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Abstract

Near-Earth asteroid 2024 YR4 was discovered on 2024-12-27 and its probability of
Earth impact in December 2032 peaked at ∼3% on 2025-02-18. Additional obser-
vations ruled out Earth impact by 2025-02-23. However, the probability of lunar
impact in December 2032 then rose, reaching ∼4% by the end of the apparition
in May 2025. James Webb Space Telescope (JWST) observations on 2025-03-26
estimated the asteroid’s diameter at 60 ± 7 m. Studies of 2024 YR4’s potential
lunar impact effects suggest lunar ejecta could increase micrometeoroid debris
flux in low Earth orbit up to 1000 times above background levels over just a few
days, possibly threatening astronauts and spacecraft. In this work, we present
options for space missions to 2024 YR4 that could be utilized if lunar impact is
confirmed. We cover flyby & rendezvous reconnaissance, deflection, and robust
disruption of the asteroid. We examine both rapid-response and delayed launch
options through 2032. We evaluate chemical and solar electric propulsion, various
launch vehicles, optimized deep space maneuvers, and gravity assists. Re-tasking
extant spacecraft and using built spacecraft not yet launched are also consid-
ered. The best reconnaissance mission options launch in late 2028, leaving only
approximately three years for development at the time of this writing in August
2025. Deflection missions were assessed and appear impractical. However, kinetic
robust disruption missions are available with launches between April 2030 and
April 2032. Nuclear robust disruption missions are also available with launches
between late 2029 and late 2031. Finally, even if lunar impact is ruled out there is
significant potential utility in deploying a reconnaissance mission to characterize
the asteroid.

Keywords: Planetary Defense, Trajectory Optimization, Asteroid Deflection,
Asteroid Disruption

1 Introduction

Near-Earth Asteroid (NEA) 2024 YR4 was discovered on 2024-12-27 by the ATLAS
Survey (MPEC 2024-Y140).1 Figure 1 shows a three-dimensional view of the asteroid’s
orbit, along with the orbits of the inner planets and Jupiter, for reference. This view
of the orbit was obtained from the JPL Small-Body Database Lookup2 page for 2024
YR4, and the associated osculating orbital elements are given in Table 1.

Due to its 4 year orbital period, 2024 YR4 will make close approaches to Earth
in 2028 and 2032. Initial estimates revealed the possibility of an impact with Earth
on 2032-12-22. As additional tracking data from both the ground and space were
collected, the probability initially rose and then peaked at 3% on 2025-02-18, before
falling down to zero in the following days [1].

However, as the impact probability for the Earth decreased, that of a lunar impact
on 2032-12-22 increased and reached 4% by the end of the discovery apparition in
May 2025. Studies of 2024 YR4’s potential lunar impact effects suggest that lunar

1https://www.minorplanetcenter.net/mpec/K24/K24YE0.html
2JPL Small-Body Database Lookup, https://ssd.jpl.nasa.gov/tools/sbdb lookup.html, accessed on

2025-08-05.
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Fig. 1: Orbit of asteroid 2024 YR4

Table 1: Approximate orbital ele-
ments of asteroid 2024 YR4 at
epoch 2025-05-05.0 TDB

Orbital Element Value

Semi-major Axis (au) 2.5159
Eccentricity 0.6615
Inclination 3.4082◦

Ascending Node 271.366◦

Argument of Perihelion 134.361◦

Mean Anomaly 40.403◦

Perihelion Distance (au) 0.8515
Aphelion Distance (au) 4.1802

ejecta could increase micrometeoroid debris flux in low Earth orbit up to 1000 times
above background levels over just a few days, possibly threatening astronauts and
spacecraft [2].

Due to the significant Earth impact risk, significant physical characterization efforts
were undertaken during the discovery apparition. Most notably, the James Webb Space
Telescope (JWST) observed 2024 YR4 on 2025-03-08, 2025-03-26, and 2025-05-11. The
mid-infrared observations collected on 2025-03-26 constrained the asteroid’s diameter
at 60 ± 7 m and confirmed an S-type taxonomy [3]. Additional information about
observation efforts is available in [4].
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An asteroid physical property inference network [5] was used to generate a set of
correlated physical property values that are consistent with the JWST results, and our
knowledge of the underlying population, while also consisting of physically plausible
combinations of properties. Table 2 presents representative examples of the resulting
correlated physical property values. The “Lowest Mass” and “Highest Mass” realiza-
tions are the lowest and highest mass physical properties sets, respectively, found in
the distribution. However, they are only shown here to provide context because the
particular values that comprise them can shift whenever another equivalently possible
physical properties distribution is produced. For that reason, we don’t regard them
as being accurately representative of the lowest and highest mass realizations of the
asteroid that should be considered for mission analysis. Instead, we use the low and
high ends of the 99.7% Highest Posterior Density Interval (HPDI) (by mass) for the
physical properties distribution, and those two realizations are included in Table 2.
The 25th, 50th, and 75th percentile (%tile) realizations (by mass) of the asteroid are
shown in between the low and high HPDI realizations. For most mission analysis pur-
poses, we will concentrate on three of the realizations in Table 2: the Low and High
99.7% HPDI realizations of the asteroid, as bookending cases, and the 50th %tile
realization, which represents the median asteroid.

Table 2: Statistical realizations of 2024 YR4’s physical properties spanning current
uncertainties

Physical
Property

Lowest
Mass

99.7%
HPDI Low

25th
%tile

50th
%tile

75th
%tile

99.7%
HPDI High

Highest
Mass

Diameter (m) 36.64 41.9 51.11 58.42 60.51 74.7 82.16
ρbulk (g/cm3) 1.299 1.326 2.592 2.368 2.848 3.259 3.201
Porosity 0.595 0.584 0.215 0.248 0.232 0.099 0.047
Mass (kg) 3.35E+07 5.11E+07 1.81E+08 2.47E+08 3.30E+08 7.11E+08 9.30E+08
Vescape (cm/s) 1.56 1.80 3.08 3.36 3.82 5.04 5.50
Abs. Mag 24.015 23.827 23.965 23.877 23.987 23.883 23.995
Albedo 0.326 0.296 0.175 0.146 0.123 0.089 0.066
Tax. Type S S S S S S S

This paper is organized as follows. In Section 2, we describe the requirements and
constraints for the two mitigation options: deflection and robust disruption, including
via kinetic impact and nuclear explosive devices. In Section 3, we summarize trajec-
tory options for reconnaissance and robust disruption missions, including repurposing
existing spacecraft for reconnaissance and developing purpose-built spacecraft for both
reconnaissance and robust disruption. Sectiom 4 presents a set of exemplar mission
campaigns. Finally, we summarize the findings and present conclusions in Section 5.
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2 Near-Earth Object (NEO) Deflection & Robust
Disruption

Deflection and robust disruption are two strategies for preventing a near-Earth object
(NEO) from impacting the Earth. A deflection involves imparting a relatively small
∆V to the NEO to slightly alter its orbit, while a robust disruption involves apply-
ing a much more powerful impulse to the NEO that is designed to blast it into very
small and widely scattered fragments. In the following sections we discuss impor-
tant considerations for deflection and robust disruption, and describe requirements
for deflection and robust disruption of 2024 YR4 using Kinetic Impactors (KIs) and
Nuclear Explosive Devices (NEDs).

A KI is a spacecraft that impacts the NEO at high velocity in order to change
the NEO’s momentum, and thereby change the NEO’s velocity. In this way, the KI
imparts a change in velocity, ∆V , to the NEO. The change in NEO momentum is
caused by both the momentum of the spacecraft itself and the momentum carried by
any ejecta that may be mobilized out of the impact crater. The additional momentum
change from ejecta is represented by a scale factor denoted as β and referred to as the
momentum enhancement factor (see Eq. (5)). A β of 1 means that there is no additional
momentum change from the ejecta, a β of 2 means the ejecta carries the same amount
of momentum as the KI spacecraft effectively doubling the effect, and β > 2 means
the ejecta carries more momentum than the spacecraft. For additional information
about KIs, see [6]. The directionality of the ∆V vector is of central importance when
calculating NEO deflection, and it also matters for the dispersal of post-disruption
NEO fragments in directions that will maximally avoid future encounters with the
Earth-Moon system. However, for purposes of sizing robust disruption missions we
concentrate on the magnitude of the ∆V .

NEDs can, in principle, be detonated against NEOs in standoff, contact, or buried
modes. In this work we concentrate on the standoff detonation mode, where the NED
is detonated at a selected standoff distance above the asteroid’s surface, also referred to
as the Height of Burst (HOB). The radiation from the NED detonation will penetrate
a thin layer of the asteroid’s surface material, rapidly vaporizing that thin layer of
material and causing it to blow off of the asteroid towards the zero pressure of vacuum.
That vaporized surface material carries significant momentum from the NEO, causing
it to recoil in the opposite direction and experience a change in velocity, ∆V , in
consequence. For more detailed information about standoff NED detonations versus
NEOs, see [7]. Analysis of the performance of contact or buried detonation modes is
relegated to future work. Note that those modes may require rendezvous with the NEO,
or advanced hypervelocity penetrator capabilities for high-speed intercept scenarios.
The additional complications of those requirements will have to be carefully weighed
against any gains in ∆V imparted to the NEO for deflection, or improvements in
disruption efficacy. By contrast, standoff detonation should be feasible during either
rendezvous or high-speed intercept, although rendezvous is generally preferred when
available. Additionally, the HOB can be selected during the mission in order to tune
the amount of ∆V imparted to the NEO. Those features provide significant flexibility
and greater ability to handle uncertainties.
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2.1 Fragmentation Risks During Deflection

The goal when deflecting an NEO is to change its velocity sufficiently to cause it to
miss Earth (or the Moon) rather than collide. Additionally, the NEO should either
remain intact after the deflection, apart from a relatively small amount of mass that
may be ejected by the deflection impulse (e.g., ∼ ≤ 1% of the NEO’s original mass), or,
if the NEO is significantly fragmented, then all or at least a sufficient majority of the
fragmented material should have the velocity necessary to miss Earth (or the Moon).
Additionally, any resulting NEO debris that passes through the Earth-Moon system
should not pose intolerable risks to crew or assets in space or on the lunar surface.

The subsequent motion of fragmented NEO material can be challenging to pre-
dict, and an impulse sized for deflection is unlikely to widely scatter the fragments.
Therefore, during deflection there is currently a preference for keeping the NEO essen-
tially intact. The current notional heuristic for performing a deflection while avoiding
unwanted NEO fragmentation is [8]

∆V ≤ 10% Vescape (1)

where ∆V is that which is imparted to the NEO by an impulsive technique, and Vescape

is the NEO’s surface escape velocity,

Vescape =

√
2GM

R
(2)

and G, M , and R are the Newtonian constant of gravitation (6.67430 (± 0.00015)
× 10−11 kg−1 m3 s−2)3, the NEO’s mass, and the NEO’s body radius (assuming a
spherical shape), respectively. When evaluating the required ∆V for deflecting 2024
YR4, we compare the deflection ∆V requirements to Eq. (1) to ascertain whether the
deflection could be carried out while avoiding unwanted fragmentation. Assessment of
whether some degree of NEO fragmentation would be acceptable in cases where the
deflection ∆V exceeds the Eq. (1) criterion is planned for future work.

Although the escape velocity criterion, Eq. (1), is the basis for limiting ∆V in this
work, we are also actively exploring alternative criteria to ensure that fragmentation
risks are being mitigated to the greatest extent possible. One such alternative uses the
catastrophic disruption threshold, Q∗

D, which is extensively used in small body popu-
lation studies [9]. However, the catastrophic threshold alone is insufficient for purposes
of specifying the threshold for the onset of unwanted fragmentation because it spec-
ifies the specific kinetic energy coupling threshold for a remnant mass precisely half
of the original. Scaling laws must therefore be employed to extend this threshold to
alternative values more appropriate for specifying the onset of unwanted fragmenta-
tion; one such law was proposed by [10]. Using this prescription would allow one to
determine specific energy coupling limits for a given remnant size; notionally, 80% to
90% of the original mass are being explored. However, substantial questions remain

32018 CODATA recommended values.
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regarding this methodology, including the applicability of these thresholds to nuclear
scenarios; the relative merits of Q∗

D-based criteria relative to escape velocity criteria
will be evaluated in subsequent work.

2.2 Deflection ∆V Requirements

The ∆V that must be imparted to the asteroid in order to deflect it from Earth impact
or lunar impact is determined using the B-plane formalism described in [11]. ∆V
applied to an NEO has the most leverage over the NEO’s ζ coordinate in the Earth’s
B-plane, which corresponds to slowing the NEO down or speeding it up, such that it
reaches the Earth (or lunar) encounter earlier or later, respectively. Kinetic Impactors
(KIs) usually can only deflect in the negative ζ direction (slowing the NEO down
and therefore reducing its orbital period), while Nuclear Explosive Devices (NEDs)
usually can deflect in either the positive or negative ζ direction (speeding the NEO up
or slowing it down, respectively). KIs are generally only able to slow the NEO down
because it is very difficult to launch a sufficiently massive KI spacecraft into a higher
orbit than the NEO, such that the KI spacecraft would be traveling faster than the
NEO when impacting it near perihelion.

The range of ζ values for 2024 YR4 that correspond to lunar impact are -260500
km to -257872 km. This span is referred to as the impact risk chord, and the mid-
point is the center of the chord. The length of the impact risk chord is thus 2628 km.
The worst-case situation for a KI is having to deflect the asteroid in the negative ζ
direction all the way across the full chord distance of 2628.3 km. For a standoff NED
detonation deflection, the worst-case situation is if the asteroid’s lunar impact location
is at the mid-point on the chord, requiring the NED to deflect the asteroid a distance
of 1314 km in either the negative ζ or positive ζ direction. If the asteroid’s lunar
impact location turns out to be on or near the edge of the impact risk chord in the
negative ζ direction, that would result in a much lower deflection distance requirement,
and therefore much lower deflection ∆V requirement, for KI. This would be true for
standoff NED deflection if the asteroid turns out to be impacting on or near the edge
of either side of the impact risk chord.

Figure 2 presents the deflection ∆V requirements as a function of the time (prior
to the lunar impact date) at which the deflection is applied to the asteroid. Three
curves are shown: the red curve shows the deflection ∆V required for the full impact
risk chord deflection distance, the blue curve is for a deflection distance equal to half
of the chord, and the black curve is for a deflection distance equal to 10% of the chord
(to represent the situation where the asteroid’s impact location would be near either
the positive or negative ζ edge of the chord).

Figure 2a shows that the required deflection ∆V climbs sharply if applied to the
asteroid not long before lunar impact, reaching 31 cm/s for the 10% chord deflection
distance, 155 cm/s for half chord, and 310 cm/s for full chord at ∼50 days prior
to impact. All of those ∆V values are far in excess of 10% of the asteroid’s Vescape.
Figure 2b includes horizontal lines representing fragmentation thresholds in the form
of 10% Vescape for the 99.7% HPDI low mass, 50th percentile mass, and 99.7% HPDI
high mass potential realizations of the asteroid. A successful deflection must occur
when the ∆V lies below these lines to avoid undesired fragmentation. The required
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(a) Deflection ∆V requirements for 2024
YR4 up to ∼2 months before lunar impact.

(b) Detail view of Deflection ∆V require-
ments relative to 10% Vescape for 2024 YR4.

Fig. 2: Deflection ∆V requirements for 2024 YR4 for full, half, and 10% Impact risk
chord length.

deflection ∆V curves cross those fragmentation threshold lines at various different
times of deflection.

Figure 2b shows that the required deflection ∆V is at a minimum at the time of
the asteroid’s perihelion in November of 2028: 0.022 cm/s for the 10% chord deflec-
tion distance, 0.11 cm/s for half chord, and 0.22 cm/s for full chord. The full chord
deflection ∆V is never below the 99.7% HPDI Low Mass fragmentation threshold but
remains below the 50th percentile mass fragmentation threshold until the beginning
of March 2029. The half chord deflection ∆V remains below the 99.7% HPDI Low
Mass fragmentation threshold until the end of March 2029, and remains below the
50th percentile mass fragmentation threshold until the end of November 2029. The
10% chord deflection ∆V remains below the 99.7% HPDI Low Mass fragmentation
threshold until mid January 2031 and remains below the 50th percentile mass frag-
mentation threshold until mid July 2031. The available deflection dates could extend
somewhat later if the asteroid were to turn out to be at the higher end of the potential
mass range, but that is unlikely.

Another aspect of deflection to keep in mind is that one would not want to deflect
the asteroid from the vicinity of the Moon all the way towards the Earth and inadver-
tently cause an Earth impact. The ζ coordinates in the Earth B-plane corresponding
to Earth impact are ±8200 km, and so a very large deflection ∆V would be needed
to deflect the asteroid that far, almost certainly much more than the asteroid could
tolerate and remain intact. Nevertheless, it should be kept in mind even though it is
an unlikely scenario.

2.2.1 Gravitational Keyholes

While a deflection attempt is designed to prevent a specific impact, it is important
to consider the secondary risk of keyholes, which are locations on a close encounter’s
B-plane that correspond to resonant returns: if the asteroid passes through a keyhole,
it is injected into an impact trajectory for a later encounter [12]. While deflecting the
asteroid onto a keyhole is a low probability event and a secondary issue compared with
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the primary impact, higher-fidelity analysis would account for keyholes and attempt to
avoid them or at least minimize the chances of hitting one. Table 3 lists the keyholes for
2024 YR4 corresponding to impact solutions found in the early phases of the discovery
apparition. All of the listed keyholes occur far from the Earth and Moon and therefore
do not present a design constraint for a mitigation mission, unless a) the asteroid were
deflected through the third or fifth keyhole in the table, both of which are relatively
near the Moon, b) the asteroid was somehow deflected a much larger distance while
remaining intact (very unlikely), or fragments of the asteroid were dispersed widely
enough to pass through one or more keyholes. The probability of any of those events
occurring is extremely low.

Table 3: Keyhole locations
on the 2032 Earth B-plane
and corresponding impact
year for 2024 YR4

Impact date Keyhole ζ (km)

2039-12-23 -97166
2043-12-23 -33177
2047-12-22 -267277
2047-12-22 -188497
2047-12-22 -264143
2079-12-22 -40763

2.3 Robust Disruption Requirements

A NEO disruption is considered robust if the NEO is forcefully broken up into many
small fragments no larger than 10 m in size, all of which are scattered with enough
velocity to be widely dispersed. Additionally, the robust disruption should be per-
formed far enough in advance of the Earth-Moon system encounter date that any
resulting post-disruption NEO debris flux through the Earth-Moon system will be low
enough to be deemed tolerable. Ideally, very little, if any, NEO material would inter-
act with the Earth, the Moon, or any astronauts or space assets in the Earth-Moon
system.

Our current notional heuristic for robust disruption is given by [8]

∆V ≥ 10× Vescape (3)

However, similar to the discussion surrounding thresholds for avoiding fragmentation
in Section 2.1, alternatives based on Q∗

D can be formulated. In this case, robust disrup-
tion - because fragmentation to a specific size threshold is required - introduces further
size-dependence than Q∗

D alone, and larger asteroids become progressively more diffi-
cult to robustly disrupt. Nevertheless, similar questions remain about the applicability
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of the Q∗
D values reported in [9] and elsewhere to non-kinetic loading, and so we will

defer the consideration of these thresholds to future work and utilize Eq. (3) for these
results.

2.3.1 Kinetic Robust Disruption

To identify feasible and optimal KI spacecraft trajectories for kinetic robust disruption,
we begin with Eq. (3) and Eq. (2). We then substitute the equation for spherical NEO
mass, given by

M = ρ
4

3
πR3 (4)

where ρ is the NEO’s bulk density and R is the NEO’s spherical radius, into Eq. (2),
and then substitute the resulting expression into Eq. (3). Next, we utilize the equation
for the ∆V imparted to an NEO via a KI, given by

∆V =
βmKIvrel

M
(5)

where β is the momentum enhancement factor associated with the kinetic impact,
representing the momentum carried by ejecta produced by the KI impacting the NEO,
mKI is the mass of the KI spacecraft, and vrel is speed of the KI spacecraft relative to
the NEO at the time of impact. We substitute Eq. (4) into Eq. (5) and then substitute
the resulting expression into Eq. (3). After algebraic reduction, we obtain an expression
for the maximum spherical NEO diameter that can be robustly disrupted kinetically,

Dmax =

[
54β2v2relm

2
KI

Gρ3π3F 2

] 1
8

(6)

where F = ∆V/Vescape = 10 (via Eq. (3)). We then encode Eq. (6) into our Lam-
bert grid scan code and perform a grid scan, which reports the maximum robustly
disruptable NEO diameter for each combination of launch date of time of flight. The
robustly disruptable NEO diameters indicated by this analysis are compared to the
range of NEO diameters spanned by the 99.7% HPDI in Table 2 to assess whether
kinetic robust disruption is viable for 2024 YR4. The Pork Chop Contour (PCC) plot
showing these grid scan results is presented in Fig. 3.

To generate the data in Fig. 3, Eq. (6) uses β = 2 and ρ equal to the largest density
value in Table 2, 3.259 g/cm3 (associated with the 99.7% HPDI High Mass realiza-
tion of the asteroid). Note that β = 2 is based on the DART results [13] but β could
be significantly higher than 2, particularly for very high velocity impacts. The largest
robustly disruptable diameter for 2024 YR4 yielded by this analysis is approximately
81 m, which is larger than the 74.7 m diameter of the 99.7% HPDI High Mass real-
ization of the asteroid and is nearly equal to the diameter of the overall Highest Mass
realization of the asteroid (which has a slightly lower bulk density associated with it).
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Fig. 3: Pork Chop Contour (PCC) plot of maximum 2024 YR4 diameter that is
robustly disruptable via KI.

Altogether, these results imply that deploying a KI spacecraft with mass and tra-
jectory associated with the highest robustly disruptable diameter values in Fig. 3
should be able to robustly disrupt any physical realization of the asteroid within the
current asteroid properties distribution. This would provide some confidence of dis-
ruption mission success even without first sending a reconnaissance mission to the
asteroid, although we still have a strong preference for reconnoitering the asteroid
prior to building and deploying the disruption mission if at all possible, and for at
least having a rendezvous observer near the asteroid to provide situational awareness
and debris tracking during and after the disruption attempt.

Another important consideration in robust disruption is the time provided for the
post-disruption asteroid debris to spread out and disperse, because that will strongly
influence the overall level of micrometeoroid debris flux through the Earth-Moon sys-
tem (which can pose risks to astronauts, spacecraft, and lunar surface assets), the
total mass and energy of debris that impacts Earth’s atmosphere, and whether that
atmosphere-impacting debris includes any sizeable (i.e. several meter size) fragments.
Ideally, the robust disruption would be performed far enough in advance of the Earth
encounter date for the post-disruption debris to disperse such that subsequent debris
passage through the Earth-Moon system is avoided altogether or at least minimized.
Previous work [14] suggests that the fraction of Earth-impacting (or Moon-impacting)
NEO mass can be reduced by 2 to 3 orders of magnitude if a robust disruption is per-
formed at least one month prior to the Earth encounter date. The higher end of the
reduction in post-disruption impacting NEO mass tends to be associated with more
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eccentric orbits, which applies to 2024 YR4. The Moon also has a smaller gravita-
tional capture cross-section than the Earth, which should further reduce gravitational
focusing effects on post-disruption NEO material. Furthermore, the scenarios studied
in [14] involve larger NEOs than 2024 YR4. Altogether, this suggests that robustly
disrupting 2024 YR4 at least one month before lunar encounter would be sufficient to
limit post-disruption debris effects in the Earth-Moon system. However, to add some
margin, in our current work we assume that the robust disruption, whether kinetic
or nuclear, should occur no later than 3 months before the lunar impact date, i.e. no
later than 2032-09-22. Further work is necessary to develop specific requirements for
how far in advance of Earth encounter a robust disruption should be performed and
how the quality of the result should be measured, possibly by comparison of predicted
post-disruption debris flux through the Earth-Moon system to the natural background
levels, and establishing tolerable levels of transient debris flux above the background.

2.3.2 Nuclear Robust Disruption

In this work, we use an approximate analytical model [15] for calculating the ∆V
imparted to an NEO via an NED, as a function of NED yield, Height of Burst (HOB)
above the NEO’s surface, NEO body radius, NEO bulk porosity, and NEO bulk den-
sity. We use that model with Eq. (3), Eq. (2), and the distribution of physical properties
from which the particular potential realizations of 2024 YR4 given in Table 2 are drawn
to calculate the minimum NED yield (detonated at optimal HOB that maximizes ∆V
imparted to the NEO) required to robustly disrupt all combinations of NEO diameter,
density, and porosity.4 The results of this analysis are summarized in Figure 4.

According to Figure 4, the largest required NED yield for robustly disrupting 2024
YR4 is ∼334 kt, corresponding to the Highest Mass realization of the asteroid. For
the 99.7% High Mass realization of the asteroid, the required NED yield for robust
disruption is ∼204 kt. However, it must also be noted that those yields correspond
to detonating the NED at the optimal HOB that maximizes ∆V imparted to the
NEO. As shown in Figure 5a, the HOB for the 334 kt NED detonation would be only
12 m, which would provide essentially no margin for error during the timing of the
detonation. That would not be operationally robust, especially if detonating the NED
during a high-speed intercept of the asteroid rather than after rendezvous.

Figure 5b shows that with a 1 Mt NED, the necessary ∆V of ∼55 cm/s for robust
disruption of the Highest Mass realization of 2024 YR4 is achieved at a HOB of 85 m.
That provides more margin for the detonation operations, and, for smaller realizations
of the asteroid, even higher HOBs are acceptable and provide even more margin. 1 Mt
is therefore selected as a useful NED yield that could be deployed for robust disruption
of the asteroid even without a prior reconnaissance mission. However, that would
require designing the spacecraft to be effective at the smallest HOB, required for the
largest potential realization of the asteroid. If a recon mission reveals that the asteroid

4The analytical model for ∆V imparted to an NEO by a standoff NED detonation was intended for
estimating achieved ∆V and HOB for a given NED yield. It was not intended to be used for NEO disruption
modeling, so our use of it in that capacity should be regarded as only a rough approximation. NEO disruption
via NED detonation must be assessed using appropriate techniques, including radiation transport codes
and hydrocodes.
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Fig. 4: Minimum NED yield required to robustly disrupt the potential realizations of
2024 YR4.

(a) 334 kt NED yield. (b) 1 Mt NED yield.

Fig. 5: ∆V imparted to Highest Mass realization of 2024 YR4 as a function of standoff
distance (HOB) for two NED yields.

is smaller than the largest possible size, that would mean that a higher HOB would
be acceptable, potentially easing the mission and spacecraft design requirements.

Additionally, we note once again that we have a strong preference for a ren-
dezvoused observer spacecraft to monitor the asteroid before, during, and after the
detonation. If a rendezvous mission is capable of delivering a deployable NED to the
asteroid, then that NED delivery spacecraft could serve dual-purpose as the observer
spacecraft. This could be accomplished by, for example, moving the spacecraft to the
opposite side of the asteroid, and at an appropriate distance, after the deployment of
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the free-flying NED, to use the asteroid itself as a shield during the detonation. How-
ever, because rendezvous trajectory options are very limited for 2024 YR4, we will
be emphasizing mission profiles involving detonating the NED during a high-speed
intercept of the asteroid.

Table 4 summarizes the maximum effective HOB for robust disruption using a 1 Mt
NED against the potential realizations of the asteroid listed in Table 2. These provide
reference values against which the time required for detonation operations, including
arming, firing, and fuzing, can be compared to ensure the combination of intercept
speed and HOB utilized for the mission provide adequate time for detonation to occur
reliably. Those assessments are future work. Additionally, the NED radar system must
be able to fuze at the HOB chosen for the mission.

Table 4: Time available to detonate a 1 Mt NED, in milliseconds, for robust dis-
ruption during high-speed intercept, as a function of intercept speed and HOB for
several potential realizations of 2024 YR4 that span current uncertainties in the
asteroid’s physical properties.

Asteroid Max. 3 5 10 15 20 25 30 35
Realization HOB km/s km/s km/s km/s km/s km/s km/s km/s

Highest Mass 85 28 17 9 6 4 3 3 2
99.7% HPDI High 113 38 23 11 8 6 5 4 3
75th Percentile 217 72 43 22 14 11 9 7 6
50th Percentile 277 92 55 28 18 14 11 9 8
25th Percentile 329 110 66 33 22 16 13 11 9
99.7% HPDI Low 740 247 148 74 49 37 30 25 21
Lowest Mass 888 296 178 89 59 44 36 30 25

2.3.3 NED Radar Fuze Modeling for 2024 YR4

The radar fuze is a critical component of an NED-based deflection or disruption mis-
sion. In order to determine the suitability of radar for any given planetary defense
mission, we run Sandia National Laboratory’s (SNL’s) radar simulation code, Prob-
ability of Failure due to insufficient Signal (PFS), which determines the PFS for the
given scenario. The code calculates the received power per echo pulse and integrates
those pulses over time. If the time-integrated power surpasses the threshold signal-
to-noise ratio, then the object is successfully detected. There is also a Monte Carlo
element to the simulation: small variations are taken with respect to the radar posi-
tion, velocity, and timing to see how sensitive the final probability is to such departures
from design parameters.

The SNL PFS code was initially built with a “flat-earth” geometry. A given mis-
sion is uniquely specified by the radar’s initial height, velocity, and declination angle
with respect to the horizontal. We have rebuilt PFS to account for arbitrary input
geometries. This is an important correction, because a completely flat geometry will
overestimate the actual radar returns with respect to a surface that curves away
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from the radar. In general, radar terrain backscattering tends to be an exponentially
decaying function of incident angle [16].

In order to study the case of asteroid 2024 YR4, we make a few modeling
assumptions:

1. The antenna pattern is isotropic.
2. We model the asteroid as an ellipsoid of dimensions 87 m × 87 m × 29 m. This

is based on computing an ellipsoid with the possible axis ratios of 3:3:1 reported
in [4] while preserving the volume of the 60 m nominal asteroid reported in [3].

3. The surface of the asteroid is carved up into triangular facets of edge length on the
order of tens of wavelengths. The axioms of radar terrain scattering theory only
hold when the scattering object is electrically large.

4. Each facet is modeled as a point scatterer with an amplitude that depends on the
angle between its normal vector and the incoming EM. All facets within the beam
“footprint” contribute to the received power.

Fig. 6: Three geometries considered in radar fuze modeling for 2024 YR4, in terms of
spacecraft velocity vectors relative to asteroid during terminal approach.

The geometries used for the various radar model runs are depicted in Figure 6. In
Run 1, the NED-carrying spacecraft approaches the asteroid along a line normal to
the asteroid’s widest face. In Run 2, the NED is approaching the asteroid normal to
its narrowest face, i.e. edge on. In Run 3, the NED is approaching along a line inclined
45◦ to the plane of the asteroid’s widest face, i.e., halfway between Runs 1 and 2. The
results of the model runs are shown in Table 5. Approach speed was varied from 2
km/s to 35 km/s for each of the three relative velocity vector directions relative to the
asteroid’s shape shown in Figure 6. Table 5 reports the PFS5 for each combination of

5Probabilities less than 1 × 10−5 are rounded up to that number.
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approach direction and speed. Intolerably high probabilities of failure are color-coded
red. The remaining probability values are considered tolerable.

Table 5: Probability of NED radar fuzing failure due to insufficient signal for 2024
YR4, as a function of approach angle and speed.

2 km/s 5 km/s 10 km/s 15 km/s 20 km/s 25 km/s 30 km/s 35 km/s

Run 1 1e-5 1e-5 3.308e-5 7.88e-4 3.6e-3 0.8094 1 1
Run 2 1e-5 1e-5 6.15e-5 1.4e-3 0.714 1 1 1
Run 3 1e-5 1e-5 4.07e-5 1.0e-3 0.955 1 1 1

In this scenario, subject to the model assumptions and timing configuration of the
radar (which is admittedly arbitrary), the radar fuzed successfully for all approach
velocities up to and including 15 km/s. One run succeeded at 20 km/s; it is expected
that the simulation will yield success for some approach trajectories but not others,
and the trajectory that fuzed successfully at 20 km/s is Run 1, which had maximum
asteroid surface area in the plane normal to the spacecraft’s approach direction. For
the runs that failed, it is possible to tweak the Doppler filter in order to ensure success
at higher approach speeds at the cost of reducing signal-to-noise ratio for all approach
speeds. The fuzing height above the asteroid surface, which bounds the HOB from
above, was approximately 100–104 m for all successful runs. These results illustrate
the importance of performing radar simulations ahead of time to identify performance
problems that could impact mission design. With enough advance notice, these results
can be used to modify the hardware design and ensure a successful nuclear deflection
or disruption of the asteroid.

3 Mission Trajectory Options

3.1 Use of Extant Spacecraft

In some cases, it may be possible to repurpose or retask an extant spacecraft for
rapid reconnaissance. This can enable in-space observations faster than a purpose-
built spacecraft could arrive at the asteroid at the cost of the original mission. Bull
et al. [17] detail the pros and cons of this approach, and the considerations that are
necessary beyond trajectory reachability. We assessed the following extant spacecraft
for their potential to reconnoiter 2024 YR4: Janus, Lucy, OSIRIS-APEX, and Psy-
che. We determined that utilizing Lucy for 2024 YR4 would most likely be infeasible
given high ∆V demand and propellant limitations. Possibilities for utilizing the other
spacecraft are discussed in turn.

3.1.1 Janus

The Janus spacecraft are two small spacecraft originally designed for flybys of binary
asteroid systems, built under NASA’s SIMPLEx program [18]. They were originally
scheduled to launch as a rideshare with the Psyche spacecraft, but were left without a
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launch opportunity when Psyche’s launch was significantly delayed [19]. The spacecraft
were then partially disassembled and placed into storage. While a full engineering
analysis of the mission trajectory performance envelope for which Janus would function
satisfactorily is beyond the scope of our current work, we do consider two Janus
performance limitations when assessing potential 2024 YR4 flyby trajectories for which
Janus could potentially work: 1) Sun distance must remain between 1 and 1.62 au; 2)
Earth distance must remain less than 2.4 au [18].

The ∼4-year orbit period and ∼4 au aphelion of 2024 YR4’s orbit lead us to expect
that in order for a spacecraft to launch from Earth and encounter the asteroid before
it has passed beyond 1.62 au from the Sun, a relatively high-energy launch must be
performed sometime during the months leading up to the asteroid’s perihelion, or
during the time period surrounding perihelion itself.

Indeed, this is what the trajectory analysis reveals. There is an approximately two-
week launch period during the first half of June 2028 during which the spacecraft can
launch and then encounter the asteroid approximately four months later, during mid-
October 2028, with flyby speeds near 10 km/s and at a solar distance of 0.97 to 0.99
au. The launch C3 varies from 42.188 to 51.801 km2/s2, so the launch vehicle would
need to be a Falcon Heavy Recovery or Expendable, or a Vulcan Centaur 2 (VC2),
VC4, or VC6. An exemplar trajectory is shown in Figure 7a, with launch C3 of 45.539
km2/s2, Declination of Launch Asymptote (DLA) of -3.82◦, launch date of 2028-06-
03, flight time of 136 days, arrival date of 2028-10-17, flyby speed of 9.92 km/s, and
solar phase angle at flyby of 56.05◦.

(a) Exemplar 2024 YR4 flyby reconnais-
sance trajectory using Janus with a June
2028 launch

(b) Exemplar 2024 YR4 flyby recon-
naissance trajectory using Janus with a
December 2028 launch

Fig. 7: Exemplar 2024 YR4 flyby reconnaissance trajectories for the Janus spacecraft

A second, narrower launch opportunity occurs during the first week of December
2028. It requires very high energy launch (C3 > 94 km2/s2), necessitating a Falcon
Heavy Expendable or VC6 launch vehicle despite the small mass of the Janus space-
craft. The flight times are short, between 70 and 86 days, the solar distance at asteroid
encounter varies between 1.49 and 1.62 au, and the flyby speeds are relatively low, 1.62
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to 1.85 km/s (viable for rendezvous using a larger spacecraft equipped with a sufficient
propulsion system). An exemplar trajectory from this family of solutions is shown in
Figure 7b, with launch C3 of 99.135 km2/s2, DLA of 6.4◦, launch date of 2028-12-08,
flight time of 72 days, arrival date of 2029-02-18, flyby speed of 1.79 km/s, and solar
phase angle at flyby of 113.51◦. Although the low flyby speeds for this family of tra-
jectories are favorable, the higher solar phase angles at flyby could reduce the quality
of asteroid imaging, compared to flyby trajectories in the June 2028 launch period.

The time required to reassemble the Janus spacecraft, procure a suitable launch
vehicle, and prepare the spacecraft for launch should be assessed to determine how
far in advance of June 2028 the decision would need to be made to deploy the Janus
spacecraft for reconnaissance of 2024 YR4. The asteroid will not be visible to ground-
based telescopes again until June 2028, but an attempt to use JWST to detect the
asteroid in early 2026 is planned. If successful, that early 2026 detection should extend
the observation arc sufficiently to significantly increase or decrease the lunar impact
probability. That would enable the most informed decision about whether to deploy
Janus to the asteroid. However, if JWST does not detect the asteroid in early 2026,
then the decision about whether to deploy Janus in 2028 will have to be made with
the lunar impact probability still at ∼4.3%.

For any potential use of Janus to survey 2024 YR4, additional work would be
needed to analyze the suitability of the Janus payload and GNC system for the
encounter. Janus was originally intended for flyby speeds of 3-3.5 km/s, of approxi-
mately ∼1 km diameter asteroids [18]. Initial detection of 2024 YR4 will be harder
and the operational timeline will be substantially compressed for the much smaller
object and likely faster flyby speed. It would also be necessary to understand whether
the current payload would return sufficient information to be actionable, which may
also be difficult given the small asteroid size and comparatively small imager carried
by Janus [20].

3.1.2 OSIRIS-APEX

The NASA OSIRIS-APEX (Origins, Spectral Interpretation, Resource Identification
and Security – Apophis Explorer) mission is a follow-on to the OSIRIS-REx mis-
sion, which launched in 2016 and returned samples of asteroid Bennu to Earth in
2023 [21]. After the sample was returned, the spacecraft transitioned to the OSIRIS-
APEX extended mission to rendezvous with the asteroid Apophis in June 2029,
shortly after the asteroid’s close encounter with Earth in April 2029 [22]. OSIRIS-
APEX is scheduled to execute three Earth gravity assists before rendezvousing with
Apophis, providing opportunities for redirecting the spacecraft for reconnaissance of
2024 YR4 as shown in Table 6 [23]. As of early 2024, the OSIRIS-APEX spacecraft
had approximately 525 m/s of ∆V remaining for maneuvers.

The OSIRIS-APEX spacecraft was designed for small-body rendezvous and is
equipped with thermal and infrared spectrometers, a laser altimeter, and multiple
cameras. The camera suite is composed of three cameras: PolyCam for asteroid acquisi-
tion during approach and reconnaissance imaging, MapCam for recording color images
during mapping, and SamCam for imaging the sample site and sample collection close
to the asteroid. The OSIRIS-APEX guidance, navigation, and control (GNC) system
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Table 6: OSIRIS-APEX Key Events

Event Date

Divert 24 Sep 2023
DSM-1 (1 m/s) 17 Jul 2024
EGA1 25 Sep 2025
DSM-2 (0.11 m/s) 7 Oct 2026
EGA2 17 Mar 2027
DSM-3 (146 m/s) 28 Jun 2027
EGA3 13 Apr 2029
Apophis Arrival 22 Apr 2029

as well as the camera suite is likely well suited for rendezvous reconnaissance of 2024
YR4. However, a fast flyby of ∼60 m body such as 2024 YR4 could present acquisi-
tion and terminal guidance challenges. Further evaluation of specific flyby scenarios is
needed.

Multiple retasking scenarios of OSIRIS-APEX are considered, including rendezvous
reconnaissance of 2024 YR4, flyby reconnaissance of 2024 YR4, and a dual flyby mis-
sion of both 2024 YR4 and Apophis. Different diversion dates of the spacecraft from
the OSIRIS-APEX nominal trajectory are evaluated for each scenario. Diverting from
the nominal trajectory as late as possible is beneficial to allow more time for a retask-
ing decision to be made. However, in general, the later the diversion date, the higher
the ∆V for achieving reconnaissance of 2024 YR4. Critically, the nominal OSIRIS-
APEX has a maneuver between each Earth gravity assist, targeting the flyby geometry
to set up the subsequent gravity assist before the final EGA prior to the nominal ren-
dezvous of Apophis. Adjusting the maneuver before the EGA allows for adjusting the
flyby geometry for targeting 2024 YR4 when the asteroid has its next close approach
to Earth in late 2028.

Several possible flyby reconnaissance missions to 2024 YR4 are identified and listed
in Table 7, adapted from [17]. A 9.9 km/s flyby of 2024 YR4 is feasible by retargeting
EGA3 with only a one m/s maneuver on June 8, 2027 and skipping the nominal
OSIRIS-APEX deep space maneuver later in June (Option A). The flyby speed can
be reduced to as low as 8.2 km/s with a large deep space maneuver of roughly 510
m/s in early January 2027 (Option B). Reducing the arrival speed to a sufficiently low
level for rendezvous with 2024 YR4 with OSIRIS-APEX is not feasible. However, it is
possible to fly by both 2024 YR4 and Apophis with earlier diversion dates. Retargeting
EGA2 with maneuver in November 2026 enables a trajectory with a 9.9 km/s flyby of
2024 YR4 in early November 2028, and then a subsequent 11.2 km/s flyby of Apophis
in September 2030 after its close approach with Earth (Option C). Such a mission
would require 300 m/s of ∆V. Alternatively, dual flyby mission with an 11.2 km/s
flyby of 2024 YR4 in October 2028 and a 12.8 km/s flyby of Apophis on March 26,
2029, before the Apophis close approach to Earth is viable for 510 m/s (Option D).
The Option D trajectory is illustrated in Figure 8, adapted from [17].

We performed a preliminary assessment of the ability of OSIRIS-APEX to detect
2024 YR4 using the PolyCam instrument during terminal approach at 11.2 km/s
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relative speed (Option D). PolyCam specifications include an f-number of 3.5, focal
length of 628.9 mm, pixel pitch of 8.5 microns, quantum efficiency of 0.31, post-tag
transmission coefficient of 0.7626, and pointing stability of 0.0117 milliradians/sec
(meeting science requirements referenced in [24]). The instrument has a wavelength
sensitivity range of 370–1090 nm, and the detection criterion was set to SNR ≥7.0,
with 600 millisecond exposures, each stacking 4 images. This results in a limiting
visual magnitude of 14.87. In our modeling of the visual magnitude of the asteroid
from the spacecraft’s perspective during the approach trajectory, we use the H-G Slope
formulation [25]. Our modeling indicates that PolyCam would detect the 99.7% HPDI
Low Mass realization of 2024 YR4 (the dimmest realization of the asteroid) 25.39 hours
before intercept. For terminal phase course corrections, target detection at least 12
hours before intercept is required. Handling later detection times may be possible in
certain circumstances, but autonomous operations might be required. Further analysis
would be needed to determine whether OSIRIS-APEX could truly perform a successful
flyby of 2024 YR4, but this early assessment indicates potential feasibility.

Table 7: Options for Retasking OSIRIS-APEX to 2024 YR4

Option
Diversion

Date
2024 YR4

Flyby Date
2024 YR4 Flyby
Speed (km/s)

Apophis
Flyby Date

Apophis Flyby
Speed (km/s)

Total
∆V (m/s)

A 08 Jun 2027 01 Nov 2028 9.9 N/A N/A 1
B 02 Jan 2027 07 Nov 2028 8.2 N/A N/A 510
C 17 Nov 2026 01 Nov 2028 9.9 18 Sep 2030 11.2 300
D 07 Sep 2026 24 Oct 2028 11.2 26 Mar 2029 12.8 510

3.1.3 Psyche

The NASA Psyche mission launched in October 2023 for a planned rendezvous with
the M-type asteroid Psyche in July 2029. Unlike OSIRIS-APEX it does not have any
close approaches with Earth after launch, leaving Earth’s vicinity to a semi-major axis
of 2.92 au with a 21-kW solar electric propulsion (SEP) system and a Mars gravity
assist (MGA). While Psyche does not have any EGAs to exploit for redirection towards
2024 YR4, its SEP engines are propellant efficient and it launched with approximately
1100 kg of propellant, allowing for substantial maneuver capability. Psyche is equipped
with a spectrometer, a magnetometer, and the Psyche Multispectral Imager (PMI).
Given that the spacecraft was designed for rendezvous and not a flyby, further analysis
of any flyby scenario is needed to fully understand retasking feasibility.

The long, continuous thrust arcs associated with Psyche’s low-thrust SEP transfers
create challenges for retasking evaluation. The remaining propellant load is dynamic
during thrusting periods and must be considered in addition to the position and
velocity state at the diversion date. To generate retasked trajectories, solutions are
constrained to start along the nominal trajectory as defined in the predicted space-
craft ephemeris available on the NASA Navigation and Ancillary Information Facility
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Fig. 8: Option D candidate trajectory to redirect OSIRIS-APEX to a fast flyby of
2024 YR4 followed by a flyby of Apophis before its close approach to Earth

(NAIF) website. However, the predicted propellant usage profile is not included with
the ephemeris. Without the propellant available at any time in the nominal trajectory,
the initial wet mass of the diverted spacecraft is assumed to be 2800 kg, which is the
approximate wet mass of the spacecraft of launch. This assumption ensures the esti-
mated propellant for the retasking segment of the trajectory is conservative. For the
purposes of this study all four of Psyche’s SPT-140 Hall thrusters are allowed to oper-
ate simultaneously with 90% duty cycle. The nominal trajectory reserves one of the
thrusters as a backup. Additionally, the beginning of life power from the solar arrays
is assumed to be 21 kW with 1% yearly degradation. The assumed power reserved for
the bus during thrusting periods is 900 W.

Two potential mission options for retasking Psyche for reconnaissance for 2024
YR4 are identified, requiring diversion dates in mid-2026 after the MGA as highlighted
in Table 8. A rendezvous with 2024 YR4 in December 2030 may be viable, but would
require up to 725 kg of propellant starting in late June 2026 given the conservative
assumption of a maximum starting wet mass of 2800 kg (Option A). The required
propellant for this option may be more than is available at proposed diversion date
given the nominal mission, necessitating further evaluation. The required propellant
for rendezvous is roughly 640 kg if the initial mass of the spacecraft is 2500 kg at
the diversion date. Alternatively, an 8.7 km/s flyby of 2024 YR4 could be achieved
in early 2029 with roughly 410 kg of propellant (Option B). Trades between arrival
date, flyby speed, and required propellant are possible for different 2024 YR4 flyby
scenarios. Both Option A and B trajectories are plotted in Figure 9.
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Table 8: Psyche Retasking Options

Option Diversion
Date

Arrival
Date

Flyby
Speed
[km/s]

Required
Propellant

[kg]*

Notes

A 15 Jun 2026 12 Dec 2030 Rendezvous ∼725 kg EGA on 25 Nov 2028,
Rerouting occurs after
baseline MGA

B 03 Jul 2026 27 Jan 2029 8.7 km/s ∼410 kg EGA on 16 Sep 2028,
Rerouting occurs after
baseline MGA

*Estimated required propellant includes 10% margin and assumes initial mass of 2800 kg

(a) Candidate trajectory to redirect Psyche
spacecraft to rendezvous with 2024 YR4

(b) Candidate trajectory to redirect Psyche
spacecraft to flyby with 2024 YR4

Fig. 9: Exemplar 2024 YR4 reconnaissance trajectories for the Psyche spacecraft

3.2 Purpose-Built Flyby and Rendezvous Reconnaissance
Missions

3.2.1 Rapid Response Reconnaissance

We ran a ballistic trajectory scan with launch dates as early as 2025-01-01, to search
for rapid response reconnaissance launch opportunities that could have been utilized
shortly after 2024 YR4 was discovered in late December 2024 and recognized as a
potential Earth impactor. No such rapid response reconnaissance capability currently
exists, so this analysis was for purposes of illustrating the utility of such capability.
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Fig. 10: Pork Chop Contour (PCC) plot of relative velocity at asteroid arrival for
ballistic trajectories across the ranges of launch dates and times of flight considered
for 2024 YR4.

Examination of Figure 10 reveals that the trajectories with the earliest asteroid
arrival dates launch in late 2025. Figure 11a presents a PCC plot focused on that family
of trajectories, which have launch dates spanning most of December 2025 and reach
the asteroid between January and March of 2027. This would provide confirmation of
whether the asteroid is actually on a lunar impact trajectory ∼16 months sooner than
waiting for the asteroid to become visible to ground-based telescopes again in June
2028. It would also provide flyby physical characterization data for the asteroid much
sooner than either the Janus option or a non-rapid response purpose-built option. That
earlier knowledge of the asteroid’s physical properties would remain valuable even if
the currently planned early 2026 JWST observation of the asteroid is able to provide
even earlier confirmation of whether the asteroid is on a lunar impact trajectory.

However, it should be noted that even if a rapid response reconnaissance capability
had been available, the nature of the asteroid’s orbit is such that the asteroid would
not have been reachable right away. The earliest viable launch opportunity is about 11
months after the asteroid was discovered, and the reconnaissance spacecraft could not
reach the asteroid until just over two years after it was discovered. A rapid response
capability is generally assumed to be able to launch within, at most, a few months after
the asteroid is discovered and then gather data on the asteroid within a few months
after launch. 2024 YR4 provides a real-life example of an asteroid orbit for which more
capable rapid response systems would be needed to reach it this quickly, in particular
higher launch C3 capabilities than the maximum of 100 km2/s2 currently offered by
the Falcon Heavy Expendable and planned to be offered by the VC6. Alternatively,
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(a) PCC plot showing rapid response
launch period in December 2025 for 2024
YR4.

(b) Exemplar 2024 YR4 rapid response
flyby reconnaissance trajectory launching
December 2025.

Fig. 11: PCC plot of rapid response flyby reconnaissance trajectories in December
2025 for 2024 YR4 and exemplar trajectory from that set.

discovering Earth- (or Moon-) impacting asteroids farther in advance of their impact
dates is another way to enable timely reconnaissance. Indeed, NASA’s forthcoming
Near-Earth Object (NEO) Surveyor space-based telescope [26] is designed to find
potentially hazardous objects farther in advance, to provide us with increased warning
time.

3.2.2 Purpose-Built Flyby and Rendezvous Reconnaissance

If allowing for a more traditional spacecraft development timeline, at least three years
would be allotted from authority to proceed (ATP) until launch. We examined launch
dates no earlier than January 2028 and arrival dates up to the 2024 YR4 close approach
with Earth in December 2032. Later launches provide more time for spacecraft devel-
opment and earlier arrival times are preferred so that critical asteroid information for
any mitigation is acquired with time to adjust the mitigation plan and execution. Both
flyby and rendezvous reconnaissance are evaluated. While a flyby mission can poten-
tially allow for a faster development period and shorter flight times than rendezvous,
rendezvous enables improved characterization.

A broad set of mission design parameters are traded for flyby reconnaissance
missions with chemical propulsion. We evaluated different launch vehicle classes span-
ning from small- to heavy-lift vehicles for interplanetary missions: Falcon 9 (F9)
Autonomous Spaceport Drone Ship (ASDS), a Vulcan VC2, a Vulcan VC4, and a
Falcon Heavy Expendable. Up to two gravity assists from Venus, Earth or Mars are
allowed to reduce propellant demand. Additionally, a deep space maneuver of up to
2 km/s between any two bodies is allowed with an assumed specific impulse, Isp, of
320 s. Figure 12 depicts Pareto optimal solutions with at least 500 kg of delivered
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mass given equally weighted objectives of: minimizing launch vehicle class, maximiz-
ing delivered spacecraft mass, minimizing flyby speed, maximizing launch date, and
minimizing arrival date. Some families of solutions require high ∆V from the space-
craft propulsion system, driving high propellant mass fractions. Traditional spacecraft
typically have propellant mass fractions below 60%. Missions with a higher propellant
mass fraction would likely require staging or be infeasible from a spacecraft hardware
perspective.

The trade study results reveal several distinct solution families based on launch
and flyby timing. Notably, the solution space shows that a launch in 2028 is required
to enable a low speed flyby (less than 4 km/s) with an arrival date before 2031. As an
alternative, flybys in 2031 are feasible, but the spacecraft must launch by late 2029,
and the lowest possible flyby speed is ∼5 km/s. If a five-year development duration is
required with a launch no earlier than mid- to late-2030, the earliest viable flyby date
is early 2032 with flyby speeds greater than 10 km/s. An example trajectory from
the family of low-speed flyby solutions with a launch in December 2028 and arrival in
mid-2030 is plotted in Figure 13.

We performed a preliminary assessment of the ability of our notional flyby recon-
naissance mission spacecraft to detect 2024 YR4 during approach using the DRACO
instrument employed by NASA’s DART spacecraft to successfully detect and impact
the asteroid Dimorphos. DRACO has an f-number of 12.6, a focal length of 2620 mm,
and pixel pitch of 6.5 microns, featuring an estimated integrated quantum efficiency
of 0.3388 and optics transmission coefficient of 0.7614. It demonstrates read noise of
2 e-/pix/exposure, dark current of 35 e-/pix/s [27], SNR limit of 173, and exceptional
pointing stability of 0.002 milliradians/sec (1σ). DRACO has a wavelength sensitivity
range of 370–1090 nm, and the detection criterion was set to SNR ≥7.0, with 300 mil-
lisecond exposures, each stacking 4 images. The resulting limiting visual magnitude
was calculated to be 16.13. As with the prevously reported flyby analysis for OSIRIS-
APEX, in our modeling of the visual magnitude of the asteroid from the spacecraft’s
perspective during the approach trajectory, we use the H-G Slope formulation [25].
Our modeling for the low-speed reconnaissance flyby trajectory in 13 indicates that
the DRACO instrument would detect the 99.7% HPDI Low Mass realization of 2024
YR4 (the dimmest realization of the asteroid) approximately 137 hours before closest
approach. For terminal phase course corrections, target detection at least 12 hours
before intercept is required. Handling later detection times may be possible in certain
circumstances, but autonomous operations might be required. Further analysis would
be needed to determine whether a flyby reconnaissance mission employing DRACO
or a DRACO-like terminal guidance sensor could truly perform a successful flyby of
2024 YR4, but this early assessment indicates potential feasibility.

Fewer chemical-based rendezvous reconnaissance options exist than flyby options
given the high ∆V demand of most arrival maneuvers. The Pareto optimal solution
space for a purpose-built rendezvous spacecraft with chemical propulsion is illustrated
in Figure 14. The same mission design trade parameters are considered for rendezvous
as for the flyby reconnaissance with up to two gravity assists and deep space maneu-
vers less than 2 km/s between bodies. Mission designs are optimized for equally
weighted objective functions of maximizing delivered mass, maximizing launch date,
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Fig. 12: Pareto optimal solution space for flyby reconnaissance missions of 2024 YR4

when minimizing launch vehicle class, maximizing delivered mass, minimizing flyby
speed, maximizing launch date, and minimizing arrival date. All solutions have a
delivered mass greater than 500 kg.

and minimizing arrival date. The latest possible launch with arrival before 2032 is
December 2029. Ideally, a reconnaissance rendezvous mission would launch in Novem-
ber or December 2028 to allow for 2029 arrival dates and the ability to modify any
mitigation mission before launch. As with the chemical flyby trajectories, some solu-
tions are associated with high ∆V and high propellant mass fractions. Solutions with
a delivered mass below 1000 kg in Figure 14 are often associated with high propellant
mass fractions and would require further analysis to understand development feasi-
bility. All solutions with a launch later than January 2029 and arrival earlier than
January 2032 require propellant mass fractions greater than 75%. Trajectories with
a launch later than January 2029 and lower propellant mass fractions become viable
with arrival dates in 2032. As an example, a trajectory launching on a Falcon Heavy
Expendable in November 2029 and an arrival in May 2032 would have a 65% pro-
pellant mass fractions and be capable of delivering over 1800 kg after the rendezvous
maneuver.

A SEP-based spacecraft can be beneficial for high ∆V scenarios, but the need for
a fast development timeline must also be weighed. A rebuild of the Psyche spacecraft
design is evaluated with the baseline 21-kW solar electric propulsion system and four
SPT-140 thrusters. Rebuilding to the same Psyche design would ideally save devel-
opment time compared to a fully-customized spacecraft design. The Pareto front of
optimal solutions for a Psyche-based SEP spacecraft to rendezvous with 2024 YR4 is
plotted in Figure 15. The solution space for the SEP spacecraft is somewhat sparse
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Fig. 13: Exemplar flyby reconnaissance trajectory to 2024 YR4, launch in December
2028 and flying by the asteroid in June 2029.

when filtered for trajectories that can deliver at least 1700 kg, the approximate Psyche
dry mass. The same late-2028 launch opportunity as observed in the chemical flyby
and rendezvous solution space is prominent with arrival dates from early 2029 to mid
2031. Additionally, there are several earlier launch opportunities in 2028 (January to
June) with mid-2029 rendezvouses with 2024 YR4. These early 2028 launches with a
SEP system may be more attractive than chemical trajectories with similar launch
and arrival dates as the SEP system provides much more favorable propellant mass
fractions.

3.3 Kinetic Impactor Deflection Mission Analysis

A Lambert grid scan was performed to evaluate candidate KI trajectories. Partial
derivatives of the asteroid’s coordinates on the Earth’s B-plane with respect to the
components of the applied ∆V vector were utilized to calculate the deflection achieved
by each KI trajectory. KI mass was limited by the standard launch mass vs. C3 curve
for the SpaceX Falcon Heavy Expendable launch vehicle. A code was developed that
optimally selects sequences of KI mission trajectories and adjusts each KI’s mass such
that each KI strike on the asteroid produces a ∆V that will be sufficient for deflection
if β = 2 while not exceeding the 10% Vescape threshold for unwanted fragmentation if
β = 5. When even the most effective such KI strike on the asteroid does not produce
sufficient deflection, the code will then apply multiple KI strikes, in descending order
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Fig. 14: Pareto optimal solution space for chemical propulsion based rendezvous when
maximizing delivered mass, maximizing launch date, and minimizing arrival date. All
solutions shown have a delivered mass greater than 500 kg

Fig. 15: Pareto optimal solution space for trajectories with delivered mass greater
than 1700 kg when maximizing delivered mass, maximizing launch date, and minimiz-
ing arrival date for SEP rendezvous missions to 2024 YR4.
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of the most effective trajectory solutions, until sufficient deflection is achieved. In this
way, the minimum number of KI spacecraft are used to achieve full deflection while
keeping each ∆V on the asteroid no larger than 10% Vescape if β turns out to be as
high as 5. While β could theoretically exceed 5 in some circumstances, 5 is currently
regarded as a reasonable generic upper limit, based on the DART data [13].

This code was applied to 2024 YR4 to calculate the minimum set of KI deflection
missions for the 99.7% Low Mass, 50th percentile mass, and 99.7% High Mass real-
izations of the asteroid, and for each of those cases full chord, half chord, and 10%
chord deflection distances were considered. For the first analysis, the earliest allow-
able launch date was set to 2028-06-01. For the 99.7% High Mass asteroid, a single 72
kg KI launching on 2028-06-09 and striking the asteroid at 9.9 km/s on 2028-11-14 is
sufficient to deflect the asteroid for deflection distances up to ∼80% of the impact risk
chord length, while staying below the fragmentation threshold. Deflecting the asteroid
for the full chord length would require a second KI of at least 17 kg mass, launched
on 2028-06-19 and striking the asteroid at 9.65 km/s on 2028-10-31.

The situation is similar for the 50th percentile mass realization of the asteroid, but
the KI masses are smaller, 16–17 kg. The situation for the 99.7% Low Mass realization
of the asteroid is quite different, however. It could be deflected up to ∼30% of the chord
length by a very small ∼2 kg KI using either of the two trajectories described above.
Deflecting it 50% of the chord length would require two such KIs. Deflecting it the full
chord length would require 16 such small KIs with launch dates spanning June 2028
up to April 2032, completing the deflection 3 months before the lunar encounter date.
If launching as early as 2026-04-08 were possible, the number of KIs could be reduced
from 16 to 6. This is mentioned for completeness—neither of those approaches with
so many small KIs is considered practical. In fact, the question of whether splitting a
deflection up into multiple impulses to keep each under the fragmentation threshold
will actually avoid unwanted fragmentation remains unanswered. Further modeling
and simulation work is needed to properly address that question.

Being able to launch by July 2028 is critical for being able to efficiently deflect
the asteroid via KIs, because it enables trajectories that strike the asteroid at or
near its perihelion in November 2028. Deflection performance falls off steeply if the
earliest launch is not possible until sometime between August and October of 2028.
If launch is not possible until after October 2028, it would require an impractical
number of KIs (dozens) to deflect the asteroid. This is because deflection performance
decreases rapidly as the asteroid travels farther and farther away from perihelion,
and the available intercept geometries deviate from asteroid velocity vector aligned
intercepts.

These results illustrate the fact that the current uncertainties in the asteroid’s
mass and lunar impact location (should it turn out to indeed be on a lunar impact
trajectory) make it impossible to specify a KI spacecraft mission design that we would
be confident would have sufficient capability to deflect the asteroid without causing
unwanted fragmentation and potentially generating debris that could adversely affect
crew or space assets in cislunar space or Earth orbit. A reconnaissance mission would
therefore be necessary to reduce the uncertainties in the asteroid’s mass and impact
location sufficiently to inform the design of a KI deflection mission.
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The need for a reconnaissance mission prior to the design and construction of a
KI spacecraft poses a significant challenge in this situation because it would already
be quite challenging to have KI spacecraft ready to launch by June or July 2028 even
if design and construction were started now (August 2025). That leaves no time to
design, build, and fly a reconnaissance mission that could inform the design of a KI
spacecraft needing to launch in June or July 2028.

For these reasons, we conclude that KI deflection of 2024 YR4 is not practical.

3.4 Nuclear Deflection Mission Analysis

Opportunities for NED deflection of 2024 YR4 are reckoned by observing the points in
time when the required deflection ∆V crosses the unwanted fragmentation thresholds
(10% Vescape) in Figure 2b. The largest ∆V that can be applied to each reference
realization of the asteroid, equal to 10% Vescape, is given in Table 9, along with the
approximate HOBs needed to achieve those ∆V s using a 100 kt NED, which are
calculated using the aforementioned analytical model [15].

Table 9: Maximum single-impulse deflection ∆V Magnitudes for 2024
YR4 and HOBs w/ 100 kt NED

99.7% Low Mass 50th %tile Mass 99.7% High Mass

∆V 0.18 cm/s 0.336 cm/s 0.504 cm/s
HOB w/ 100 kt NED 560 m 550 m 530 m

The dates when the required ∆V for deflection reaches the maximum allowable
∆V values in Table 9 are shown in Table 10. These are the dates by which an NED
must be detonated at the appropriate HOB above the asteroid’s surface, aligned with
the asteroid’s heliocentric inertial velocity vector, to achieve the desired amount of
deflection.

Table 10: Latest Dates For Single-Impulse Deflection of 2024 YR4

Deflection Distance 99.7% Low Mass 50th %tile Mass 99.7% High Mass

Full Chord N/A 2029-02-05 2029-06-17
Half Chord 2029-03-01 2029-10-19 2030-05-16
10% Chord 2030-12-20 2031-06-13 2031-09-30

For purposes of our current analysis, we will assume that only one NED impulse
will be applied to the asteroid for deflection. Similar to the discussion of KI deflection,
we will assume that applying multiple smaller impulses to 2024 YR4 to deflect it
while remaining below the unwanted fragmentation threshold would not be worth the
complexities that would entail, given that the asteroid is small enough to be readily
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robustly disrupted. Additionally, we will only consider rendezvous trajectory options
for delivering NEDs to the asteroid for deflection. While it is possible that NEDs
could be detonated precisely enough during high-speed intercept to achieve a targeted
deflection ∆V , the challenges associated with doing that would not be worth taking
on when a kinetic or nuclear robust disruption of the asteroid could be done more
simply instead.

We also assume that at least 2000 kg of total spacecraft mass must be delivered
to rendezvous with the asteroid in order to contain two 100 kt free-flyer NEDs to the
asteroid. This is a rough order of magnitude mass estimate that can be refined in future
work beyond the scope of this paper. Two NEDs are included to provide redundancy.
The concept of operations for NED deflection of the asteroid involves arriving 30 days
before the desired deflection date, surveying the asteroid, selecting the HOB, deploying
the free-flyer NED to station-keep at the correct detonation coordinates relative to the
asteroid, moving the main spacecraft to the opposite side of the asteroid, detonating
the NED, and then using the main spacecraft to continue monitoring the situation. A
second NED is onboard in case it is needed, otherwise it can be safely disposed of by
detonating it in deep space after the asteroid is successfully deflected by the first NED.

Table 11: Chemical Propulsion Rendezvous Missions to 2024 YR4

Launch Arrival Delivered Propellant Prop. Mass Deflection
Date Date Mass (kg) Mass (kg) Fraction Case

11/14/2028 5/16/2029 2246 3307 0.6 High Mass, Full Chord
11/13/2028 6/15/2029 2311 3286 0.59 High Mass, Full Chord
11/13/2028 8/6/2029 2344 3260 0.58 >50th %tile Mass, Half Chord
11/3/2028 11/5/2030 2367 2754 0.54 Low Mass, 10% Chord
10/29/2028 6/2/2031 2499 2805 0.53 50th %tile Mass, 10% Chord
10/28/2028 9/30/2031 2609 3063 0.54 High Mass, 10% Chord

Table 11 lists rendezvous trajectory options using chemical propulsion (∼320 s
Isp) that can deliver at least 2000 kg of total spacecraft mass to the asteroid. A SEP
option is also available using a Psyche-like spacecraft that launches on 2028-12-03 and
rendezvouses with the asteroid on 2029-06-04, delivering a total of 2391 kg. These
rendezvous options are able to perform deflection for all but three of the cases outlined
in Table 10: Low Mass with Full Chord or Half Chord, or 50th Percentile Mass with
Full Chord.

While 6 of the 9 combinations of asteroid mass and deflection distance in Table 10
could be deflected by a rendezvoused NED, in principle, the launch dates are all in late
2028 and there are no later launch options for rendezvous that can deliver sufficient
mass. That leaves only three years from now (August 2025, at the time of this writing)
to build the spacecraft, but no decisions have yet been made. Considering that lunar
impact is currently uncertain and that building an interplanetary spacecraft capable
of rendezvous typically takes at least 5 years, we do not find NED deflection of 2024
YR4 to be a practical option.
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3.5 Kinetic Robust Disruption Missions

The bright yellow regions in Fig. 3 indicate the most performant mission trajectory
opportunities for kinetic robust disruption. Those launch opportunities are available
in late 2029 to mid 2030, late 2030, mid 2031, late 2031, and early to mid 2032. Most
of those trajectory options involve disrupting the asteroid in August or September
of 2032, a few months prior to the lunar encounter date. If 2024 YR4 turns out to
be around the median size/mass (or smaller), then Fig. 3 indicates that there are
additional launch opportunities that would disrupt the asteroid at significantly earlier
dates and provide much more time for post-disruption debris to disperse.

In Fig. 3, we lay out the possible disruption configurations with launch dates
spanning mid-2028 to a few months before 2024 YR4’s lunar encounter in late 2032.
Three mission trajectory cases, covering early, middle, and late launch dates, are
presented, specifically in regions of Fig. 3 that show the largest disruptable NEO mass.
While launching earlier is preferable if possible, it is necessary to have backup launch
options available in the event of a missed launch or failure to disrupt the asteroid.

Case 1 includes a range of dates between December 2029 and August 2030, and
assumes β = 2 and ρ = 3.259 g/cm3. Fig. 16a displays the most optimal trajectories
that maximize the disruptable NEO diameter. For Case 1, the largest disruptable NEO
is 78.5 meters, the launch date is 2030-04-08, and the arrival date of the impactor is
2032-08-13. Case 1 represents an early launch that would be able to disrupt up to
the 99.7% High Mass realization of the asteroid. The trajectory to 2024 YR4 for this
configuration of launch and arrival dates is shown in Fig. 16b, and the column labeled
“Early” in Table 12 presents the trajectory parameters.

Case 2 targets a range of dates between November 2030 and the end of January
2031, where we set β = 2 and ρ = 2.848 g/cm3. The departure date and time of flight
configurations are shown in Fig. 17a and the results of the most optimal configuration
are listed in column “Middle” of Table 12. For Case 2, the largest disruptable NEO
diameter is 61.2 meters, indicating that the kinetic impactor would be able to disrupt
up to the 75% High Mass realization of 2024 YR4. The launch date of this mission
profile would be 2031-01-16 and the arrival date is 2032-01-01. If a reconnaissance
mission takes place before this launch date, it could determine whether the asteroid’s
mass is at or below the 75th percentile. If it is larger, this configuration of launch and
arrival dates will not be feasible for robustly disrupting 2024 YR4.

Case 3 includes a range of dates between December 2031 and September 2032,
three months before the lunar encounter, where β = 2 and ρ = 3.259 g/cm3. Fig. 18a
displays the departure date and time of flight configurations for these latest possible
launch times. Results for the optimal trajectory are summarized in the “Late” column
of Table 12, and the optimal trajectory is displayed in Fig. 18a. For a launch date of
2032-04-09 and arrival date of 2032-09-02, the maximum disruptable NEO diameter is
81.2 meters. This indicates that the kinetic impactor would be able to robustly disrupt
up to at least the 99.7% High Mass realization of 2024 YR4, and potentially higher,
according to Fig. 3
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(a) Case 1 (Early): PCC plot showing poten-
tial launch dates from December 2029 to
August 2030 for KI disruption of 2024 YR4

(b) Exemplar 2024 YR4 kinetic
impactor trajectory launching April 2030

Fig. 16: Case 1: PCC plot of kinetic impactor trajectories for an early (2030) launch to
2024 YR4 and optimal trajectory from that set that maximizes the largest disruptable
NEO

(a) Case 2 (Middle): PCC plot showing
potential launch dates from late Dec 2030 to
late Jan 2031 for KI disruption of 2024 YR4

(b) Exemplar 2024 YR4 kinetic impactor
trajectory launching January 2031

Fig. 17: Case 2: PCC plot of kinetic impactor trajectories for a middle (2031) launch to
2024 YR4 and optimal trajectory from that set that maximizes the largest disruptable
NEO

33



(a) Case 3 (Late): PCC plot showing poten-
tial launch dates from Dec 2031 to Sept 2032
for KI disruption of 2024 YR4

(b) Exemplar 2024 YR4 kinetic
impactor trajectory launching April 2032

Fig. 18: Case 3: PCC plot of kinetic impactor trajectories for a late (2032) launch to
2024 YR4 and optimal trajectory from that set that maximizes the largest disruptable
NEO

Table 12: Combined Results Summary: Kinetic Disruption Cases 1–3

Early Middle Late

Best launch date 2030-04-08 2031-01-16 2032-04-09
TOF (days) 858 350 146
Best arrival date 2032-08-13 2032-01-01 2032-09-02
Launch C3 (km2/s2) 26.38 60.82 12.13
DLA -7.63◦ -12.57◦ 5.35◦

Arrival V∞ (km/s) 24.671 16.468 21.210
Dmax (m) 78.5 61.2 81.2
KI mass (kg) 8877 4012 11839
SES angle 146.04◦ 16.11◦ 119.44◦

Approach pahse angle 3.42◦ 2.43◦ 6.95◦

Trajectory classification 1 rev, short-way 0 revs, short-way 0 revs, short-way
Min distance to Sun (au) 1.00 0.98 1.00
Max distance to Sun (au) 2.14 3.20 1.40

3.6 Nuclear Robust Disruption Missions

The 2024 YR4 intercept trajectory trade spaces depicted in Figures 10 and 12 were
explored to identify several representative mission trajectory solutions for nuclear
robust disruption via standoff detonation during high velocity terminal approach via
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Fig. 19: Early launch option trajectory for nuclear disruption intercept mission to
2024 YR4.

radar fuzing. Based on the radar fuzing analysis in Section 2.3.3, we set an upper
limit of 15 km/s on the spacecraft’s velocity relative to the asteroid at arrival. We
also assume that at least 3000 kg of total spacecraft mass is required to deliver a 1
Mt NED to the asteroid. This is a rough order of magnitude mass estimate that can
be refined in future work beyond the scope of this paper. Example trajectories, the
parameters for which are listed in Table 13, were selected to represent early, middle,
and late launch opportunities. Asteroid arrival speed was minimized to the extent
possible. Figures 19, 20, and 21 show the trajectories for the early, middle, and late
launch options, respectively.

Table 13: Exemplar Nuclear Disruption Mission Intercept Trajectories

Early Middle Late

Launch date 2029-12-03 2030-12-20 2031-10-26
TOF (days) 928 642 322
Arrival date 2032-6-18 2032-09-22 2032-09-12
Launch C3 (km2/s2) 70.749 69.067 50.426
DLA 12.47◦ 6.21◦ -23.46◦

Max. Launch Mass (kg) 3019 3180 5232
Arrival V∞ (km/s) 3.1 5.0 13.44
Arrival SES angle 141.72◦ 97.86◦ 107.96◦

Approach phase angle 12.23◦ 14.77◦ 19.88◦

Trajectory type 0 rev, long-way 0 rev, long-way 0 rev, long-way
Min. solar distance (au) 0.99 0.98 0.81
Max. solar distance (au) 2.08 1.22 1.31
Earth distance (au) 1.19 0.56 0.58
Earth light-time (mins) 9.89 4.69 4.84
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Fig. 20: Middle launch option trajectory for nuclear disruption intercept mission to
2024 YR4.

Fig. 21: Late launch option trajectory for nuclear disruption intercept mission to 2024
YR4.

As with the prevously reported flyby analyses for OSIRIS-APEX and the purpose-
built flyby reconnaissance spacecraft, in our modeling of the visual magnitude of the
asteroid from the spacecraft’s perspective during the approach trajectory, we use the
H-G Slope formulation [25]. Our modeling for the kinetic and nuclear robust disrup-
tion missions indicates that the DRACO instrument would detect the 99.7% HPDI
Low Mass realization of 2024 YR4 (the dimmest realization of the asteroid) approxi-
mately 25 hours before intercept for the fastest approach trajectory, which is the Early
kinetic robust disruption option (24.671 km/s approach speed). Detection occurred
at much earlier times for the other kinetic and nuclear robust disruption mission tra-
jectories, which have slower approach speeds. For terminal phase course corrections,
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target detection at least 12 hours before intercept is required. Handling later detection
times may be possible in certain circumstances, but autonomous operations might be
required. Further analysis would be needed to determine whether a kinetic or nuclear
robust disruption mission employing DRACO or a DRACO-like terminal guidance sen-
sor could truly perform a successful intercept of 2024 YR4, but this early assessment
indicates potential feasibility.

4 Exemplar Mission Campaigns

Based on the trajectory options detailed in Section 3, we lay out three candidate mis-
sion campaigns to characterize 2024 YR4 and mitigate a possible lunar impact. These
campaigns are not the only possible campaigns, but they represent the trade space
of options while balancing feasibility of implementation. These campaigns propose
purpose-built spacecraft. Although retasking an existing spacecraft appears plausible
for reconnaissance in some cases, the uncertainties associated with their performance
for missions they were not designed for makes them poorer candidates in this scenario.
Additionally, we only consider robust disruption for impact prevention missions. As
discussed above, the current uncertainties in 2024 YR4’s physical properties make it
difficult to design a KI for safe deflection, and those uncertainties will not be reduced
in time to inform the design of the KI spacecraft. Meanwhile, there are no trajecto-
ries compatible with nuclear deflection that would give enough time to develop the
spacecraft.

Example mission campaign option 1 consists of a flyby reconnaissance spacecraft
and a KI robust disruption. The development of both spacecraft would begin in Q4 of
CY2025, before the lunar impact is confirmed or ruled out. The flyby reconnaissance
spacecraft would have a three year development time, launch in December 2028, and
arrive in June 2029. The KI disruption spacecraft would launch in April 2030 after a
∼4.5 year development time, with the opportunity to make adjustments during the
final year of development based on the data returned from the flyby mission. The KI
disruption would occur in August 2032, ∼4 months before the lunar encounter. There
is a backup KI launch opportunity in April 2032 if needed.

Example mission campaign option 2 augments campaign 1 with a rendezvous recon-
naissance spacecraft to further characterize the asteroid and observe the KI disruption
to confirm success and monitor post-disruption asteroid debris. The rendezvous space-
craft would begin development at the same time as the flyby spacecraft and launch in
November 2029, giving ∼4 years of development time. It would arrive in June 2032,
∼2 years after the KI spacecraft launches and ∼2 months before the KI spacecraft
disrupts the asteroid.

Example mission campaign option 3 forgoes the flyby spacecraft, and replaces the
KI disruption mission with a nuclear disruption mission instead. This decreases the
total number of spacecraft from campaign option 2, and potentially allows the decision
to begin developing any spacecraft to be delayed until after the JWST attempted
observation in early 2026. The rendezvous reconnaissance spacecraft for campaign
option 3 is the same as campaign option 2 (November 2029 launch, June 2032 arrival).
The nuclear disruption spacecraft would launch in December 2030 with a backup
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launch opportunity in October 2031. It would disrupt the asteroid in September 2032,
∼3 months before the lunar encounter. These campaigns are summarized in Table 14.

Finally, we note that the flyby reconnaissance mission, which launches in December
2028 and arrives at the asteroid in June of 2029, could be flown as a rendezvous
reconnaissance mission instead, because the speed relative to the asteroid at arrival
is low enough (∼0.951 km/s). While this would significantly improve reconnaissance
performance and provide better information about the asteroid for use in planning the
disruption mission, building a rendezvous-capable spacecraft in time for a December
2028 launch could prove too challenging, even if it had Q4 CY2025 start.

Table 14: Summary of Exemplar Mission Campaign Options

Flyby Rendezvous Kinetic Nuclear
Reconnaissance Reconnaissance Disruption Disruption

Campaign Option #1
Launch 2028-Dec

X
2030-Apr

X
Arrive 2029-Jun 2032-Aug

Campaign Option #2
Launch 2028-Dec 2029-Nov 2030-Apr

X
Arrive 2029-Jun 2032-Jun 2032-Aug

Campaign Option #3
Launch

X
2029-Nov

X
2030-Dec

Arrive 2032-Jun 2032-Sep

5 Conclusion

In this work, we have provided an overview of deflection and robust disruption
mechanics and techniques, with an emphasis on impulsive techniques utilizing Kinetic
Impactors (KIs) or standoff detonation of Nuclear Explosive Devices (NEDs). We have
described the notional requirements for deflection or robust disruption of 2024 YR4,
based on current knowledge and accounting for current uncertainties in asteroid phys-
ical properties (principally mass), lunar impact location (should the asteroid indeed
be on a lunar-impacting trajectory), and deflection/disruption system performance
(e.g., the momentum enhancement factor, β, for KIs). We have analyzed and discussed
spacecraft mission trajectory options for flyby reconnaissance, rendezvous reconnais-
sance, deflection, and robust disruption. We have also generated exemplar mission
campaign options based on the trajectory analysis results, noting key dates and dis-
cussing when associated decisions would need to be made in order for missions to be
deployed. The best reconnaissance mission options launch in late 2028, leaving only
approximately three years for development at the time of this writing in August 2025.
Deflection missions were assessed and appear impractical. However, kinetic robust
disruption missions are available with launches between April 2030 and April 2032.
Nuclear robust disruption missions are also available with launches between late 2029
and late 2031.
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When considering the various mission options we describe herein, it is important
to keep in mind that 2024 YR4’s lunar impact probability currently stands at ∼4%.
A JWST detection of the asteroid is currently planned for February of 2026 [28]. If
that JWST observation is successful, the resulting reduction of uncertainties in the
asteroid’s orbit would likely either significantly reduce or increase the lunar impact
probability, but not rule out or confirm lunar impact. If that observation is not suc-
cessful, then it would not be until sometime around June of 2028, when ground-based
telescopes can detect the asteroid again, that the 2032 lunar impact probability would
be refined. The lunar impact would most likely be ruled out or in during the 2028 obser-
vations, but it is also possible that the impact probability would remain greater than 0
or less than 1. Any decisions about sending missions to 2024 YR4 made prior to June
2028 would need to be made in the face of significant uncertainty regarding whether
the lunar impact will actually happen. A successful JWST detection of the asteroid
in early 2026 would reduce but not eliminate that uncertainty. However, the JWST
detection will be challenging and success is not guaranteed. Waiting to make mission
deployment decisions until 100% certainty about lunar impact is obtained around or
after June 2028 will eliminate some mission options that require earlier commitment.

Thought may be given to conditional mission development plans that incorporate
off-ramps and/or feature re-purposing options, such that development of 2024 YR4

missions could begin prior to June 2028 without resulting in wasted resources if the
lunar impact is ruled out. We also note that a 2024 YR4 reconnaissance mission could
be deployed even if lunar impact is ruled out. This could be the 2028 flyby recon launch
shown in Campaign Options 1 and 2, or it could be the rendezvous reconnaissance
mission from Campaign Option 3 in Table 14, which could be operated as a flyby
mission instead. A launch in November 2029 would provide roughly 11 additional
months for spacecraft development compared to the earlier 2028 flyby recon launch,
while still allowing the spacecraft to reach 2024 YR4 about 6 months before its lunar
encounter, and at a low relative speed. This would enable valuable data collection on
the asteroid while also satisfying the requirement for a rapid-response demonstration.
Deploying a reconnaissance mission to the asteroid even if lunar impact is ruled out
would be for the purposes of a) satisfying the recommendation in the chapter on
planetary defense in the National Academies of Science, Engineering, and Medicine’s
Decadal Strategy for Planetary Science and Astrobiology 2023-2032 [29] stating that
“The highest priority planetary defense demonstration mission to follow DART and
NEO Surveyor should be a rapid-response, flyby reconnaissance mission targeted to a
challenging NEO, representative of the population (∼50–100 m in diameter) ...” and
b) making significant progress towards actions assigned to NASA and other agencies
for rapid response NEO reconnaissance capability development in the White House’s
National Preparedness Strategy & Action Plan for Near-Earth Object Hazards and
Planetary Defense [30] (see Actions 3.1 and 3.2), and reiterated in the NASA Planetary
Defense Strategy and Action Plan [31] (see Actions 3.1 and 3.2).
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5.1 Utilization of Extant Spacecraft for Reconnaissance

When assessing the feasibility of utilizing extant spacecraft for reconnaissance of 2024
YR4, we concentrated on several U.S. spacecraft: Janus, OSIRIS-APEX, Psyche, and
Lucy (for which we found re-tasking to 2024 YR4 isn’t feasible).

The Janus spacecraft—currently partially disassembled and in storage after its
originally planned rideshare launch was delayed for reasons beyond the Janus team’s
control—could potentially be utilized for reconnaissance of 2024 YR4. Trajectories
for flyby reconnaissance of 2024 YR4 that do not exceed the Janus spacecraft’s solar
distance limits of ∼1.0 to 1.6 au are available with launch during the first half of June
2028, or within a narrower period during the first week of December 2028. Additional
launch opportunities are available in 2032 that respect Janus’s solar distance limits
but involve higher flyby speeds than the 2028 opportunities. Those launch dates are
in early to mid 2032 and lead to encountering the asteroid just a few months before
the potential lunar impact date. However, there would be ample time to construct
purpose-built reconnaissance spacecraft for the 2032 launch opportunities, meaning
they shouldn’t be considered Janus-specific opportunities. Finally, additional analyses
would be needed to determine whether the Janus spacecraft instrument payload and
GNC system would be suitable for 2024 YR4 flyby reconnaissance, particularly given
the relatively high flyby speeds involved and the small size of 2024 YR4. The amount
of lead time necessary to reassemble the Janus spacecraft and prepare it for launch
would also need to be determined.

The OSIRIS-APEX spacecraft could be diverted sometime between September
2026 and June 2027 for a flyby of 2024 YR4 in late October or early November 2028,
with flyby speed between 8 and 11 km/s. Diverting OSIRIS-APEX in this way would
make it unable to maintain its current prime mission to rendezvous with Apophis in
June 2029. However, if diverted on September 7, 2026 for the 2024 YR4 flyby in 2028,
it would then be possible for OSIRIS-APEX to perform an ∼13 km/s flyby of Apophis
on March 26, 2029 (a few weeks before Apophis’s historic Earth close approach on
April 13, 2029). Or, if diverted on November 17, 2026, then after the 2028 flyby of
2024 YR4 OSIRIS-APEX could go on to perform an ∼11 km/s flyby of Apophis on
September 18, 2030. The OSIRIS-APEX spacecraft is designed for rendezvous rather
than high-speed flyby; further work would therefore be needed to assess the feasibility
of using it for flyby reconnaissance.

The Psyche spacecraft could be diverted in June 2026 for a rendezvous with 2024
YR4 in December 2030, or diverted in July 2026 for a 8.7 km/s flyby of 2024 YR4

in January 2029. Either of these options would mean sacrificing the prime mission of
rendezvous with the main belt asteroid Psyche. The Psyche spacecraft is designed for
rendezvous rather than high-speed flyby; further work would therefore be needed to
assess the feasibility of using it for flyby reconnaissance.

5.2 Other Types of Deflection Systems

The small size of 2024 YR4 puts it in a regime where Ion Beam Deflection (IBD)
might in principle be an effective approach, and it should be considered. However,
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the lack of suitable rendezvous trajectory opportunities, due to the high eccentric-
ity of the asteroid’s orbit, combined with the very short time available for spacecraft
development, cruise, and deflection operations, makes IBD a less favorable deflection
approach for this object. Nevertheless, as described earlier, there are rendezvous tra-
jectories launching in later 2028 that can deliver a moderately sized spacecraft to a
rendezvous with 2024 YR4 in late 2029. Such a spacecraft could carry a ∼20 kW solar
array and have hundreds of kilograms of extra xenon propellant that could be used
for deflection. While deflection produced by such a spacecraft at over 3.3 au from
the Sun would be far from optimal, it nevertheless could amount to many hundreds
of kilometers of deflection in the Earth’s B-plane before the propellant ran out (per-
forming analysis to confirm this is future work). Since a distance of many hundreds
of kilometers is a significant fraction of the entire lunar impact risk chord, such an
IBD mission could be sufficient to avoid the impact, depending on the lunar impact
location and associated deflection distance requirement, in which case IBD could be a
viable deflection option. Note that a Gravity Tractor (GT) spacecraft would provide
less deflection than an IBD spacecraft, all else being equal.

5.3 Future Work

� Assessment of what additional mission options may be enabled by C3 > 100 km2/s2

launch capabilities, e.g., an extra propulsion stage being provided for a spacecraft
launching on a Falcon Heavy Expendable.

� Assessment of the Guidance, Navigation, and Control (GNC) requirements, includ-
ing sensors and actuators, for a) successful execution of a flyby reconnoiter for 2024
YR4, and b) successful execution of a KI or NED delivery mission that precisely
targets 2024 YR4 at high approach speeds.

� Assessment of build times for the various spacecraft called for by the mission options
considered herein. The potential lunar impact occurring in 2032, only ∼7 years
from now, combined with 2024 YR4’s ∼4-year orbit period, severely limit the time
available for building spacecraft to be deployed to the asteroid, especially considering
that typical spacecraft build times (ATP to launch) for interplanetary missions are
∼3–5 years.

� Assessment of the ability to utilize reconnaissance mission data about the asteroid
to inform the design and construction of lunar impact prevention missions. The
compressed timeline in this scenario severely limits opportunities to gather and
utilize reconnaissance data to inform the design of deflection or disruption missions.

� Further development of deflection/disruption mission design strategies to overcome
uncertainties in asteroid mass, lunar impact location (i.e. deflection distance), and
achieved ∆V on the asteroid (manifesting as uncertainty in β for KIs and an analo-
gous uncertainty in achieved ∆V for standoff NED detonations). This is of particular
utility in case of 2024 YR4 because of the aforementioned limitations in the time
available to acquire and utilize reconnaissance data.
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