Figure 2.5: Northward and southward B-plane deflection distance
requirements at Epoch 2.
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Since the asteroid’s size is now known with a much higher degree of certainty, and
since its smaller size would not result in a significantly affected impact area, the
option of a partial deflection to an ocean location sufficiently far from land is a
possible mitigation option to be considered. Figure 2.6 shows a notional safe zone
for a partial deflection in which the asteroid would be moved southward and allowed
to impact over the ocean around 50.2 deg south latitude. Preliminary simulation of
airwave-driven (Lamb wave) tsunami from a 160-megaton airbust (the upper end of
the Epoch 2 energy range) suggests that this ocean impact location would not place
populations along the southern coast of Africa or the Antarctic ice shelf at risk of
adverse effects. This simulation was performed using GeoClaw [9A] with
shallow-water equations driven by airwave pressure forcing. However, the analysis is
preliminary and further assessment of newly studied airwave-driven global tsunami
hazards [9B] would be needed to be certain as to whether the partial deflection
would truly be considered safe and acceptable.
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Figure 2.6. Preliminary target zone for southward partial deflection (left) and
exemplar preliminary airwave-driven (Lamb wave) tsunami simulation output
(right).

Although not readily apparent from the map projection used in Figure 2.5, the
southward deflection distance is approximately twice the northward deflection
distance. The associated along-track AV required for northward, southward, and
partial southward deflection are shown in Figure 2.7, along with horizontal reference
lines for 10% escape velocity for the Low, 50th Percentile, and High asteroid masses
from Table 2.1.
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Figure 2.7: Required along-track AV for deflecting the asteroid by the
northward, southward, or partial southward deflection distances. Horizontal
lines corresponding to 10% of the escape velocity for the Low, 50th Percentile,
and High asteroid masses are shown for reference. AV above 10% escape
velocity could risk unwanted asteroid fragmentation.

3.3 Deflection vs. Disruption

The question of how much AV an asteroid can tolerate during deflection and remain
intact, i.e., be deflected without unwanted fragmentation, remains an area of active
research. The question of how much AV must be imparted to an asteroid in order to
robustly disrupt it also remains an area of active research. Robust disruption is the
deliberate, forceful disruption of an asteroid via an applied impulse such that the
largest remaining fragment is no larger than about 10 m and the fragments are all
widely dispersed. Ten meters is the fragment size that should be shielded against
Earth impact by our planet’s atmosphere. Wide dispersal of the fragments results in
none, or at most a tiny fraction, of the asteroid’s original mass going on to interact
with the Earth-Moon system in the future. The efficacy of using imparted AV as the
best proxy for assessing fragmentation/disruption also remains under investigation,
along with various alternative approaches, including energy-based metrics.

In lieu of in situ investigations, detailed and time-consuming hydrocode simulations
are crucial for exploring the onset of fragmentation, or the conditions for robust
disruption of asteroids. Model predictions are sensitive to physical properties such as
the porosity, density, strength, asteroid rotation, and more, and there is no full-scale
disruption mission that has been demonstrated to validate these models. As such,
uncertainty quantification is important for assessments like these. Ideally, to address
this uncertainty, ensemble simulations, including resolution and sensitivity studies,
should be performed over a range of model parameters and property uncertainties to
report probabilities of varying levels of success for mission-relevant outcomes, such
as robust disruption or accidental fragmentation. Establishing such acceptable risk
thresholds for these probabilities is a policy decision, and is beyond the scope of this
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work.. However, computational limitations prevent such ensemble simulations from
being run to longer than several seconds of simulation time, far shorter than what is
required to understand the outcomes. While work continues to improve the capability
to run longer simulation times for affordable amounts of “wall-clock time,” heuristics
for the onset of fragmentation and for the requirement for robust disruption have
been developed by examining the rapid expansion of asteroid bodies in impact
simulations.

These studies [9,10] have yielded a heuristic for avoiding unwanted fragmentation of
AV < 10% Veseape, and a heuristic for robust disruption of AV > 1,000% Vgeape, Where
Vescape iS the asteroid’s surface escape velocity. We adopt these heuristics for our
mission analysis herein, while acknowledging that ongoing work may yield improved
heuristics in the future.

The KI trajectory imparting maximum AV to the asteroid was identified within the
trajectory solution space, launching on 2032-04-07 with an Earth departure
characteristic energy (C;) of 4.951 km?%/s? and having a mass of 13,633 kg (launching
on a Falcon Heavy Expendable launch vehicle). It strikes the asteroid at 10.24 km/s.
The AV imparted to the Low-, 50th Percentile-, and High-mass realizations of the
asteroid would be 229%, 86%, and 36% 0f Vsape, respectively. All of those are
clearly much less than 1000% Vscape threshold for robust disruption. From these
results, we ruled out kinetic robust disruption as a viable means of Earth impact
prevention in this scenario.

We also assessed the maximum AV that could be imparted to each realization of the
asteroid via a NED with one megaton (Mt) of explosive energy using approximate
empirical models [11,12,13]. The AV that could be imparted ranged from 226% to
800% Vescape; With @ median of 400% Vg..pe—again, all less than the 1,000% Vegeape
threshold for robust disruption. From these results, we determined that robust
disruption of the asteroid in this scenario via NED would not be viable without going
to significantly higher energy levels.

The methods employed for these analyses are approximate and assume only a
single Kl or NED is being used to effect robust disruption, and so further work is
required to produce more refined results. For purposes of the mission analysis in this
scenario we elected to set aside robust disruption of the asteroid and instead
concentrate on deflection as the means of Earth impact prevention. We also adopt
the heuristic of AV < 10% V40 and enforce it in our mission designs in order to
avoid unwanted fragmentation of the asteroid during deflection. The question of
whether some amount of asteroid fragmentation during deflection would actually be
acceptable is relegated to future work.

We note that the smaller, lower mass realizations of the asteroid in the Epoch 1 data
resulted in many cases of robust disruption by a single kinetic impactor, as well as
many cases of likely disruption. The constrained asteroid mass, density, and axis
measurements used in Epoch 2 further demonstrate the benefit of a flyby
reconnaissance mission to reduce uncertainties in the parameter space and increase
fidelity in computational results.
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4. Reconnaissance Mission Analysis

Options for sending a spacecraft to reconnoiter the asteroid were considered,
including the re-tasking of extant spacecraft or conducting dedicated flyby and
rendezvous missions.

4.1 Re-Tasking of Extant Spacecraft

It is possible to redirect an already inflight spacecraft to survey the asteroid in
addition to, or instead of, a dedicated mission. Doing so can potentially reach the
asteroid before a purpose-built mission could because the development and launch
has already been accomplished. Of the currently operating NASA small body
missions, we find that either the Lucy spacecraft or the Origins, Spectral
Interpretation, Resource Identification and Security — Apophis Explorer
(OSIRIS-APEX) could be re-tasked to perform fast flybys of 2024 PDC25 by
retargeting their respective Earth gravity assists [1]. Lucy could arrive at the asteroid
as soon as June 2026, nearly two years before a purpose built flyby mission could
arrive. However, the decision to divert would need to be made before Lucy’s
December 2024 Earth gravity assist (EGA), before the impact probability would
reach 100%. Lucy would not be able to return to its original mission, making this
option unattractive.

OSIRIS-APEX could reach the asteroid in July 2028, comparable with a dedicated
mission, by retargeting its March 2027 EGA. Figure 4.1 shows the redirect trajectory,
where the divert maneuver is done in January 2026, after the Earth impact
probability would have risen to 100%. While potentially appealing, OSIRIS-APEX
was designed for asteroid rendezvous, not a fast flyby, and re-tasking it would
require additional analysis for the suitability of the spacecraft’s payload suite and
guidance, navigation, and control systems. Figure 4.2 shows the expected
performance of the PolyCam imager, OSIRIS-APEX’s narrow angle camera, that
would be used for initial asteroid detection and navigation on approach. Initial
detection could be made only a handful of days before the flyby for the 50th
Percentile asteroid during Epoch 1. This would make for a challenging operational
timeline, but could be feasible if a dedicated mission could not be implemented.

12



Figure 4.1: Candidate trajectory to redirect OSIRIS-APEX to a fast flyby of 2024
PDC25. Figure adapted from Bull et al. [1].
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Figure 4.2: Expected performance of OSIRIS-APEX’s PolyCam for the 50th
Percentile asteroid for the PDC 2025 exercise. Minimum signal-to-noise: 7;
Exposure time: 500 milliseconds; Stacked images: 100. Figure adapted from
Bull et al. [1].

4.2 Flyby Reconnaissance Missions

As an alternative to retasking an existing in-space asset, a dedicated flyby
reconnaissance mission can be tailored for 2024 PDC25 and potentially allow for
improved measurements of the asteroid’s physical characteristics. A key
consideration for a dedicated flyby mission is the spacecraft development time given
the criticality of arriving as early as possible for incorporation of asteroid property
measurements into the mitigation campaign. Assuming a minimum of three years is
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needed to develop and launch the spacecraft, the earliest allowed launch date is late
September 2027, roughly three years after an Authority to Proceed (ATP) is given in
October 2024 when the impact probability reaches 10%.

A broad search for high-performing flyby trajectories is conducted by applying a
many-objective, stochastic optimization strategy with the objective functions listed in
Table 4.1. The trajectory parameters varied within the optimization framework are
also listed in Table 4.1. Gravity assists from Venus, Earth, and Mars are considered
and deep-space maneuvers (DSMs) are traded with the goal of improving
performance of the objective functions. A representation of the globally-optimal
Pareto front for delivered mass, arrival date, and flyby speed is depicted in Figure
4.3. The top-performing solutions in terms of delivered mass arrive near the
asteroid’s ascending node at one AU in October 2030. Arriving near the ascending
node minimizes the required orbital plane change to reach the asteroid. Notably, a
family of solutions with arrival in early 2028 is apparent in the lower left section of the
plot. This family of solutions provides the earliest possible arrival given the assumed
launch date constraint, delivering ~500 kg during the flyby.

Table 4.1: Flyby Reconnaissance Trajectory Optimization Variables (left) and Objective
Functions (right)

Trade Parameters Values
Objectives
Launch vehicle Falcon Heavy Recovery, Vulcan
VC4, Falcon Heavy Expendable Maximize delivered mass
Launch date October 2027 (ATP+3 years) to C .
October 2032 Minimize time of flight
Time of flight Up to 3 years (arrive no later than Minimize launch date
October 2036) Minimize launch vehicle class
Arrival V,, 1to 12 km/s Minimize arrival V.,
Deep space <2 km/s
maneuver magnitude
constraint
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Figure 4.3: Pareto-optimal solutions for flyby reconnaissance missions with
launch no earlier than September 2027.

The selected flyby reconnaissance trajectory for Epoch 2 launches on September
29, 2027 and arrives at the asteroid on April 12, 2028 with a flyby speed of 8 km/s,
as shown in Figure 4.4. The flyby spacecraft launches on a Falcon Heavy
Expendable launch vehicle (LV) with a C; of 95.7 km?#/s? and executes a 2 km/s DSM
one month after launch. The high-C; launch limits the initial wet mass to 1,029 kg,
and the delivered mass after the DSM is 542 kg, which is similar to the dry mass of
NASA's Double Asteroid Redirection Test (DART) spacecraft. The spacecraft
trajectory relative to the asteroid near close approach is depicted in Figure 4.5. The
spacecraft approaches the asteroid at a solar phase angle of approximately 25
degrees, and has a close approach distance of 100 km.
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Flyby 2024 PDC25
«Date: Apr. 12, 2028
*Flyby speed: 8 km/s
*Mass: 542 kg

Deep Space
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Sun

Launch

«Launch vehicle:
Falcon Heavy
*Date: Sept. 29, 2027
+C3: 95.7 km?/s?
*Mass: 1029 kg
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FIYPY spacecraft Deep Space *Launch vehicle:
trajectory Maneuver Falcon Heavy

Flyby 2024 PDC25

*Date: Oct. 29, 2027 *Date: Sept. 29, 2027
*AV: 2.0 km/s *C3: 95.7 km?/s?
*Mass: 1029 kg

*Date: Apr. 12, 2028
*Flyby speed: 8 km/s
*Mass: 542 kg

Figure 4.4: Fast flyby reconnaissance spacecraft trajectory from Earth to 2024
PDC25, as seen in an ecliptic plane view (top) and as seen looking at the
ecliptic plane edge-on (bottom).
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Figure 4.5: Plots of the flyby spacecraft relative to the asteroid in the
asteroid-centered radial-intrack-crosstrack frame. The far-field plot (left) starts
~12 days from close approach and indicates the approximate range when
initial detection of the asteroid would be possible with a camera based on the
DRACO camera. The near-field plot (right) is a zoom-in and shows the flyby
geometry in the radial-intrack plane around the close approach.

The overall objective of the flyby reconnaissance mission is to provide sufficient
actionable information about the asteroid as quickly as possible. Specifically, the
flyby spacecraft is meant to refine the impact location, determine the asteroid’s size,
determine if the asteroid is mostly rocky or mostly metallic, determine if there are
multiple objects, and determine the asteroid’s surface characteristics (e.g.,
monolithic vs. rubble pile) [14]. Because payloads can drive a mission’s development
schedule by increasing the number of interfaces and associated integration and test
activities, we advocate for a minimum set of high-heritage instruments to achieve
these measurements: a narrow angle camera, a wide angle camera, and a thermal
infrared spectrometer. Each of these payload types has multiple U.S. and
international flight heritage options that would be sufficient for this flyby encounter.
We assess that this instrument suite would return a best-fit triaxial ellipsoid of the
asteroid to £5 meters, reduce the total volume uncertainty to <5% 10, and detect a
secondary asteroid as small as 10 meters in diameter.

4.3 Rendezvous Reconnaissance Missions

Rendezvous reconnaissance enables accurate measurement of the asteroid’s mass
and provides an in situ observing spacecraft during mitigation operations.
Rendezvous trajectory options to 2024 PDC25 are characterized by high AV given
the ~10 degree inclination and the relatively high eccentricity of the asteroid’s orbit.
As such, solar electric propulsion (SEP) provides the necessary propellant efficiency
to deliver the payload mass needed for a rendezvous mission. As with the flyby
reconnaissance trajectory search, a many-objective optimization routine was utilized
to trade key trajectory parameters (launch date, time of flight, SEP thrust profile,
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etc.), as well spacecraft propulsion systems parameters such as the launch vehicle,
solar array power, and number of thrusters, as listed in Table 4.2.

Table 4.2: Rendezvous Reconnaissance Trajectory Optimization Variables (left) and
Objective Functions (right).

Trade Parameters Values

Objectives
Launch vehicle Falcon 9 RTLS, Falcon 9 ASDS,

Falcon Heavy Recovery, Vulcan
VC4, Falcon Heavy Expendable

Maximize delivered mass

Minimize time of flight

Launch date October 2027 (ATP+3 years) to
October 2032 Minimize launch date
Time of flight Up to 4 years

Minimize launch vehicle class

End of life power 6to 34 kW Minimize end of life power

Number of 1to 5

Minimize number of thrusters
thrusters

The delivered mass versus arrival date of Pareto-optimal solutions from the
rendezvous trajectory search are illustrated in Figure 4.6. The color of each solution
in the plot indicates the end-of-life (EOL) solar array power available for the SEP
system, ranging from 6 kW (blue) to 34 kW (red). The trend of higher power levels
enabling higher delivered mass within a launch class is apparent with solutions
associated with 26 to 34 kW SEP systems capable of delivering over 10,000 kg to
the asteroid for longer flight times. Sub-optimal arrival date gaps in 2032 and 2034
are also apparent in the plot due to the asteroids phasing with Earth. Large mass
delivery and short flight times are possible for SEP systems with power levels at or
below the Psyche spacecraft 21-kW power level as illustrated in the list of example
options in Table 4.3. Moreover, 8- to 12-kW SEP systems similar to the Dawn
spacecraft's 10-kW power level can deliver high delivered mass for flight times
around two years. A range of launch dates and arrival dates are possible with the
earlier launch dates providing the advantage of earlier arrival dates at the cost of a
shortened spacecraft development timeline. With the assumption that at least five
years from ATP is needed for developing and building a SEP rendezvous
reconnaissance spacecraft (RRS), trajectory Case 11 with a launch in December
2029 and arrival in December 2031 affords delivery of 1,911 kg with a 16-kW SEP
system. This SEP system and mass are in family with the SEP spacecraft developed
for the Psyche mission.
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Figure 4.6. Pareto-optimal solutions for rendezvous reconnaissance missions
with launch no earlier than October 2027.

Table 4.3: Selected Rendezvous Reconnaissance Trajectory Options.

licht SEP EOL Abbrox
C Launch Arrival Tilfne Launch Power Sequence Delivered :pload.
ase Date Date Vehicle at1 AU 9 Mass (kg) Pay
(yrs) mass (kg)
[kw]
1 2027-10-01 | 2028-12-30 | 1.25 FHE 20 Direct 1801 10
2 2028-04-19 | 2030-04-19 | 2.00 | Vulcan VC4 18 Direct 2151 370
4 2028-08-18 | 2030-11-17 2.25 FHE 10 EGA 1990 300
5 2028-12-23 | 2030-09-22 1.75 | Vulcan VC4 18 EGA 1857 80
6 2029-03-31 | 2031-03-31 | 2.00 | Vulcan VC4 8 Direct 2062 390
7 2029-04-14 | 2031-01-12 | 1.75 FHE 20 Direct 3919 2110
8 2029-06-30 | 2031-03-31 | 1.75 FHE 20 Direct 2484 680
9 2029-06-30 | 2031-06-30 | 2.00 | Vulcan VC4 12 Direct 1879 160
10 | 2029-12-30 | 2032-09-28 | 2.75 FHR 12 EGA 1782 70
11 | 2029-12-31 | 2031-12-31 | 2.00 FHE 16 VGA 1911 150
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The case 11 trajectory from Table 4.3 is plotted in Figure 4.7. This selected example
for rendezvous reconnaissance launches on a Falcon Heavy Expendable LV and
exploits a Venus gravity assist to change inclination and increase the spacecraft's
semi-major axis. The spacecraft thrusts nearly continuously outside of an assumed
90% thruster duty cycle and forced coasts after launch and before the gravity assist.

Event # 1:
Launch A

Earth
Event # 3:
12/31/2029 Rendezvous

C3 = 59.802 km?/s? PDC25
DLA = -22.4° 12/31/2031
m=4124 kg m = 1911 kg

Event # 2:
Unpowered flyby
Venus

11/1/2030

Ve = 10.705 km/s
DEC = 15.8°
altitude = 300 km

m = 2521 kg

Figure 4.7: Exemplar rendezvous reconnaissance trajectory based on a 16-kW
SEP system and Falcon Heavy Expandable Launch.

The rendezvous reconnaissance mission is required to determine the asteroid’s
mass, image the side not previously visible to the flyby spacecraft, and monitor the
asteroid’s state following any mitigation efforts. As in the flyby case, the short
development time is the most stressing aspect of completing this mission, so we
recommend a set of the fewest instruments sufficient to achieve these
measurements. This set includes a narrow angle camera, a wide angle camera, a
LiDAR, and radio science. The LiDAR’s benefit to the mission is faster shape
modeling, as demonstrated by the OSIRIS-REx mission at Bennu. LiDAR
measurements don’t depend on lighting and the shape modeling approach doesn’t
require multiple varied images of the same feature, as is the case with
stereophotoclinometry. There exist multiple high-heritage instrument candidates for
this scenario both in the U.S. and internationally.

5. Kinetic Impactor (KI) Mission Campaign Analysis
Kinetic impactor mission trajectory designs are combined with hydrocode modeling

to refine Kl designs and generate predictions of deflection performance, along with
associated mission requirements.
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5.1 KI Mission Campaign Strategies

A primary and backup launch period are assessed for Kl missions, to provide
robustness and redundancy, and to assess the consequences of delaying the
deployment of deflection missions. For the Primary KI mission campaign, the earliest
Kl launch is no earlier than 2 years after Epoch 2 (i.e., KI missions launch no earlier
than April 2030). As described previously, the RRS launches during December 2029
and rendezvouses with the asteroid during December 2031. To ensure that the
asteroid is well characterized before the Klis begin striking the asteroid, and to
ensure that the rendezvous spacecraft is on station to provide situational awareness
throughout the Kl strikes, the Kl trajectories are constrained to impact the asteroid no
earlier than 4 months after the RRS arrives at the asteroid (i.e., the Kls impact the
asteroid no earlier than April 2032). The first several KI missions must be designed
with several factors of uncertainty in asteroid mass that remains after the flyby
reconnaissance at Epoch 2, as shown in Table 2.1.

For the Backup KI mission campaign, the earliest Kl launch is 2 years and 4 months
after the RRS arrives at the asteroid (i.e, Kls launch no earlier than April 2034). This
allows knowledge of the asteroid’s precise mass to be factored into the design of the
Kl spacecraft before launch, with the tradeoff of delaying the deflection of the
asteroid.

For multi-KI campaigns, we enforce constraints of at least 10 days between launches
and at least 14 days between kinetic impacts on the asteroid, to allow enough time
for debris clearing and estimation of achieved AV and 3.

5.2 Spacecraft Trajectory Analysis

The Kl mission trajectories are generated by performing a grid scan of ballistic Earth
to asteroid trajectories produced by solving Lambert’s problem. The Lambert
solutions test all combinations of short-way and long-way trajectory options and span
multiple revolutions, where the number of revolutions is selected to be appropriate
for the Time of Flight (TOF), also referred to as the L to D (launch to deflection time).
All multi-revolution solutions consider both left branch and right branch solutions. For
each point in the grid, the combination of Lambert solution parameters—short-way,
long-way, number of revolutions, left branch, right branch—that maximizes the
deflection of the asteroid in the B-plane is selected.

The amount by which the asteroid is deflected in the B-plane is calculated using the
partial derivatives of the asteroid’s B-plane coordinates with respect to the
components of the AV vector. The AV vector is calculated from the standard
equation for the AV imparted to an asteroid by a kinetic impactor, given in Eq. (5.1).

AV = B Vo™i

Masteraid (51)

where 3 is the momentum enhancement factor, V. is the velocity of the spacecraft

relative to the asteroid upon striking the asteroid, =.. is the mass of the kinetic
impactor spacecraft, and m..... is the mass of the asteroid. The momentum
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enhancement factor describes how much the ejecta produced by the impact on the
asteroid contributes to the overall change in the asteroid’s momentum, and therefore
the change in velocity. A B of 1 represents no contribution from ejecta, a 8 of 2
means the momentum of the ejecta equals the momentum of the spacecraft, and a 3
> 2 means the momentum of the ejecta exceeds the momentum of the spacecraft.

The results of the Kl trajectory grid scan, in terms of how much the asteroid is
deflected in the B-plane, are shown in Figure 5.1.

The trajectory solutions in Figure 5.1 are essentially unconstrained, apart from
bounds on the launch date, TOF, and asteroid arrival date. Applying constraints on
Earth departure C;, Declination of the Launch Asymptote (DLA),
Sun-Earth-Spacecraft (SES) angle, spacecraft speed relative to asteroid at impact,
and approach phase angle at impact reduce the space of feasible trajectories, as
shown in Figure 5.2.
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Figure 5.1: Grid scan of Kl trajectories with optimized Lambert solution
parameters. The color scale shows the amount by which the asteroid is
deflected in the B-plane, in a relative sense. Distinct families of trajectory
solutions are marked with red numbers in chronological order from left to
right.
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Figure 5.2: Grid scan of Kl trajectories with optimized Lambert solution
parameters. The color scale shows the amount by which the asteroid is
deflected in the B-plane, in a relative sense. The trajectory constraints listed in
the figure are applied, reducing the space of feasible trajectories. Distinct
families of trajectory solutions are marked with red numbers in chronological
order from left to right.

The upper limit on C; is the highest C; performance listed for the Falcon Heavy
Expendable launch vehicle. The DLA limits correspond to a launch from the Cape
Canaveral Space Force Station, and the launch mass versus C; performance curve
used for the Falcon Heavy Expendable launch vehicle in this analysis is only valid
within those DLA limits. The upper bound on the asteroid impact speed and the
approach phase angle are both only notional.

Of the Kl trajectory solutions capable of deflecting the asteroid fully off the Earth, the
solution imparting minimum AV to the asteroid was selected, as this will minimize the
likelihood of exceeding the asteroid fragmentation heuristic of AV < 10% Vgcape- AS
shown in Tables 5.1 and 5.2, a single Kl would be sufficient to achieve total
southward deflection of any realization of the asteroid mass for either the Primary or
Backup launch dates. However, note that in all cases, the required deflection AV
would exceed 10% Vspe @and thus risk fragmentation of the asteroid, according to
our current heuristic. We therefore develop a strategy to use multiple Kls to achieve
deflection while keeping each individual AV applied to the asteroid below the 10%
Vescape fragmentation threshold heuristic.

Table 5.1. Minimum AV Single Kl Deflection Options for the Primary Launch Period.

Asteroid Mass | Launch Date | TOF (d) AI;ZZ:I (kn?ze}sz) I\:I:gs)s (I:/r:sls) B (c?n\lls) % \2 :’cape)
Low Mass 2031-03-14 586 |2032-10-20| 22.774 | 1379 | 11.74| 2 1.55 26%
50th %tile Mass | 2031-03-14 586 |2032-10-20| 22.774 | 1037 | 11.74| 5 1.55 19%
High Mass 2031-03-14 586 |2032-10-20| 22.774 | 1692 | 11.74| 5 1.55 15%
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Table 5.2. Minimum AV Single KI Deflection Options for the Backup Launch Period.

Arrival C; Mass | Vrel AV AV

Asteroid Mass | Launch Date | TOF (d) Date (kmis?) | (kg) |(kmis) B (cmIS) | (%Vescane)

Low Mass 2034-05-09 222 |2034-12-17| 34.486 | 1501 13 2 1.87 31%

50th %tile Mass | 2034-05-09 222 |2034-12-17| 34.486 | 1129 13 5 1.87 22%

High Mass 2034-05-09 222 |2034-12-17| 34.486 | 1841 13 5 1.87 18%

5.3 KI Modeling for B Prediction

Our strategy for being able to launch at least some of the Kls before the asteroid
mass is measured by the rendezvous reconnaissance mission, and before the 3
behavior is observed, is to size the Kls to impart a AV with ~4% Vgape fOr the Low
Mass realization of the asteroid at an assumed (8 of 2, thereby avoiding
fragmentation risk even if 8 is up to ~5. This results in a KI mass of 200 kg and an
impact speed of 12.37 km/s. For a direct comparison, such an impactor has about
33% less momentum than DART but about 33% more kinetic energy. The
performance of our Kl design against all three realizations of the asteroid (Low, 50th
Percentile, and High Mass) was assessed, using multiple plausible crush curves and
rubble pile vs. regolith vs. monolithic structures with an appropriate ellipsoidal
asteroid shape, as shown in Figure 5.3.

Beta

Time [s]

Figure 5.3: Left: Exemplar Kl simulation vs. the Epoch 2 asteroid properties.
Right: B results for Low Mass asteroid (red), 50th Percentile asteroid (blue -
solid lines are different crush curves for regolith, dashed lines are rubble pile
realizations w/ Dimorphos-like crush curve), and High mass asteroid (black -
higher B for Chelyabinsk meteorite-like (weak) damage model, lower 3 for Abu
Panu meteorite-like (strong) damage model).

To simulate the kinetic impact and understand the possible ranges for 3, we use
Spheral++, a smoothed particle hydrodynamics (SPH) code tailored for shock and
impact physics and maintained by Lawrence Livermore National Laboratory
[15,16,17], and FLAG, a finite-volume arbitrary Lagrangian—Eulerian (ALE) code
developed and maintained by Los Alamos National Laboratory [18,19,20]. In our
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Spheral++ simulations, we include models for elastoplasticity, fracture, microporosity,
and N-body gravity. Our strength and fracture implementations are largely based on
the work of Benz and Asphaug [21], who implemented an elastic perfectly-plastic
strength model and a probabilistic approach to fracture [22] in SPH.

We use a pressure-dependent yield-strength model based on the work of Collins et
al. [23] with separate functional forms for intact and damaged material. To model
porosity, Spheral++ provides the option to use either the P-alpha model [24,25] or
the epsilon-alpha model [26,23]. To examine the sensitivity of our impact calculations
to the porosity model, we vary the porosity model as well as the crush curve used by
the P-alpha model. Stickle [27] noted the sensitivity of impact calculation to the
specifics of the porosity model. Our FLAG simulations use constitutive models,
damage models, microporosity via the P-a model [24], and a new capability for a
gravity monopole [20]. FLAG has been used extensively in multi-physics regimes
and has been verified and validated against theoretical and laboratory data for
metals and geologic materials at both solid and porous densities
[28,29,30,31,32,33,34,35].

In our Spheral++ simulations, we use three different materials to describe our
system. The impactor is modeled as a single aluminum sphere while the asteroid is
treated as a heterogeneous mixture of explicitly resolved boulders and regolith.
Regolith represents all sub-resolution-scale cobbles, pebbles, and fines. For the
aluminum impactor, we use a tabulated equation of state from the Livermore
Equation of State (LEOS) library [36]. For the asteroidal material, we use an
M-ANEOS model of dunite [37]. Boulders and regolith are initialized with different
porosities and regolith is initialized as fully damaged. The impactor is discretized
uniformly with 5-cm particles according to the approach of Raskin and Owen [38].
The impact site on the asteroid is likewise discretized at 5-cm resolution but is then
graded away from the impact site for computational expediency. The general
approach outlined in this section has been previously used to model the DART
impact [30,27].

In our FLAG simulations, we used a tabular equation of state from the SESAME
database [39] for both the Al-6061 impactor and the porous basalt target. The
surrounding material was modeled as void. We ran 2D and 3D Cartesian simulations
of an ellipsoidal target being struck by an aluminum sphere. We varied the resolution
of the computational mesh to include zone sizes in the meter to centimeter range,
depending on proximity to the point of impact. FLAG simulations covered the
parameter space of Epoch 2 data, from solid rock to porous rock, with equivalent
porosities to match the given bulk densities. We modeled the highest mass asteroid
as intact rock. The bulk density of this realization (3.372 g/cm?) is larger than the
base density of forsterite (3.32 g/cm?), so we scaled the size of the asteroid such that
the total mass would match Table 2.1, assuming no porosity. The key variable we
explored for this realization was the damage model, representing how easily material
could be fractured. We compared a damage model calibrated to experiments on
Chelyabinsk material [40] and one calibrated to experiments on Aba Panu [41].
Chelyabinsk material fractures more easily than Aba Panu, leading to a larger
damage extent and therefore a higher 8.

The median asteroid, with a bulk density of 2.207 g/cm?®, was modeled as either a
homogeneous regolith body or as a rubble pile composed of boulders interspersed
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with porous regolith. For the homogeneous regolith body, we examined the effect of
changing the crush curve between a P-alpha model approximating lunar regolith
[42], a P-alpha model used by Raducan et al. [43] to model a Dimorphos-like
asteroid, and an epsilon-alpha model similar to that used by Stickle et al. [27] to
model the DART impact. The differences between these crush curves change 8 by
up to ~2.5, demonstrating the importance of understanding the behavior of
compacting material for predicting a porous asteroid’s response. For the rubble pile
simulations, we kept the crush curve constant, using the parameters utilized in
Raducan et al. [43]. We created three different arrangements of boulders, filling 50%
of the median asteroid with boulders ranging from 2 m in radius to 20 m in radius.
These three random arrangements showed 3 values that varied by ~2, depending on
whether the impactor struck regolith or a boulder, and at what angle.

We performed a single simulation on the lowest mass asteroid, which has a bulk
density of 1.128 g/cm?®. To simplify comparisons across the three asteroid sizes, we
model this asteroid as a homogeneous regolith body using the same epsilon-alpha
crush curve as for the median homogeneous regolith asteroid. The extremely high
porosity of the lowest mass asteroid dampens 3 compared to the other simulations
as more impact energy is used in compaction rather than ejection of material.

While our 3 values reach higher than the 2-5 originally planned for in the mission
design, our 200-kg KI does not appear to pose fragmentation risk to any realization
of the asteroid (Low, 50th Percentile, or High Mass) across the cases modeled and
the ranges of 3 observed in those models. A B of ~5 represents the median behavior
of the full dataset, but higher kinetic energy and lower asteroid bulk porosity tend to
produce higher values of 3. Therefore, 3 could be larger than 5 for the 50th
Percentile and High Mass asteroids. Meanwhile, f may be lower, e.g., ~2, for the
Low Mass asteroid due to its higher porosity. To account for the uncertainties in both
B and asteroid mass, we will show Kl deflection mission campaign design results for
B values of 2, 5, and 8 across the three asteroid realizations (Low, 50th Percentile,
and High Mass).

5.4 KI Mission Options Results

The grid of Kl trajectories compliant with all of the aforementioned constraints were
rank-ordered according to the amount of asteroid deflection in the B-plane achieved
by each. Sets of Kl trajectories capable of achieving total deflection of the asteroid
off the Earth were then selected within the bounds of the Primary Kl campaign
launch period and within the bounds of the Backup KI campaign. The resulting sets
of trajectories are detailed in Tables 5.3 and 5.4.
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Table 5.3. Kl Trajectories for Primary Launch Period Campaign.

Approach Left
Launch TOF Arrival C, DLA Vrel ;‘ E?e Phase Shor;;Way Number | Branch or
Date (days) Date (km?/s?) | (deg) | (km/s) ( deg ) Angle Lona-Wa of Revs Right
9 (deg) g-Way Branch
1]2030-07-17| 866 |2032-11-29| 28.678 -27 10.88 3.02 110.22 | Long-Way 2 Left Branch
Right
2 2031-02-16| 598 |2032-10-06| 49.155 -94 12.37 4.54 72.37 Short-Way 2 Branch
Right
3 2031-03-14| 586 |2032-10-20| 22.774 -8.63 11.74 3.19 82.9 Short-Way 2 Branch
412034-05-09| 222 |2034-12-17| 34.486 7.49 13 24.27 84.67 Long-Way 0 N/A
5]12035-01-12| 704 |2036-12-16| 54.803 | -12.96 | 11.38 51.04 53.37 Short-Way 2 B'?ﬁt::th
6]2035-01-28| 702 |2036-12-30| 26.064 | -17.36 | 10.66 49.71 63.51 Short-Way 2 BT;iTh
Table 5.4. Kl Trajectories for Backup Launch Period Campaign.
Approach Left
Launch L:F Arrival C; DLA Vrel :1 E?e Phase Shor(:;Way Number | Branch or
Date s)y Date | (km'ls?) | (deg) | (kmis) | deg ) | Angle || ey |ofRevs | Right
9 (deg) g-Yvay Branch
1| 2034-05-09 | 222 | 2034-12-17 | 34.486 7.49 13 24.27 84.67 Long-Way 0 N/A
2| 2035-01-12 | 704 | 2036-12-16 | 54.803 | -12.96 11.38 51.04 53.37 Short-Way 2 B'?;?‘:lth
3| 2035-01-28 | 702 | 2036-12-30 | 26.064 | -17.36 | 10.66 49.71 63.51 Short-Way 2 ngnhcth
412035-02-25| 688 | 2037-01-13 | 9.945 | -21.08 | 10.24 48.28 75.83 | Short-Way 2 ngnhcth
5] 2035-06-25 | 596 | 2037-02-10 | 8.722 -27.98 10.01 46.62 98.18 Long-Way 1 Left Branch
6| 2035-08-14 | 560 | 2037-02-24 | 21.708 | -28.47 9.03 46.91 107.33 | Long-Way 1 Left Branch

The first two Kl trajectories for the Primary launch period listed in Table 5.3 are
plotted in Figure 5.4, for reference. The other KI trajectories for the Primary and
Backup launch periods listed in Tables 5.3 and 5.4 are of similar character.
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Figure 5.4. Kl trajectories 1 (left) and 2 (right) for the Primary Launch Period
campaign. The other KI trajectories in the Primary and Backup Launch Periods

are of similar character.

The Primary and Backup launch period Kl trajectories were applied to each of the
three values of asteroid mass, and for each of the three reference 3 values
mentioned previously: 2, 5, and 8 (but omitting the B = 8 case for the Low Mass
asteroid, because modeling indicated that a 8 that high with such a low asteroid
porosity is highly unlikely). A summary of the timeline of KI missions within the
Primary campaign and the associated progression of the asteroid’s deflection is

shown in Figure 5.5.

1. Launch 2031-02-16
m =200 kg, v = 12.37 km/s

4. Launch 2034-05-09
m = 194-2606 kg, v = 13.0 km/s

2. Launch 2031-03-14
m =200 kg, v = 11.74 km/s

Deflection Deflection
Date B Date B
2032-10-06 2032-10-20
AsteroidMass | 2 | 6 | & - AsteroidMass | 2 | 5 | & -
Low Mass 15% | 37% Low Mass 14% | 36%
50th %tile 8% |20% |32% 50th %tile 8% |19% |31%
High Mass 5% |12% | 19% High Mass 5% | 12% | 19%

Cumulative - 2032-10-20

B
Asteroid Mass 2 & 8

Low Mass 29% | 73%
50th %tile 16% | 30% | 62%
High Mass 10% | 24% | 38%

5. Launch 2035-01-12
m = 222-2977 kg, v = 11.38 km/s

3. Launch 2030-07-17
m = 200 kg, v = 10.88 km/s

Deflection
Date B
2032-11-29
AsteroidMass | 2 | 5 | & ‘
Low Mass 12% | 31%
50th %tile T% | 17%|27%
High Mass 4% | 10% | 16%

Cumulative - 2032-11-29

B
Asteroid Mass 2

5 &
Low Mass 42%

50th %tile 22% | 56% | 89%

High Mass 14% | 34% | 55%

6. Launch 2035-01-28
m = 237-3178 kg, v = 10.66 km/s

Deflection Deflection Deflection
Date Date B Date B
20341217 B 2036-12-16 2036-12-30
Asteroid Mass 2 5 8 ‘ Asteroid Mass | 2 5 8 Asteroid Mass | 2 5 8
Low Mass 32% | 32% Low Mass 17% [ 17% ILow Mass 18% | 18%
50th %tile 44% | 44% | 44% 50th %tile 24% | 24% | 24% ISOih Yutile 24% | 24% | 24%
High Mass 56% | 56% | 56% High Mass 30% | 30% | 30% IHIoh Mass 31% [31% | 31%
Cumulative - 2034-12-17 Cumulative - 2036-12-16 Cumulative - 2036-12-30
[ B B
Asteroid Mass 2 5 8 [Asteroid Mass 2 8 Asteroid Mass
Low Mass Td% Low Mass 91% Low Mass
50th %tile 67% 650th %tile 50th %tile
High Mass 70% | 91% | High Mass High Mass

Figure 5.5. Timeline of KI missions for the Primary Launch Period and their
individual and cumulative asteroid deflection performances.
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In the Primary Kl campaign, the first three Kls are the 200 kg Kls discussed
previously, for which modeling results do not show risk of asteroid fragmentation.
The fourth, fifth, and sixth Kls have masses that are tailored after the RRS provides
a precise measurement of the asteroid’s mass. The B behavior is assumed to be the
same across impacts, making it predictable after observing the first KI's impact on
the asteroid. Six Kls are able to complete the deflection of the asteroid even if B is
low, and fewer Kls (3—-5) may be needed if B is moderate or high.

1. Launch 2034-05-09 2. Launch 2035-01-12 3. Launch 2035-01-28
m =200 kg, v=13.0 km/s m = 222-2977 kg, v = 11.38 km/s m =237-3178 kg, v = 10.66 km/s
Deflection Deflection Deflection
Date B Date B Date B
2034-12.17 2036-12-16 2036-12-30
AsteroidMass | 2 | 5 | 8 - AstercidMass | 2 | 5 | 8 - AstercidMass | 2 | 5 | 8 -
Low Mass 13% | 33% Low Mass 17% | 17% Low Mass 18% | 18%
50th %tile 7% | 18% [ 28% 50th “tile 24% | 24% | 24% 50th %tile 240 | 24% | 24%
High Mass 4% | 1% [17% High Mass 30% | 30% | 30% High Mass 31% |31% | 31%
Cumulative - 2036-12-16 Cumulative - 2036-12-30
B B
Asteroid Mass | 2 5 8 Asteroid Mass | 2 5 8
Low Mass 30% | 50% Low Mass 48% | 68%
50th “%tile 31% |41% | 52% 50th %tile 55% [65% | 76%
High Mass 34% |41% | 47% High Mass 65% [71% | 78%
4. Launch 2035-02-25 5. Launch 2035-06-25 6. Launch 2035-08-14
m = 247-3308 kg, v = 10.24 km/s m = 252-3384 kg, v = 10.01 km/s m = 280-3752 kg, v =9.03 km/s
Deflection IDeﬂection |Def|e|:tion
Date B Date B Date B
2037-01-13 2037-02-10 2037-02-24
AstercidMass | 2 | 5 | 8 # AsteroidMass | 2 | 5 | 8 ‘ AsteroidMass | 2 | 5 | 8
Low Mass 18% | 18% Low Mass 18% | 18% Low Mass 19% | 19%
50th %tile 25% | 25% | 25% 50th %tile 25% | 25% | 25% 50th %tile 26% | 26% | 26%
High Mass 31% | 31% [ 31% |High Mass 32% | 32% | 32% High Mass 33% | 33% | 33%
Cumulative - 2037-01-13 Cumulative - 2037-02-10 Cumulative - 2037-02-24
B B B
Asteroid Mass | 2 5 8 Asteroid Mass 2 5 8 Asteroid Mass 2 5 8
Low Mass 66% | 86% Low Mass 84% [104% Low Mass 103% [123%
50th %tile 80% | 90% [101% 50th %tile 104% | 115% | 126% 50th %tile 131% | 141%| 152%
High Mass 6% |103%| 109% High Mass 128% | 134% | 141% High Mass 161% | 168% | 174%

Figure 5.6. Timeline of KI missions for the Backup Launch Period and their
individual and cumulative asteroid deflection performances.

A summary of the timeline of KI missions within the Primary campaign and the
associated progression of the asteroid’s deflection is shown in Figure 5.6. In the
Backup Kl campaign, the first Kl is the 200 kg that does not appear to pose an
asteroid fragmentation risk. The remainder of the Kils all launch after the RRS has
precisely measured the asteroid’s mass, and after the first KI shows the behavior of
B, which is assumed to be constant across Kl impacts on the asteroid. Therefore, Kls
2 through 6 can have their masses tailored to be maximally effective against the
asteroid while keeping each AV imparted to the asteroid below the fragmentation
threshold heuristic.

Table 5.5 summarizes the number of Kl spacecraft required and deflection
completion date for each combination of asteroid mass and 3 for the Primary Ki
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campaign, with the more likely combinations of asteroid mass and (8 highlighted in
light green. Table 5.6 provides the same information for the Backup Kl campaign.

Table 5.5: Number of Kl spacecraft required to completely deflect the asteroid,
and the associated deflection completion date, for the Primary KI campaign.

Primary: Number of Kl Spacecraft Required to Complete Deflection &
Completion Date
[
Asteroid Mass 2 5 8
6 3
Low Mass Dec 2036 Nov 2032
6 4 4
o) 4
S0th %tile Dec 2036 Dec 2034 Dec 2034
. 5 5 4
High Mass Dec 2036 Dec 2036 Dec 2034

Table 5.6: Number of Kl spacecraft required to completely deflect the asteroid,
and the associated deflection completion date, for the Backup Kl campaign.

Backup: Number of Kl Spacecraft Required to Complete Deflection &
Completion Date
o]
Asteroid Mass 2 o 8
6 5
Low Mass Feb 2037 Feb 2037
5 5 4
of e
= 5 4 4
High Mass Feb 2037 Jan 2037 Jan 2037

Overall, both the Primary and Backup KI campaign require up to 6 Kl spacecraft,
despite the Backup Kl campaign waiting to launch until after the RRS has precisely
measured the asteroid’s mass. This is because the first three Kls in the Primary
campaign are launched before the RRS has measured the asteroid’s mass and so
are deliberately made small to avoid fragmentation risks, while only the first Kl in the
Backup campaign is made small and the remainder have masses tailored to the
measured asteroid mass and observed [3 behavior.
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Finally, while constant B across Kl impacts on the asteroid was assumed for
simplicity and for lack of information to the contrary, it is important to note that neither
simulation capabilities nor flight test missions have afforded us the opportunity to
investigate how B may change between subsequent impacts. For our mission
design, we have assumed a constant value of B across all subsequent impacts, but
as shown by the variation amongst the rubble-pile simulations for the median
asteroid, B may vary significantly depending on impact location and impact
processing from previous strikes. In the future, as simulation capabilities improve to
the point that we can run models to late enough times such that they reach a
post-impact equilibrium, we intend to address these uncertainties.

6. lon Beam Deflection (IBD) Mission Campaign Analysis
6.1 Methodology

lon-Beam Deflection (IBD) is a method for changing the orbit of an asteroid by
directing the exhaust beam of an ion engine onto its surface. It involves
rendezvousing a high-power Solar Electric Propulsion (SEP) spacecraft with the
asteroid, establishing a position roughly 3-4 asteroid diameters from the surface and
firing an opposing pair of ion thrusters so that most of the beam from one of the
thrusters impinges onto the asteroid. The momentum of the impinging ions is
imparted to the asteroid while the spacecraft is kept on-station by the symmetric
firing of an opposing thruster (Figure 6.1). The ions in the beam move at very high
velocities, and over time, they can impart a considerable amount of momentum to
the asteroid. The impinging ions are effectively absorbed by the asteroid surface;
residual sputtering will be at very low velocity, producing negligible momentum
enhancement. Provided the spacecraft can maintain its station, the momentum
imparted to the asteroid is highly predictable and does not depend on asteroid
physical properties.

asteroid
spacecraft

3\
|
) H

d
£ »

Figure 6.1. Conceptual drawing of IBD spacecraft positioning relative to the
asteroid during operations Angle ¢ is the beam divergence.

When analyses of IBD performance for the 2024 PDC25 case were first started, a
large number of mission designs were considered, with a wide variety of assumed
launch dates, arrival dates, power levels, numbers of ion thrusters, and propellant
loads. A preliminary set of ion-beam deflection simulations were run to assess the
relative performance of these missions. The key factors that led to the best

31



outcomes were: early arrival (preferably around the 2031-32 perihelion), spacecraft
total available power, number of thruster pairs, and amount of propellant available for
deflection. Our objective was to find a good balance among these factors that was
also a realizable size of mission. In our IBD analyses at Epoch 1 of this scenario we
highlighted an IBD Option A mission which had the very modest power level of 22
kW at 1 AU, modeled after the power level of the Psyche spacecraft. That mission
alone could successfully deflect roughly 60% of the possible combinations of
asteroid size and impact locations at Epoch 1. But it was underpowered: the
spacecraft could not power the thrusters through much of the asteroid orbit.
Increasing the spacecraft power to 46 kW achieved a much better balance since it
could make better use of the same 6-NEXT-C thruster set assumed for Option A to
deliver considerably more deflection.

For Epoch 2, we settled on a purpose-built 46-kW IBD spacecraft and considered it
to be already under development. We also considered a second IBD spacecraft
design based on a repurposed 60-kW component of Lunar Gateway. The optimal
rendezvous trajectory designs and deflection performance for both of these IBD
spacecraft models are described in the following sections.

6.2 Spacecraft Trajectory Analysis

A high-power SEP system has multiplicative advantages for IBD. Higher power
enables more thrusters and higher mass flow rates during periapsis passage when it
is most effective to change the asteroid’s orbit. Additionally, high-power SEP
systems can reduce the flight time for a rendezvous trajectory to the asteroid,
allowing for earlier arrival dates and potentially access to deflection during earlier
perihelion passages. The starting time for deflection operations is important, as the
earlier perihelion passages provide higher effective deflection per unit mass of
propellant. Moreover, higher SEP power generally correlates with higher delivered
mass capability, allowing for increased propellant available for IBD operations.

A capable high-power SEP system with high-capacity xenon tanks was developed
for the NASA Asteroid Redirect Robotic Mission (ARRM), which was cancelled in
2017. The ARRM spacecraft design included a 46-kW-class solar array, four ~14-kW
thrusters, and up to 5000 kg of xenon propellant. The ARRM SEP spacecraft design
with replacement of the four baseline thrusters with six NEXT-C thrusters provides a
capable SEP spacecraft for IBD operations. This purpose-built spacecraft for IBD is
designed with the NEXT-C thrusters pointed in opposing direction pairs. As such,
only three thrusters are assumed to be active for the transfer trajectory, while all six
thrusters will be active during IBD operations.

To determine candidate rendezvous trajectories, optimal trajectories were developed
with the goal of maximizing delivered mass, maximizing launch date, and minimizing
arrival date. Launch dates between January 2029 and January 2032 are traded, and
the arrival date is constrained to be before the November 2032 perihelion. A Falcon
Heavy Expendable launch vehicle is assumed for all trajectories given the need for
large xenon mass delivered. The arrival date versus launch date for the resulting
Pareto-optimal trajectories are plotted in Figure 6.2 with the color indicating the
estimated xenon available for IBD operations after arrival. The highest performing
rendezvous solutions launch in early- to mid-2029 with up 5000 kg of xenon
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available for IBD operations for June 2032 arrival dates. However, this family of
solutions does not allow for the desired period of at least five years from ATP to
launch. An alternative family of solutions launches around October 2029, five years
after ATP, and provides up to 2700 kg of xenon for IBD, depending on the selected
arrival date. Later launch dates are also available, but only with later arrival date
potential and generally reduced delivered xenon for IBD operations.

Apr33
5000

Jan33

T e — @ e
Oct32 backup Qe & 4500
o R \
Jul32 ¢.@ baseline Latest launch options 1 4000
Aor32 b % with rendezvous =
T. ]
P . . before Nov. 2032 =
® ° i e 3500
T Jan32 o perihelion %
e ° %
g . S
‘€ Oct31 L] 3000 5
< . .
Possible early launch §
]
Jul3 s options with >4000 kg f o500 <
of xenon for IBD &
Apr31
pr3 - early rendezvous date
o 2000
Jan31 L]
,» o
°
Oct30 1500
Jul3o
Jan29 Apr29 Jul29 Oct29 Jan30 Apr30 Jul30 Oct30 Jan31 Apr31 Jui31 Oct31 Jan32

Launch Date

Figure 6.2. Pareto-optimal solution space for rendezvousing with 2024 PDC25
with purpose-built 46-kW SEP system for IBD.

Selected rendezvous trajectory options based on the optimal solution space are
outlined in Table 6.1. Two early launch options follow direct, three-year trajectories to
the asteroid, and offer high delivered xenon loads. The key drawback of these early
options is that the launch dates only allow for 4.5 years of development after ATP.
The primary rendezvous trajectory option allows for a five year development, and
leverages a Venus gravity assist (VGA) to deliver roughly 2,200 kg of xenon for IBD
operations. The trajectory plot for the primary option is shown in Figure 6.3. Finally,
the backup option allows for a 5.5-year development timeline from ATP, launching in
April 2030 and arriving roughly one month before the 2032 perihelion.
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Table 6.1. Rendezvous Trajectory Options for IBD Based on Purpose-Built
46-kW SEP Spacecraft.

. Delivered Xenon for |Estimated
Launch Time of| Launch Mass to Trajector Xenon for Total Flyb
Case Arrival Date | Flight | Mass . ) Y Estimated yoy
Date lyears] | [ke] Asteroid | from Earth to| IBD ops Xenon [kg] sequence
y & [kgl Asteroid [kg] [kel 8
Earlyl |2029-04-25( 2032-04-27 | 3.01 | 10295 8863 1432 5199 6631 Direct
Early2 12029-06-02( 2032-06-04 | 3.01 9235 7855 1380 4191 5571 Direct
Primary |2029-10-03| 2032-07-06 | 2.76 7399 5867 1532 2203 3735 VGA
Backup [2030-04-10| 2032-10-01 | 2.48 6949 6239 710 2575 3285 direct
Event # 1:
Launch
Event # 3: Earth
Rendezvous 10/3/2029
%%?22()532 C3 = 35.022 km?/s?
m = 5867 kg DLA= 28.5

Event # 2:
Unpowered flyby
Venus

10/30/2030
V. = 11.022 km/s

DEC

=218°

altitude = 300 km
m = 6489 kg

m = 7399 kg

Figure 6.3. Plot of primary rendezvous trajectory for IBD with a purpose-built
46 kW SEP system and NEXT-C thrusters.

As an alternative to a purpose-built SEP system for IBD, repurposing or replicating
the Power and Propulsion Element (PPE) being built for NASA’s lunar Gateway is
considered. The PPE spacecraft is a 60-kW SEP system planned for launch to
cis-lunar space in 2027. The PPE spacecraft is composed of three 12-kW Advanced
Electric Propulsion System (AEPS) thrusters and four 6-kW BHT-6000 thrusters. For
the PPE to execute ion beam deflection, the BHT-6000 thrusters are moved to the
opposite side of the spacecraft and reoriented to point in an opposing direction to the
AEPS thrusters. During IBD operations, the AEPS thrusters point at the asteroid and
the BHT-6000 thrusters provide countering thrust to maintain the hovering orbit. A
drawback of applying the AEPS thrusters for IBD compared to NEXT-C thrusters is

34




the higher beam divergence angle, which contributes to a higher cosine loss in IBD
performance. Additionally, the PPE spacecraft would need to be modified with larger
xenon propellant tanks to accommodate the higher xenon loads for transferring to
the asteroid and IBD operations.

For rendezvousing with the asteroid, it is assumed that only the three AEPS
thrusters are applied for the transfer from Earth and the BHT-6000 thrusters are not
active. As with the 46-kW purpose-built spacecraft, optimal rendezvous trajectories
for the repurposed 60-kW PPE are identified via a many-objective optimization
approach with the objective of maximizing launch date, minimizing arrival date, and
maximizing delivered mass. The resulting solution space is similar to that of the
46-kW purpose-built spacecraft trajectories. Four selected options for the repurposed
60-kW PPE spacecraft are listed in Table 6.2. In comparison to the selected options
for the purpose-built 46-kW spacecraft, the two early options in Table 6.1 do not
provide as much xenon for IBD. However, the primary and backup options for the
repurposed PPE deliver over 1,000 kg more xenon for IBD.

Table 6.2. Rendezvous Trajectory Options for IBD Based on Repurposed 60-kW
PPE Spacecraft.

. Delivered Xenon for [Estimated
Launch Time of | Launch Mass to | Trajectory |Xenon for Total Flyb
Case Arrival Date| Flight Mass . ! v Estimated Yoy
Date [years] kel Asteroid [from Earth td IBD ops Xenon [kg] sequence
¥ & [kg] |Asteroid [kg] [kel g
Earlyl 2029-04-14 2032-03-16 2.92 13296 | 10050 3246 3772 7018 Direct
Early2 2029-06-02 2032-05-04 2.92 12925| 9480 3445 3203 6648 Direct
Primary |2029-10-02 2032-07-26 2.81 11625| 8394 3231 2123 5354 Venus
Backup |2030-04-03 2032-10-31 2.58 13321 9494 3827 3218 6483 Earth

6.3 IBD Modeling

The performance of the various ion-beam missions and spacecraft models we
considered was assessed via realistic simulations. At the heart of the simulations
were the performance curves for the thrusters, basically giving thrust and propellant
usage as a function of thruster input power. For the purpose-built IBD spacecraft we
used NEXT-C performance curves, while for the repurposed PPE we used the AEPS
and BHT performance curves. Each thruster had a maximum power and would be
turned off when below its minimum power.

The main inputs to each IBD simulation were: start date, total spacecraft power at 1
AU, number of thruster pairs, and available propellant load. For the purpose-built IBD
spacecraft the power was set at 46 kW and the number of thruster pairs was set at 3,
but the other two inputs varied from mission to mission. The deflection start date was
assumed to be one month after arrival. The deflection simulation proceeded
incrementally on a day-by-day basis. The heliocentric distance on each day was
used to compute the available power, and that was then reduced by 10% for
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overhead and used to determine the number of thruster pairs that could operate.
Thruster pairs would be turned off if not enough power was available for that pair.
After that, the total thrust and propellant usage for that day was then computed using
the thruster curves.

A fraction, nominally 95%, of the thrust from one thruster beam of each operating
pair was assumed to be transferred to the asteroid. Basically, the spacecraft was
assumed to be positioned at a distance from the asteroid that would maintain that
impingement fraction. The positioning was also assumed to be in a direction that
imparted AV would optimize the zeta component of deflection in the impact B-plane.
The mass of the asteroid was then used to compute the imparted momentum into
the AV vector for that day, and the deflection partial derivatives then used to map
that AV vector into an incremental change in the asteroid’s B-plane position. Figure
6.4 shows the relative daily contribution to B-plane deflection that could be achieved
for these simulations, as a function of time. Note that the spacecraft in this simulation
has enough power to deflect all the way around the orbit, right through aphelion. No
scale is given on the vertical axis because the scale depends on the mass of the
asteroid. Deflection capability peaks around each perihelion of the asteroid for two
reasons: 1) that's when the power levels peak for the thrusters, resulting in peak
thrust; and 2) that’s when a given amount of AV produces the largest deflection in
the B-plane.

To determine the optimal thrusting periods, an optimizer was used to select those
days which could maximize the total accumulated b-plane displacement while
attempting to reach the required deflection goal at the earliest completion date, with
the additional constraint that there was still available propellant. Periods around the
perihelia were clearly the most effective times to thrust. The total deflection of a
given mission is essentially the integral under the curve in Figure 6.4, over the
chosen thrusting arcs. The shaded region shows an example for one of the selected
IBD missions. In this case, the thrusting began one month after arrival and ran
continuously until the required deflection was achieved. In other more stressing
cases, the optimizer would break the thrusting periods into arcs around two or more
of the peaks in order to use propellant more judiciously. If the simulation determined
that the accumulated B-plane deflection could not reach the required goal with the
available propellant, it would add another copy of the spacecraft, and run again.
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2032 Perihelion

2034 Perihelion

2037 Perihelion
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Date of Deflection

Figure 6.4: IBD deflection efficiency versus time.

As noted earlier, we considered a second model of an IBD spacecraft, a repurposed
version of the Gateway’s PPE. This spacecraft has the basic elements of an IBD
mission but would have to be significantly modified. The spacecraft structure would
be enlarged for an increased xenon tank capacity of 5000-7000 kg, BHT thrusters
would be moved to the other end of the spacecraft, and a station-keeping control
system, with appropriate sensors would have to be added. The simulation for this
very different IBD spacecraft used two sets of thrusters and propellant usage curves
appropriate for the two types of thrusters. Care was taken in the simulation to
equalize opposing thrust levels from different types of thrusters with unequal input
power levels.

Although this repurposed PPE has more total power available (60 kW) than the
purpose-built model described earlier (46 kW), a factor that should make the PPE a
more capable spacecraft, the AEPS thrusters have a wider beam divergence than
the NEXT-C thrusters, making them less effective for deflection operations. As a
result, this spacecraft would have to be stationed closer to the asteroid to get a
larger fraction of the ion beam interacting with the asteroid, putting it in a regime
where gravity starts to degrade the ion-beam pressure, due to the spacecraft’s
gravitational acceleration on the asteroid opposing the push of the ion beam on the
asteroid. In our simulation for the PPE IBD spacecraft, we chose a compromise on
the stationkeeping position at roughly 225 m from the asteroid surface, accounting
for larger gravity losses, and assumed only 75% of the ion beam impinges on the
surface from the AEPS thrusters.

6.4 IBD Mission Options Results

For each of the two IBD spacecraft models we evaluated the performance of 4
different mission designs and determined the number of IBD spacecraft required to
achieve the 3 possible deflection goals: deflecting northward off the Earth, southward
off the Earth, and a partial southward deflection to the “safe zone” south of Africa.
Tables 6.3, 6.4, and 6.5 show the simulation results for the purpose-built IBD
spacecraft for those scenarios. The tables show the number of IBD spacecraft
required to reach these goals as a function of asteroid mass, and give the
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completion dates for those deflections. A successful northward deflection can be
achieved by 1-2 of these IBD spacecraft, while a full southward deflection would
require 2-4 such spacecraft. A single IBD spacecraft could achieve the partial
southward deflection, provided it was one of the early-launch missions. For the
primary and backup IBD missions, a second copy of the spacecraft would be
required if the asteroid mass happened to be in the top 10% of the possible mass

range.

Table 6.3: Number of IBD spacecraft & deflection completion dates for
northward deflection using the Purpose-Built 46-kW IBD spacecraft.

Ootion: Ep1 OptA Early1 Early2 Primary Backup
ption: (22kW) (46KW) (46KW) (46KW) (46KW)
Launch 10/9/2029 4/25/2029 6/2/2029 10/3/2029 4/10/2030
(5.5 mo. earlier) (4.2 mo. earlier) (6.2 mo. later)
Arrival 7/9/2032 4/27/2032 6/4/2032 7/6/2032 10/1/2032
Asteroid Required Number of Launches:
Mass %ile: Completion Dates:
Low 2 1 1 1 1
Dec 2034 Mar 2034 Jun 2034 Aug 2034 Dec 2034
50th 3 1 1 2 2
Mar 2035 Oct 2036 Nov 2036 Jun 2034 Dec 2034
High 4 2 2 2 2
Feb 2037 Feb 2035 Mar 2035 Apr 2035 Dec 2036

Table 6.4: Number of IBD spacecraft & deflection completion dates for
southward deflection using the Purpose-Built 46-kW IBD spacecraft.

Ootion: Ep1 OptA Early1 Early2 Primary Backup
ption: (22kW) (46KW) (46KW) (46KW) (46KW)
Launch 10/9/2029 4/25/2029 6/2/2029 10/3/2029 4/10/2030
(5.5 mo. earlier) (4.2 mo. earlier) (6.2 mo. later)
Arrival 7/9/2032 4/27/2032 6/4/2032 7/6/2032 10/1/2032
Asteroid Required Number of Launches:
Mass %ile: Completion Dates:
Low 3 1 1 2 2
Dec 2036 Feb 2037 Mar 2037 Sep 2034 Jan 2035
50th 5 2 2 3 3
Feb 2037 Dec 2036 Jan 2037 Dec 2034 Jul 2035
High 8 3 3 4 4
Mar 2037 Mar 2037 Apr 2037 Jul 2035 Jan 2037
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Table 6.5: Number of IBD spacecraft & deflection completion dates for partial
southward deflection using the Purpose-Built 46-kW IBD spacecraft.

Ootion: Ep1 OptA Early1 Early2 Primary Backup
ption: (22KW) (46KW) (46KW) (46KW) (46KW)
Launch 10/9/2029 4/25/2029 6/2/2029 10/3/2029 4/10/2030
(5.5 mo. earlier) (4.2 mo. earlier) (6.2 mo. later)
Arrival 7/9/2032 4/27/2032 6/4/2032 7/6/2032 10/1/2032
Asteroid Required Number of Launches:
Mass %ile: Completion Dates:
Low 1 1 1 1 1
Nov 2036 Jan 2033 Feb 2033 Mar 2033 Aug 2034
50th 2 1 1 1 1
Apr 2035 Nov 2034 Dec 2034 Dec 2034 Jun 2035
High 3 1 1 2 2
Dec 2036 Feb 2037 Mar 2037 Sep 2034 Jan 2035

Similarly, Tables 6.6, 6.7, and 6.8 show the corresponding simulation results for the
repurposed PPE IBD spacecraft for the same three scenarios (northward,
southward, partial southward). Since the number of spacecraft required is larger in
some of the cases, this spacecraft is somewhat less capable at achieving required
deflections than the purpose-built IBD spacecraft. That is likely due to the wider
beam divergence of the AEPS thrusters, as described earlier. Nevertheless, for the
partial deflection using the Primary and Backup missions, the PPE IBD performance
is almost identical to that of the purpose-built IB spacecraft in terms of the number of
spacecraft.
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Table 6.6: Number of IBD spacecraft & deflection completion dates for
northward deflection using the Repurposed PPE 60 kW IBD spacecraft.

Option: Early1 Early2 Primary Backup
Launch 4/14/2029 6/2/2029 10/2/2029 4/3/2030
(5.4 mo. earlier) (4 mo. earlier) (6.2 mo. later)
Arrival 3/16/2032 5/4/2032 7/26/2032 10/31/2032
Asteroid Required Number of Launches:
Mass %ile: Completion Dates:
Low 1 1 1 1
Jan 2033 Jan 2033 May 2033 Nov 2034
50th 1 2 2 2
Jan 2035 Jan 2033 Apr 2033 Oct 2034
High 2 2 3 3
Jul 2034 Oct 2034 Jun 2033 Nov 2034

Table 6.7: Number of IBD spacecraft & deflection completion dates for
southward deflection using the Repurposed PPE 60 kW IBD spacecraft.

Option: Early1 Early2 Primary Backup
Launch 4/14/2029 6/2/2029 10/2/2029 4/3/2030
(5.4 mo. earlier) (4 mo. earlier) (6.2 mo. later)
Arrival 3/16/2032 5/4/2032 7/26/2032 10/31/2032
Asteroid Required Number of Launches:
Mass %ile: Completion Dates:
Low 2 2 2 2
Jan 2033 Feb 2033 Jul 2033 Nov 2034
50th 2 3 3 3
Mar 2035 Oct 2033 Dec 2034 Feb 2035
High 4 4 5 5
Aug 2034 Nov 2034 Nov 2034 Jan 2035
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Table 6.8: Number of IBD spacecraft & deflection completion dates for partial

southward deflection using the Repurposed PPE 60 kW IBD spacecraft.

Option: Early1 Early2 Primary Backup
Launch 4/14/2029 6/2/2029 10/2/2029 4/3/2030
(5.4 mo. earlier) (4 mo. earlier) (6.2 mo. later)
Arrival 3/16/2032 5/4/2032 7/26/2032 10/31/2032
Asteroid Required Number of Launches:
Mass %ile: Completion Dates:
Low 1 1 1 1
Nov 2032 Nov 2032 Dec 2032 May 2034
50th 1 1 1 1
Jun 2033 Sep 2033 Dec 2034 Jan 2035
High 2 2 2 2
Jan 2033 Feb 2033 Jul 2033 Nov 2034

7. Nuclear Explosive Device (NED) Mission Campaign Analysis

For missions employing Nuclear Explosive Devices (NEDs) to deflect the asteroid,
we assume that the NED carrier spacecraft rendezvouses with the asteroid, rather
than attempting to detonate the NEDs in proximity to the asteroid during a
high-speed intercept. In this section, we detail the NED modeling, the NED deflection
mission design strategy, and the asteroid deflection performance.

7.1 NED Mission Campaign Strategy

The concept of operations for the NED deflection missions involves an NED carrier
spacecraft employing SEP and carrying multiple deployable free-flyer NED
subspacecraft. The NED carrier rendezvouses with the asteroid and then spends up
to 4 months characterizing the asteroid, which includes measuring the asteroid’s
mass. Knowledge of the asteroid’s mass, shape, and other properties allows the
Height of Burst (HOB) to be selected relatively precisely for the standoff NED
detonations near the asteroid. Standoff NED detonations near an asteroid produce
radiation that ablates a thin layer of asteroid surface material, which then blows off
from the asteroid. That causes the asteroid to recoil in the opposite direction, thereby
imparting AV to the asteroid. As with Kls, this AV is impulsive, i.e., effectively
instantaneous.

Based on the asteroid properties knowledge at Epoch 2, the yield of each NED is
selected to be 100 kt. The total mass of a basic subspacecraft carrying such an
NED, which includes the necessary subsystems (e.g., thrusters, camera, short-range
communications, etc.), is assumed to be approximately 250 kg.
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After characterizing the asteroid and planning appropriate HOBs for the NED
detonations, the NED carrier spacecraft begins deflection operations two months
prior to the asteroid’s next perihelion. Deflection operations are assumed to span up
to 4 months, if necessary, centered on the asteroid’s perihelion, and with a minimum
of 14 days between detonations, allowing time to measure the effect on the asteroid
before the next detonation. This provides significant operational flexibility. During an
NED detonation, the NED free-flyer subspacecraft is deployed and commanded to
move to the correct coordinates above the asteroid’s surface. The NED carrier
spacecraft moves to the opposite side of the asteroid before detonation, for
protection. The NED is then commanded to detonate and the results are assessed.
Multiple detonations may be performed if necessary, and they each follow the same
procedure outlined above.

7.2 Spacecraft Trajectory Analysis

As with rendezvous trajectories for reconnaissance and IBD, SEP is enabling for
delivering the necessary payload mass for NED deflection. To map the optimal
solution space given the coupling between trajectory performance and SEP
parameters, a many-objective stochastic optimizer is applied while trading the
parameters outlined in Table 7.1. Launch dates between October 2029 (five years
after ATP) to December 2036 are considered in the optimization. The five objective
functions listed in Table 7.1 are optimized simultaneously to generate Pareto-optimal
solutions. All solutions launch on a Falcon Heavy Expendable launch vehicle and the
optimizer considers different flyby sequences with up to three flybys considered with
any combination of Earth, Venus, or Mars.

Table 7.1. NED Rendezvous Trajectory Optimization Variables (left) and
Objective Functions (right).

Trade Parameters Values
Objecti
Launch date October 2029 (ATP+5 years) to Jectives
December 2036 . .
Maximize delivered mass
Ti f fligh to 4
ime of flight Up to 4 years Minimize time of flight
EOL 10 to 46 kW
OL power ° Minimize launch date
EP thruster type XR5, XIPS-25, NEXT-C, L
AEPS/HERMeS Minimize EOL power
Number of thrusters 2106 Minimize number of thrusters

Estimated payload mass versus arrival date for the optimal trajectories is plotted in
Figure 7.1 with the color indicating the end-of-life solar array power. Solutions with
10- to 22-kW SEP systems are well-represented in the optimal solution space. with
many options delivering more than the estimated 2,400 kg requirement for the NED
payload for a variety of launch and arrival dates. SEP power levels between 10 and
22 kW are in-family with past and current interplanetary SEP spacecraft power levels
such as Dawn and Psyche.
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Figure 7.1. Pareto-optimal solution space for
NED deflection rendezvous trajectories.

Primary, backup, and “last-ditch” options are selected from the optimal solutions and
listed in Table 7.2. The primary solution launches in April 2031, approximately 6.5
years after ATP, and requires a 16-kW SEP system to deliver roughly 4,680 kg to the
asteroid in January 2033. A backup solution launches two years later in April 2033
and only requires a 12-kW SEP system to deliver over 5,000 kg. The last-ditch
option launches in June 2035 and arrives in September 2038, six months ahead of
the final perihelion before impact. An early launch option was also considered for a
scenario in which a dedicated precursor rendezvous reconnaissance mission was
not launched and the SEP spacecraft carrying the NED payload would also be
conducting initial rendezvous reconnaissance. The early option launches in June
2029, 4.7 years after ATP, and arrives in December 2031. Trajectory plots for each of
the NED rendezvous options are illustrated in Figures 7.2 and 7.3.
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Table 7.2. Exemplar Pareto-optimal SEP rendezvous mission options
for NED deflection.

Time of Launch SEP EOL Fivb Delivered Masqy Estimated
Case Launch Date | Arrival Date| Flight . Power at L4 to Asteroid | Payload Mass
Vehicle sequence

[years] 1AU [ke] (kg)
Early 2029-06-30 | 2031-12-30 2.50 FHE 26 Direct 4878 3012
Primary 2031-04-14 | 2033-01-12 1.75 FHE 16 Direct 4684 2928
Backup 2033-04-16 | 2035-10-15 2.50 FHE 12 Direct 5078 3360
Last-Ditch | 2035-06-26 | 2038-09-01| 3.18 FHE 22 Direct 4222 2400

Early Mission

Event # 2:
Rendezvous
PDC25
12/30/2031
m = 4878 kg

Event # 1:

Launch

Earth

6/30/2029

C3 = 36.217 km?/s?
DLA = 3.0°

m = 7211 kg

Primary Mission

Event # 1:
Launch
Earth
4/14/2031

C3 = 44.762 km?/s?
DLA = 28.5
m = 5963 kg

Event # 2
Rendezvous
PDC25
1/12/2033

m = 4684 kg

Figure 7.2. Trajectory plots for early (left) and primary (right) NED deflection
rendezvous options.
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Backup Mission Last-Ditch Mission

Event # 2:
Rendezvous
PDC25
10/16/2035

Event # 2:
Rendezvous
PDC25

9/1/2038

m = 5078 kg m = 4383 kg

Event # 1:
Launch
Earth
4/16/2033

Event # 1:
Launch
Earth
6/26/2035

C3 = 44.538 km?/s?
DIA =-1.2°
m = 5993 kg

C;3 = 43.062 km?/s?
DIA = 28.5°
m=6199 kg

Figure 7.3. Trajectory plots for backup (left) and last-ditch (right) NED
deflection rendezvous options.

7.3 Standoff Nuclear Detonation Modeling
7.3.1 ARES modeling methods

We used the multi-physics, mesh-based hydrodynamic simulation code named
ARES?® developed at LLNL [44,45] to simulate standoff nuclear detonation scenarios.
In these simulations the asteroid is modeled as a homogeneous sphere in a 2D
axisymmetric coordinate system. The ARES simulations were initialized using the
energy deposition model from Burkey et al. [12,13], which approximates the X-rays
absorbed by the asteroid’s surface following the illumination from a nuclear explosive
device (NED). The Burkey et al. model, based on extensive radiation-hydrodynamic
simulations, assumes a constant 1-2 keV X-ray blackbody spectrum and is robust
across various input parameters, including illumination times (10 — 100 ns), fluences

(107* — 1 kt m™?) microporosities ($ = 0 — 0.8), and asteroid compositions (silicon

dioxide, 510; | forsterite, Mg5i0,  jce, and iron). To account for porosity effects, the
ARES porosity model dynamically reduces porosity when the pressure exceeds a
reference crush curve pressure, ranging from 1.1-4.8 MBar for our simulations. We
modeled each hypothetical asteroid with a forsterite equation of state (reference

density #o = 3.22 g em™* ) adapted from M-ANEOS [35], and ran simulations using
blackbody spectrum temperatures of 1 and 2 keV. Finally, we ran these simulations
without incorporating material strength models in ARES. Although modeling material
damage may provide additional insight, we deflect these asteroids at relatively small

> ARES is the name of the code, and it is not an acronym.
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velocities which reduces the impact that strength/damage models have on the
overall material dynamics.

Burkey et al. quantified the total uncertainty from the deposition model to be 15.8%
by summing contributions from error sources such as meshing, material models, and
time-dependent illumination variability. It is important to note that realistic asteroid
properties, including irregular shapes, heterogeneous compositions, and complex
internal structures, introduce far greater uncertainty to a final deflection velocity (AV)
estimate. By employing the Burkey et al. model, we substantially reduce the
computational resources required to complete a full 2D radiation transport simulation
from start to finish. With the momentum carried away by the “blown off” material from

the NED’s X-ray exposure (“blowoff momentum”, P» P») used as the primary metric
for comparison, Burkey et al. showed consistent results within ~10% between
simulations with and without radiation transport, validating the reliability of this
approach.

7.3.2 Cassio modeling methods

We also conducted nuclear stand-off burst models using simplified X-ray energy pill
sources in the Eulerian radiation hydrocode Cassio [47]. Cassio uses the Radiation
Adaptive Grid Eulerian (RAGE) [48] hydrodynamics package, and adds an implicit
Monte Carlo (IMC) radiation transport algorithm [50] for X-ray light transport.
Verification and validation of Cassio against shocks in porous silicates was reported
in [49]. We used the Sesame EOS database [39], aluminum EOS 3720 and opacity
tables for the simplified NED energy pill and the basalt EOS 7530 [46] and granite
opacity tables for the target asteroid.

7.4 NED Detonation Modeling Results

To meet the Epoch 1 mission requirement of a 4 cm/s deflection velocity, we ran
dozens of two-dimensional (2D) hydrodynamic simulations using ARES with a 1,000
kt NED initialized with the Burkey et al. model to determine heights-of-burst (HOBs)
for achieving the target AV. In total, we obtained two HOBs for each blackbody

spectrum temperature to bracket the mission AV requirement to within ~ 15 < 15

percent. We show an example of the results for the 50" Percentile asteroid (D = 127
m) in Figure 7.4, which shows the deflection velocity curves in the left panel, and
visualizes the simulated asteroid and the ablated material in the right panel
(color-coded by kinetic energy per unit volume). We deflected the asteroids to within

% 15 percent of AV = 4 cm/s with HOBs ranging from 950-1700 m for the 5%
percentile asteroid, 575-1,100 m for the 50" Percentile, 300-750 m for the 95", and
110-450 m for the largest (where the lower and upper bounds correspond to a 1 and
2 keV source, respectively).
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Figure 7.4. Deflection velocity curves for the Epoch 1 - 50" Percentile asteroid
(D =127 m) are shown in the left panel, illustrating results for both X-ray
blackbody spectrum temperatures at two HOBs each. The right panel presents
an image from one of the 2D ARES simulations, where ablated material is
color-coded by the kinetic energy per volume (right panel).

Thanks to the post-Epoch 1 flyby reconnaissance mission, the asteroid’s physical
properties were more accurately constrained for Epoch 2. These constraints

provided a relatively narrow range of properties, enabling us to focus on modeling
three representative cases: the minimum, median, and maximum mass asteroids

corresponding to M = 2 X 10° kg,3.93 X 10° kg gnd 7.03 X 10° kg respectively. For

Epoch 2, we adopted a smaller NED vyield of 100 kt, compared to the 1,000 kt yield
used in Epoch 1. This choice offers operational flexibility, allowing multiple NEDs to
fit onto the spacecraft. This flexibility is crucial if multiple impulses are necessary to
achieve deflection without risking accidental disruption of the asteroid. Using the
ARES simulation framework mentioned above, we modeled the deflection of these
three asteroid realizations by both 4% and 10% of their escape velocities. Currently,
there is no detailed discussion in the literature regarding the associated uncertainty
related to the deflection velocity from the nuclear mitigation framework. Thus, we
conservatively assumed an uncertainty factor of 2.5 in AV for the 4% escape velocity
simulations. This approach accounts for potential overperformance of the deflection
velocity, ensuring that even if the actual AV exceeds the target by a factor of 2.5, the
asteroid will still be deflected to within 10% of its escape velocity. This operational
strategy minimizes the risk of accidental disruption while maintaining deflection
effectiveness.

The reconnaissance mission data also constrained the asteroid’s dimensions to a
roughly 1:1:2 axis ratio. However, due to the lack of capability in ARES to model
non-spherical asteroid shapes, we approximated the asteroid using the spherical
equivalent radius and corresponding density to match the masses for the three
realizations in each 2D simulation. For the maximum mass asteroid, the reported
density exceeded the reference density of Forsterite. To address this, we maintained
the porosity value and scaled up the asteroid’s size until the maximum mass was

achieved. The final model for this asteroid had a diameter of 2 = 163 m gnd
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density of # = 3.09 g em™ _ Simulation results for deflections at 4% and 10%

escape velocity are presented in Figures 7.5 and 7.6, respectively. These figures
show that the range of the HOBs is between 450 — 1950 meters for AV =4% Vscape
and 240 — 1300 meters for AV =10% Vscape- Ve highlight the fact that all HOBs
reported in these analyses are achievable with current asteroid proximity operations
capabilities, and none of them would drive the proximity operations propellant
budget.

0.50
¥ 1keV
450 m
0.451 v 2keVv I '740m
470mA  A730m
& 0.401
E' 1050 m
0 0.35 725 m V
<>j] 0.301 800 m ‘llOOm
1450 m y17°0m
0.25+ :
1550 m A1850 m
0.20 — — -
Minimum Median Maximum

Figure 7.5. Similar to Figure 7.6, results from the Epoch 2 NED simulation
suite, illustrating the HOBs required to achieve a deflection of approximately 4
percent of the escape velocities for asteroids with minimum (D = 147 m),
median (D = 150 m), and maximum mass (D = 163 m) within the simulated
population.
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Figure 7.6. Similar to Figure 7.5, only showing the HOBs needed to deflect the
three asteroid realizations by 10 percent of their respective escape velocities.

We ran additional simulations of a 100 kt stand-off burst at a HOB of 1,150 m above
the 95th percentile hypothetical threat object case using the Cassio radiation
hydrocode described above. These simulations, conducted using different numerical
methods, yielded broadly similar results to those conducted in ARES. The
calculations predict a AV = 0.2 cm/s by t = 0.00015 s, resulting from the explosive
decompression of 7.3 x 10° kg of ablated target material. The similarity of results
between different approaches lends support to our AV predictions.

7.5 NED Mission Options Results

The amount of AV required to deflect the asteroid off the Earth in the northward or
southward directions, or to perform a partial southward deflection of the asteroid, is
shown in Table 7.3 for each of the 4 asteroid perihelions remaining before the 2041
Earth impact epoch. Specifically, Table 7.3 shows the amount of AV required for
deflection at the edges of a 4-month interval centered on each perihelion. Table 7.4
shows the AV magnitudes equal t0 4% Vescape aNd 10% Veseqpe fOr the Low Mass, 50th
Percentile Mass, and High Mass realizations of the asteroid.

Table 7.3: AV requirements for asteroid deflection (full northward or
southward, and partial southward) at the edges of a 4-month interval centered
on the asteroid perihelia remaining before Earth impact.

Perihelion

Northward DV (cm/s)

Southward DV (cm/s)

Partial Southward DV (cm/s)

+/-2 months +/-2 months +/-2 months
11/1/2032 0.67 1.39 0.45
12/15/2034 0.89 1.86 0.60
1/28/2037 1.34 2.78 0.90
3/14/2039 2.67 5.55 1.80
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Table 7.4: AV magnitudes equal to 4% Vs.pe and 10% V... for the Low Mass,
50th Percentile Mass, and High Mass realizations of the asteroid.

4% Vesc (cm/s) [10% Vesc (cm/s)

Low Mass 0.24 0.60
50th %tile Mass 0.33 0.83
High Mass 0.42 1.06

Dividing the AV magnitudes into the deflection AV requirements in Table 7.3 yields
the number of NED detonations required to carry out the deflection, as a function of:
whether the detonations target 4% Vescape OF 10% Vegeape, at which asteroid perihelion
the deflection is being performed, and whether the deflection is full northward (N), full
southward (S, or partial southward (P). The resulting required numbers of NED
detonations with each AV < 4% Vg.pe are shown in Table 7.5, and the results with
each AV < 10% Vescape are shown in Table 7.6

Table 7.5: Number of NED detonations required for full northward (N), full
southward (S), or partial southward (P) asteroid deflection, for each NED
mission launch opportunity and associated asteroid perihelion at which
deflection would be performed, assuming each AV = 4% V... The number of
NEDs that can be delivered by the NED carrier are shown at the bottom of the
table, and cases that would require more NEDs than can be delivered by a
single NED carrier are marked in red.

# Impulses for Deflection w/ Each <= 4% Vesc
2032 Deflection | 2034 Deflection 2037 Deflection 2039 Deflection
(Early) (Primary) (Backup) (Last-Ditch)
Asteroid Mass N S P N S P N S P N S P
Low Mass 3 6 2 4 8 2 6 12 4 7
50th %tile Mass | 2 4 1 3 6 2 4 8 3 8 5
High Mass 2 3 1 2 4 1 3 7 2 6 4
12 NEDs Available] 11 NEDs Available | 13 NEDs Available 9 NEDs Available
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Table 7.6: Number of NED detonations required for full northward (N), full
southward (S), or partial southward (P) asteroid deflection, for each NED
mission launch opportunity and associated asteroid perihelion at which
deflection would be performed, assuming each AV = 10% V.ap.. The number of
NEDs that can be delivered by the NED carrier are shown at the bottom of the

table.
# Impulses for Deflection w/ Each <= 10% Vesc
2032 Deflection | 2034 Deflection 2037 Deflection 2039 Deflection
(Early) (Primary) (Backup) (Last-Ditch)

Asteroid Mass N S P N S P N S P N S P
Low Mass 1 2 1 1 3 1 2 5 1 4 9 3
50th %tile Mass 1 2 1 1 2 1 2 3 1 3 7 2
High Mass 1 1 1 1 2 1 1 3 1 3 5 2
12 NEDs Available | 11 NEDs Available | 13 NEDs Available 9 NEDs Available

Tables 7.5 and 7.6 show that more than enough NEDs can be delivered to the
asteroid by a single NED carrier spacecraft for nearly all combinations of mission
launch opportunity and deflection direction, except for full southward deflection at the
final asteroid perihelion before Earth impact, or full northward deflection at that
perihelion for the Low Mass asteroid, with AV < 4% Vegeape. If AV < 10% Vgeape then
all cases are viable. Overall, with either AV threshold, a single NED carrier
spacecraft is capable of deflecting the asteroid for any of the four launch
opportunities. This performance is summarized in Table 7.7.

Table 7.7: Number of NED carrier spacecraft required to deflect the asteroid,
and the associated deflection completion date, for the Early, Primary, Backup,
and Last-Ditch NED deflection mission launch opportunities.

Number of NED Spacecraft Required to Complete Deflection & Completion Date
Launch Opportunity (Launch Year)
Asteroid Mass Early (2029) | Primary (2031) | Backup (2033) "a(szt(;g,';)‘:h
Low Mass ! ! ! !
Sep 2032 Dec 2034 Mar 2037 May 2039
1 1 1 1
o 4
S0th %tile Sep 2032 Dec 2034 Jan 2037 Mar 2039
. 1 1 1 1
High Mass Sep 2032 Oct 2034 Jan 2037 Mar 2039

8. Discussion
With the foregoing analyses of mission requirements and performance for each

candidate deflection mission type in hand, we can generate recommendations for
decision makers to consider regarding how to proceed, and identify the branches in
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the associated decision tree. In this section, we formulate recommendations about
mission options, including key assumptions, and compare and contrast the candidate
deflection methods in the context of the recommendations and decision tree.

8.1 Key Assumptions for Making Recommendations about Mission Options

In order to generate recommendations for decision makers to consider regarding
mission options, it is necessary to specify the underlying assumptions. These
assumptions about what was done, or not done, between October 2024 (Epoch 1)
and April 2028 (Epoch 2) determine what can be credibly done between April 2028
and the mission launch dates.

We assume that Phase A/B work was performed for the SEP RRS mission from
October 2024 to October 2026, and the work continued after Earth impact probability
reached 100% in late 2025. This is necessary in order for the RRS mission to be
ready for launch in December 2029. That is important because the RRS mission
would be necessary for a KI campaign should decision makers elect to deploy Kis,
but the decision to complete the RRS development cannot wait until the deployment
decision is made. Similarly, we also assume that Phase A/B work for each deflection
mission type (i.e., Kl, IBD, NED) was performed from October 2024 to October 2026.
However, downselection between the deflection mission types must wait until the
flyby reconnaissance data are processed in April 2028.

Another assumption critical for IBD is that investments were made to provide the
necessary hardware for the IBD spacecraft (NEXT-C thrusters/PPUs and/or a
reconfigured Gateway PPE spacecraft) to the extent necessary to make the needed
number of IBD spacecraft ready for launch between April 2029 and April 2030 (only
1-2 years after the flyby reconnaissance mission reaches the asteroid). Note that
there is currently no active production line for the NEXT-C gridded-ion thrusters and
PPUs. Therefore, successfully building multiple sets of 6 thrusters and 6 PPUs in
time for a 2029-2030 launch could be very challenging, even if the necessary
investments are made. Additionally, we note that PPE is currently scheduled for
launch in 2028 and repurposing it would offer challenges, and could necessitate
investing in building 1-2 copies of PPE, with a modified configuration.

Finally, we assume that any campaign options requiring multiple spacecraft would be
logically distributed among those nations that would be participating in their
development, launch, and operations.
8.2 Mission Options Recommendations
After considering the mission performance presented previously for each deflection
mission type, the underlying assumptions, and various other factors including
logistics and effects on impact damage risk, we make the following three
recommendations as to how decision makers might proceed:

1. Decide whether the deflection will be northward or southward.

Note that choosing northward would eliminate Kl from consideration, leaving
only IBD and NED as options. Additionally, the deflection distance required for
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total deflection southwards is roughly twice the northward deflection distance.
Therefore, the mission requirements vary significantly (by a factor of ~2) for
IBD according to whether the deflection is northward or southward.
Conversely, the mission requirements for NED do not depend on whether the
deflection is northward or southward. Finally, there are roughly 6 times more
people living along the northward corridor (~85% of corridor population;
~80-120 million people) than along the southward corridor (~15% of corridor
population; ~15-25 million people). Therefore, significantly more people are
placed at risk during northward deflection operations than during southward
deflection operations.

2. If the southward deflection is selected, then finish assessing whether a partial
deflection option is considered safe/acceptable, and then decide whether
partial deflection or total deflection will be the mission goal.

Note that the mission requirements vary significantly for Kl and IBD according
to whether partial or total deflection is pursued. Additionally, Kl is not precise
enough to target the partial deflection zone with confidence on its own, but
IBD can (potentially in combination with a KI). Meanwhile, the mission
requirements for NED do not depend on whether partial or total deflection is
pursued. Finally, even if the total southward deflection is selected as the
mission goal, partial deflection may still be an acceptable backup/contingency
option.

3. Select a deflection mission type (KI, IBD, or NED), complete its development,
and deploy it. Multiple factors must be considered, including technical
maturity, cost, and geopolitical considerations.

Table 8.1 compares the overall mission requirements for each of the three
deflection mission types.

Table 8.1. Comparison of the three deflection mission types according to
required number of spacecraft / launches and total spacecraft mass launched.

Deflecti Northward Total Deflection | Southward Total Deflection | Southward Partial Deflection
eflection
Mission Number of Total Number of Total Number of Total Spacecraft
Type Spacecraft /| Spacecraft |Spacecraft/| Spacecraft |Spacecraft Mass (kg)
Launches Mass (kg) Launches Mass (kg) / Launches 9

Kl + RRS N/A N/A 5--8 5,400-8,300 3 4,500
IBD 2--3 17,000-38,400 4--5 40,000-50,000 2 17,000-25,600
NED 1 6,000-7,200 1 6,000-7,200 1 6,000-7,200

From the results in Table 8.1, we make the following observations:

Kl requires more spacecraft than NED does (5-8 vs. 1) due to the need to avoid
accidental asteroid fragmentation, and to handle uncertainties in asteroid mass and
B. Unlike NED and IBD, Kl cannot deflect northward, only southward. However, Kl
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isn’t precise enough to confidently carry out a southward partial deflection on its own.
Note that the KI missions require the support of the RRS mission currently under
development for launch in December 2029 (and arriving at the asteroid in December
2031, prior to when the first KI spacecraft would strike the asteroid).

IBD requires significantly more total spacecraft mass than NED or Kl (and
significantly more mass than previous interplanetary missions). The number of IBD
spacecraft required for a southward total deflection is comparable to Kl (e.g., 4-5 vs.
5-8).

Deploying a combination of KI and IBD may also be considered, to provide some
redundancy. The separate RRS would not necessarily be needed in that case
because the IBD spacecraft could perform the RRS functions. A Kl + IBD partial
deflection mission campaign would require 1-3 Kls and 1 IBD spacecraft. IBD could
provide orbital “clean-up” capability for targeting the partial deflection zone precisely.
Meanwhile, a Kl + IBD total deflection mission campaign could involve various
combinations of Kl and IBD spacecraft, bound by the numbers in the table above.

Finally, 1 NED-carrier spacecraft, carrying 9-12 free-flyer NEDs (assuming 100 kt
each), can achieve total deflection northward or southward, or partial deflection
southward. The total spacecraft mass is in family with interplanetary mission flight
heritage.

Figure 8.1 summarizes the decision tree available to decision makers, based on the
recommendations described above.

2-3 Launches

| 2-3IBDslc 17,000-38,400 kg
e
3 IBD.~

Choose e 1 Launch 5-8 Launches

Deflection North Choose ////__7__,__4—' 1 NED s/c 6,000-7,200 kg vl 5-8 Kl s/c 5,400-8,300 kg
1 Direction: BDor [~ NED " *RRS ﬁ
North or South NED "
_— 4-5 Launches
" Kl __»| 4-51BD sic 40,000-50,000 kg
3 - -
Soutn // — 18D 1Launch
Choose | EE———— 1NED s/c | gg00-7,200 Kg
3 Total | KI,IBD, NED
- or NED
Choose Total -
2 or Partial 2t Launch
B . aunches
Deflection \\\ 3 S 1;3;;[']5:’5; 9,100-13,400 kg
~ — —
Partial | Choose ______—  KH+BD
KI+IBD, - 2 Launches
IBD, or NED T IBD T 21BD slc 17,000-25,600 kg
NEE& I 1 Launch

™ 1NEDslc | goo0-7.200 ky

Figure 8.1. Space mission options selection decision tree.

8.3 Additional Considerations

Kls offer the second-most launch opportunities, the third-earliest deflection
completion dates, and the second-latest launch and deflection opportunities. Kl
missions launch between 2030 and 2035, and complete the deflection 2034-2037.
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IBD offers the fewest launch opportunities, the second-earliest deflection completion
dates, and does not have any later launch opportunities. IBD must operate at the
soonest perihelion (2032) in order to be effective. IBD missions must launch between
2029 and 2030, and complete the deflection between 2033-2037.

NED deflection offers the most launch opportunities, the earliest deflection
completion dates, and the latest launch and deflection opportunities. NED missions
have 4 distinct launch opportunities in 2029, 2031, 2033, and 2035, and complete
the deflection between 2032-2039 (depending on launch date). We note that one or
more NED missions could be prepared for launch as a backup option even if
decision makers select Kl or IBD as the primary deflection approach.

Comparison of total available time for spacecraft design and construction (assuming
ATP in October 2024):

e There are 5.75 years before the first KI launch, plus additional ~2-3 years to
build Kls 2 through 7.

e There are about 5 years available to build the RRS (in parallel with the Ki
spacecraft construction).

e There are 4.5-5.5 years available to build the IBD spacecraft before launch.
Again, note that NEXT-C thruster/PPU production may be challenging.

e There are 4.7, 6.5, 8.5, or 10.5 years available to build the NED carrier before
launch, depending on which launch opportunity is utilized.

Also, note that for any of the deflection mission types, some number of additional
spacecraft beyond the numbers stated herein would also need to be launched to
provide margin against failures, including the RRS.

Finally, we note that there will be legal/policy issues pertaining to any deflection
system, not only for NEDs. Additionally, each type of spacecraft (Kl, IBD, NED
carrier) involves various novel design elements that introduce various risks because
no type of deflection spacecraft is fully tested and operational.

8.4 Strengths and Weaknesses of Kl, IBD, and NED

In addition to the foregoing analyses of mission requirements and available
performance, the various strengths and weaknesses of each deflection mission type
should also be considered when making selections. Here, we list notable strengths
and weaknesses for Kl, IBD, and NED.

Kl Strengths:

e Kl is the only asteroid deflection technique that has been demonstrated in
space on an asteroid (DART). Furthermore, the size of the target asteroid in
this scenario (~150 m) is similar to the size of DART’s target asteroid,
Dimorphos.

e Kl is not affected by nuclear-related legal/policy issues, although legal/policy
issues likely exist for any deflection system (even if those issues haven’t been
appreciated yet).

55



Kls are relatively simple designs with few “moving parts” and don’t need to
perform complex operations over long periods of time. This improves mission
reliability and probability of success, all else being equal.

Kl Weaknesses:

The Kl missions called for here approach the asteroid at speeds roughly twice
as fast as DART, and some of the Kl spacecraft masses called for are several
times larger than DART.

Asteroid response (e.g., momentum enhancement factor, ) is difficult to
predict and may vary across multiple impacts. This drives spacecraft mission
campaign design (more, smaller Kls and/or the need to tune each Ki
spacecraft mass individually before launch or in flight).

As an impulsive technique, there is some risk of asteroid fragmentation
(particularly for this asteroid, which may be a contact binary). Steps taken to
avoid fragmentation result in a more complex design involving multiple Kls
instead of one.

4-7 Kl spacecraft/launches are required for deflecting the asteroid, to avoid
fragmentation risk, plus a separate RRS mission.

While DART has demonstrated a single kinetic impact on an asteroid, multiple
kinetic impacts on an asteroid have not been demonstrated. Impact
ejecta/debris could pose issues, and the asteroid's response (e.g., ) from
one impact to the next may vary in ways that are difficult to predict.

Kl can only deflect southward.

While a southward partial deflection via Kl is possible in principle, Kl is not
considered precise/predictable enough to intentionally target a partial
southward deflection with confidence on its own.

IBD Strengths:

IBD requirements and performance are relatively insensitive to asteroid
physical properties, other than mass.

IBD does not pose any risk of asteroid fragmentation.

IBD is capable of northward or southward deflection.

IBD is precise enough to target a partial southward deflection with confidence.
IBD does not require a separate RRS mission.

IBD is not affected by nuclear-related legal/policy issues, although
legal/policy issues likely exist for any deflection system (even if those issues
haven’t been appreciated yet).

The NEXT-C thruster has been flight-tested (on DART), and previous
interplanetary missions such as Dawn and Psyche have demonstrated
long-term ion thruster firing in deep space (even though the thrusters were not
aimed at an asteroid).

IBD Weaknesses:

IBD asteroid proximity operations requirements exceed flight heritage
(long-term precision pointing, possibly while flying multiple spacecraft in
formation near an asteroid, is novel).
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The required SEP power levels and propellant mass for IBD spacecraft are
higher than flight heritage (e.g., higher than Psyche or Dawn).

Asteroid surface material response to ion beam impingement has not yet
been demonstrated and characterized in situ.

There is currently no active production line for the NEXT-C thrusters and
Power Processing Units (PPUs). In the case of the purpose-built, 46-kW
ARRM-like IBD spacecraft design, it is unclear what would be necessary to
reconstitute the NEXT-C thruster and PPU production lines. It is therefore also
unclear whether there would be sufficient time before launch to manufacture
all the required components and assemble the spacecraft. This is even more
of an issue in cases where multiple spacecraft are required.

The repurposed PPE IBD spacecraft design has thruster and PPU hardware
already available, however the PPE design could not simply be used as-is
(the BHT thrusters need to be moved to other side of spacecraft, much larger
propellant tanks and structure are needed, new onboard control software
systems are needed, etc.). This would introduce risks to schedule and mission
reliability. Additionally, PPE is currently scheduled to launch in 2028, and so it
is unclear whether it would be available to be repurposed for use in a
deflection mission like the one in this scenario.

NED Strengths:

One NED carrier spacecraft carrying 9-12 free-flyer NEDs (100 kt each) is
sufficient to deflect the asteroid for any launch opportunity. So, full redundancy
could be achieved by launching one additional copy of the spacecraft.

NED mission launch opportunities span 2029-2035 and can operate on any
of the remaining asteroid perihelia before Earth impact (i.e., up to and
including the final pre-Earth impact perihelion in 2039).

The AV imparted to the asteroid per detonation can be tuned in situ by simply
varying the height of burst (HOB), providing flexibility to respond on-the-fly to
knowledge gained in situ about asteroid mass and response to NED
detonation.

The NED carrier mission's asteroid proximity operations requirements are
in-family with previous asteroid missions (e.g., OSIRIS-REXx). However, 2024
PDC25 is several times smaller (~150 m) than OSIRIS-REX’s target asteroid,
Bennu (~500 m).

NEDs are capable of deflecting northward or southward.

NEDs may be precise enough to target a southward partial deflection with
confidence.

The required SEP spacecraft power levels and propellant mass for the NED
carrier spacecraft are in-family with flight heritage, e.g., Psyche.

The NED option does not require a separate RRS mission.

NED Weaknesses:

As an impulsive technique, there is some risk of asteroid fragmentation
(particularly for this asteroid, which may be a contact binary). Steps taken to
avoid fragmentation result in a more complex design involving multiple NED
detonations instead of one in some cases.
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e The NED carrier spacecraft with multiple free-flying NED sub-spacecraft is a
novel design that has not yet been demonstrated and might require additional
development time.

e NEDs have been detonated in space (Starfish Prime, 1962), but never flown
for an extended period of time in deep space or detonated versus an asteroid.
Therefore, there is a lack of flight heritage to build on, and asteroid response
to a standoff NED detonation has not been demonstrated and characterized in
situ.

e There are significant policy and legal issues associated with launching
NED-carrying spacecraft for planetary defense purposes. Demonstrating a
strong enough need for NEDs in the situation at hand could overcome legal
and policy obstacles to at least some extent, but the rubric for demonstrating
such need is not yet clear.

9. Conclusions

In this paper, we have described the work performed by our NASA-led team for the
2025 Planetary Defense Conference (PDC) hypothetical asteroid impact threat
exercise that is being conducted in coordination with the United Nations-endorsed
Space Mission Planning Advisory Group (SMPAG), exercising SMPAG's processes
for assessing space mission options and communicating to decision makers.

Our team assessed mission options for asteroid reconnaissance (flyby and
rendezvous), deflection, and disruption using several viable techniques: Kl, IBD, and
NED. Our simulations and analyses considered how much change-in-velocity an
asteroid can tolerate before fragmentation onset. We generated an array of feasible
asteroid deflection missions, finding that all three techniques studied (Kl, IBD, and
NED) can provide sufficient asteroid deflection performance, but with very different
mission requirements in terms of number of launches, total spacecraft mass, and
available launch opportunities.

The ~150-m-size asteroid in this scenario turns out to be challenging to address with
Kls because there is a fragmentation risk, and challenging to address with IBD
because the asteroid’s mass is large relative to IBD power and time available. This is
a result that might not have been expected for a ~150-m-size asteroid with ~17 years
of warning time.

Although a single, modestly sized Kl could be sufficient to deflect this asteroid if the
asteroid could tolerate applied impulses up to ~30% of its escape velocity, the
current heuristic specifying the onset of unwanted fragmentation at 10% of the
asteroid’s escape velocity results in a cumbersome Kl mission campaign design
involving multiple spacecraft. The difficulty in predicting asteroid response to multiple
Kl impacts makes a multiple KI campaign design even more unwieldy and
challenging to implement. Meanwhile, even for the median asteroid mass, several
IBD spacecraft of ~10,000 kg each would have to be built on relatively short notice.
NED deflection, on the other hand, can be accomplished with a single ~6,000 kg
NED carrier spacecraft equipped with multiple 100 kt NEDs, across a wide range of
launch opportunities. Therefore, NED deflection appears to offer the most robust and
feasible technical design, with the lowest mission requirements.
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9.1 Future Work

A rapid response infrastructure, including both reconnaissance spacecraft and
deflection/disruption spacecraft, is needed to facilitate an operational planetary
defense capability. Approximately 25% of the 17-year timeline in this scenario was
consumed by the construction and deployment of a flyby reconnaissance mission

Asteroid fragmentation risk significantly drives both KI and NED mission design.
Hydrocode models that can efficiently run long enough KI/NED simulations are
needed to better understand the onset of fragmentation and the requirements for
robust disruption, as well as refined heuristics for the same. We also need to better
understand what degree of asteroid fragmentation might actually be acceptable
during a deflection. Additional KI flight demonstration missions would also be
beneficial.

An IBD demonstration mission is also needed and must account for the need to
construct potentially rather high mass spacecraft. Also, reliable production lines for
critical IBD hardware (e.g., thrusters and PPUs) is needed, along with lower beam
divergence thrusters (e.g., NEXT-C or better).

Further assessment of the guidance, navigation, and control needed during the
terminal phase of high-speed asteroid intercept missions (for flybys, kinetic
impactors, or NED delivery) should be performed. This analysis should include a
sensitivity study that quantifies achievable levels of trajectory correction based on
asteroid encounter uncertainty and available thruster performance. All of that being
said, our team believes that proper guidance and navigation of even relatively
massive spacecraft for high-speed asteroid impacts will prove to be doable even if
challenging, based on the idea of building on the success of the DART mission.

Finally, a better understanding of how to adjudicate whether a partial deflection into
an ocean region would be truly safe and acceptable is needed, and for what range of
asteroid impactors (e.g., mass and impact velocity).
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List of Acronyms

AEPS - Advanced Electric Propulsion System

ALE - Arbitrary Lagrangian—Eulerian

ARRM - Asteroid Redirect Robotic Mission

ATP - Authority to Proceed

AU - Astronomical Unit

B - Momentum enhancement factor

BHT-6000 -Busek Hall Thruster 6000

AV - change-in-velocity

DART - Double Asteroid Redirection Test

DLA (or DEC) - Declination of the Launch Asymptote
EGA - Earth gravity assist

EOL - end-of-life

EOS - Equation of State

FLAG - Free LAGrange

FHE - Falcon Heavy Expendable

HERMeS -Hall Effect Rocket with Magnetic Shielding
HOB - Height of Burst

IAWN - International Asteroid Warning Network

IBD - lon Beam Deflection

IMC - Implicit Monte Carlo

kW - Kilowatt
Kl - Kinetic Impactor
kt - kiloton

LEOS - Livermore Equation of State

LiDAR - Light Detection and Ranging

L to D - launch to deflection time

LV - launch vehicle

M-ANEOS - Melosh ANalytic Equation Of State

Mt - megaton

NASA - National Aeronautics and Space Administration

NED- Nuclear Explosive Device

NEXT-C -NASA Evolutionary Xenon Thruster - Commercial
OSIRIS-APEX- Origins, Spectral Interpretation, Resource Identification and Security
— Apophis Explorer

OSIRIS-REX - Origins, Spectral Interpretation, Resource Identification, Security -
Regolith Explorer

PDC - Planetary Defense Conference

PPE - Power and Propulsion Element

RAGE - Radiation Adaptive Grid Eulerian

RRS - Rendezvous Reconnaissance Spacecraft

SMPAG - Space Mission Planning Advisory Group

SEP - Solar Electric Propulsion

SES - Sun-Earth-Spacecraft

SESAME - Systematic, Extensive, Standardized, Evaluated Material
Equation-of-State

SPH - smoothed particle hydrodynamics

TOF - Time of Flight

VGA - Venus Gravity Assist
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XIPS-25 -Xenon lon Propulsion System (25-cm version)
XRS5 - Model designation for Aerojet Rocketdyne 5 kW Hall thruster
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