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Abstract

We investigate various short-warning mitigation scenarios via fragmentation for a hypothetical impact of asteroid
2023 NT1, a near-Earth object (NEO) that was discovered on 2023 July 15, two days after its closest approach to
Earth on July 13. The asteroid passed by Earth within ∼0.25 lunar distances, with a closest approach of
∼1 × 105 km and a velocity of 11.27 km s−1. Its size remains largely uncertain, with an estimated diameter range
of 26–58 m and a most probable estimate of 34 m (JPL Sentry, 2023 September 15; weighted by the NEO size
frequency distribution). If 2023 NT1 had collided with Earth, it could have caused significant local damage.
Assuming a spherical asteroid with a diameter of 34 m, uniform density of 2.6 g cm−3, and impact velocity of
15.59 km s−1, a collision would have yielded an estimated impact energy of ∼1.5 Mt, approximately 3 times the
energy of the Chelyabinsk airburst in 2013. We analyze the effectiveness of mitigation via intentional robust
disruption for objects similar to 2023 NT1. We utilize Pulverize It (PI), a NASA Innovative Advanced Concepts
study of planetary defense via fragmentation, to model potential mitigation scenarios through simulations of
hypervelocity asteroid disruption and atmospheric ground effects in the case of a terminal defense mode.
Simulations suggest that PI is an effective multimodal approach for planetary defense that can operate in extremely
short interdiction modes, in addition to long interdiction timescales with extended warning. Our simulations
support the proposition that threats like 2023 NT1 can be effectively mitigated with intercepts of 1 day (or less)
prior to impact, yielding minimal to no ground damage.

Unified Astronomy Thesaurus concepts: Asteroids (72); Near-Earth objects (1092); Experimental techni-
ques (2078)

1. Introduction

1.1. Initial Characterization of 2023 NT1

Little is known with certainty about asteroid 2023 NT1, and
it is important to note that most parameters described here are
estimates based upon very few well-constrained measurements.
2023 NT1 is classified as an Apollo near-Earth asteroid (NEA)
and was first observed on 2023 July 15 using the M22 ATLAS-
Sutherland telescope in South Africa (IAU 2023). The asteroid
made its closest approach to Earth on 2023 July 13 at 10:13
(±1 minute) TDB and passed at a distance of 6.7 × 10−4 au
(∼105 km; determined via a 3σ body target-plane error ellipse)
with a velocity of 11.27 km s−1 (JPL 2023). If 2023 NT1 had
impacted Earth on July 13, rather than narrowly missing, it is
estimated that it would have had an impact velocity (the
velocity at atmospheric entry) of 15.59 km s−1 (JPL-
CNEOS 2023). This impact velocity was approximated from
the asteroid’s observed close approach velocity with additional
contribution from Earth’s gravitational potential energy. The
body’s absolute magnitude (H; defined as the apparent

magnitude at 1 au from the Sun and observer) was observed
as 25.04 (σ= 0.37706; JPL 2023).
While the body’s closest approach distance and velocity and

the absolute magnitude are relatively constrained, the remainder
of the orbital and physical characteristics of 2023 NT1 are not
known with certainty. Observations of 2023 NT1 made by
NASA’s Jet Propulsion Laboratory (JPL) and the International
Astronomical Union (IAU) from 2023 July 15 to September 16
yielded an eccentricity of 0.51241 ± 1.0489 × 10−5 with an
estimated orbital period of 950.18 ± 0.02924 days (2.6015 ±
8.0055× 10−5 yr; JPL 2023). At its closest approach, the asteroid
was about 35 days past perihelion on its orbit around the Sun with
a semimajor axis of 1.8915 ± 3.8805 × 10–5 au and an
inclination of 5.7869 ± 8.6499 × 10−5 degrees (JPL 2023).
Diameter estimates of the object are based on its absolute

magnitude, yielding a size range of 26–58 m (JPL 2023; JPL-
CNEOS 2023). By assuming a uniform spherical body with
visual albedo pv= 0.154 (in accordance with the Palermo
scale) and weighting by impact probability and the NEO size
frequency distribution, JPL Sentry estimates that 2023 NT1 has
a probable diameter of 34 m, thought to be accurate to within a
factor of 2 (JPL-CNEOS 2023). Assuming a spherical body
with a 34 m diameter and uniform density of 2.6 g cm−3, the
mass is roughly 5.2 × 107 kg, which is thought to be accurate
to within a factor of 3 (JPL-CNEOS 2023). Assuming these
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characteristics, 2023 NT1’s mean impact energy release is
equivalent to ∼1.5 Mt of TNT.

1.2. Earth Impact Risk

On 2023 September 16, JPL Sentry removed 2023 NT1 from
its Impact Risk page, as additional observations ruled out the
possibility of a future impact (JPL-CNEOS 2023). However,
the conditions that allowed 2023 NT1’s close passage without
detection indicate that existing planetary defense programs are
inadequate for addressing short-term threats.

In relation to historical events, the diameter estimates of
2023 NT1 place the body between the size range of the
Chelyabinsk asteroid of 2013 (18 m diameter) and the
Tunguska impactor of 1908 (estimated 40–50 m diameter).
Both events caused disruptions to local human life and land.
The Chelyabinsk airburst released energy equivalent to
0.57 ± 0.15Mt of TNT, injuring over 1600 people and
damaging more than 7000 buildings, resulting in an estimated
$33 million (1 billion rubles) in damages (P. Brown et al. 2002;
O. P. Popova et al. 2013; D. K. Robertson & D. L. Mathias
2017). The Tunguska event produced an estimated TNT
equivalent yield of 3–50 Mt (most likely 3–15 Mt), which
flattened a large portion of the surrounding forest (potentially
on the scale of millions of trees) and resulted in sparse fires
extending up to 10–15 km from the epicenter (P. Brown et al.
2002; G. Longo 2007; O. P. Popova et al. 2013; P. Jenniskens
et al. 2019). Objects at least the size of the Chelyabinsk
asteroid are expected to impact Earth approximately every
50–100 yr, while objects with the energy of the Tunguska
asteroid are expected to impact Earth approximately every
300–1800 yr (∼300–500 yr for an estimated 3–5 Mt event;
∼800–1800 yr for an estimated 10–15 Mt event; P. Brown
et al. 2002; M. B. E. Boslough & D. A. Crawford 2008;
A. W. Harris & G. D’Abramo 2015).

1.3. Threat Detection

While 2023 NT1 currently poses no threat to Earth, it is
conceivable that similar objects could go undetected, leading to
short-warning or no-warning impacts. A critical component of
any mitigation system is the ability to detect threats promptly.
While detection rates for large threats (>1 km) are reasonably
fulfilled, our situational awareness of the smaller asteroids
(<140 m diameter), which constitute the most common threats
in the solar system, is poor. As of 2024 September, it is
estimated that 94% of NEAs >1 km in diameter have been
discovered, for which there is an estimated population of about
940 (A. W. Harris & P. W. Chodas 2021; JPL-CNEOS 2025). In
comparison, estimates suggest that approximately 44% of NEAs
>140 m have been discovered, for which there is an estimated
population of about 25,000 (JPL-CNEOS 2025). For NEAs
<140 m, a 2021 study by Harris and Chodas estimates a
population of approximately 2.88 × 109, though this value has a
large degree of uncertainty (A. W. Harris & P. W. Chodas 2021).
As asteroid diameter decreases, the likely population increases
drastically, thus decreasing our estimated discovery ratio.

Given the power law of threat incidence versus diameter and
a lower threshold of approximately 20 m in diameter for what
are considered “significant” threats (for rocky compositions),
our situational awareness is severely limited in the smaller
threat regime. This issue may have two solutions, distinct in
approach but aligned in goal: (1) enhancing small-threat

situational awareness through heightened detection efforts,
and (2) augmenting it by establishing effective short-term
mitigation systems. Both strategies could theoretically be
enhanced concurrently to accelerate the development of a
robust planetary defense program. This topic is discussed
further in Section 5.3.

2. Pulverize It for Planetary Defense

2.1. Introduction to Pulverize It

Pulverize It (PI) is a NASA Innovative Advanced Concepts
Phase II study of planetary defense, which is intended to operate
in both short-warning and extended interdiction modes,
representing a fundamentally different approach to threat
mitigation. Planetary defense has traditionally focused on
mitigation via orbital modification, or deflection, utilizing
momentum transfer to prevent an impact. Mitigation via
deflection has explored a wide range of possible techniques,
ranging from impulsive methods, like direct impact or nuclear
ablation (D. S. P. Dearborn et al. 2020; A. S. Rivkin et al. 2021),
to gradual orbit deflection (e.g., via surface albedo alteration;
D. C. Hyland et al. 2010), to the utilization of gravity tractors,
ion engines, laser ablation, and other developing technologies
(R. Walker et al. 2005; D. D. Mazanek et al. 2015).
Alternatively, PI uses energy transfer for mitigation, aiming to
fragment a threat via intentional robust disruption rather than
deflect it. The method utilizes an array of hypervelocity kinetic
penetrators that disassemble an asteroid into many small
(typically <10m) fragments (P. Lubin & A. N. Cohen 2023).
Depending on the timescale of interception, the fragment

cloud either misses Earth entirely (long warning time) or is
dissipated in Earth’s atmosphere (short warning time, hence-
forth referred to as the “terminal mode”; P. Lubin &
A. N. Cohen 2023). The latter results in a series of airburst
events with a spatial and temporal spread at varying high
altitudes, which distributes the energy of the parent asteroid
(P. Lubin & A. N. Cohen 2023; B. Bailey et al. 2024).
Note that PI’s preferred mode of operation is its extended

interdiction (long warning) mode, where a threat is intercepted
months or years ahead of Earth impact (depending on the threat
size and velocity, among other parameters). We intend for the
use of PI in its terminal mode to be reserved for extreme cases
where there is little to no time before impact, in which there
would be no other mitigation option. When possible, it is
preferable to keep any planetary defense operation as far from
Earth as possible to mitigate any potential damage on the
ground. As such, note that the methodology and simulated
scenarios presented here focus only on “worst-case” scenarios.
A more thorough discussion of PI in its extended warning and
enhanced deflection modes can be found in Lubin and Cohen
(P. Lubin & A. N. Cohen 2023).

2.2. Terminal Mitigation

Mitigation of a threat by using PI in a terminal mode consists
of two stages: (1) interception and fragmentation of the
asteroid, and (2) dissipation of the fragment cloud within
Earth’s atmosphere. In such scenarios, the primary mechanism
for threat mitigation is the distribution of the asteroid’s energy
into the fragment cloud, resulting in spatially and temporally
decorrelated ground effects.
In the terminal mode, the impacting fragment cloud interacts

with Earth’s atmosphere in a manner similar to an unmitigated
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asteroid airburst but instead disperses the energy relative to the
unmitigated case (P. Lubin & A. N. Cohen 2023). During
atmospheric entry of the fragments, the high-velocity ram
pressure (or stagnation pressure) exerted by the atmosphere
eventually exceeds the material yield strength, initiating a
cascading breakup event (D. A. Kring & M. Boslough 2014;
D. K. Robertson & D. L. Mathias 2017). The ram pressure is
determined by the density of the atmosphere and velocity of the
parent asteroid, whereas the yield strength depends largely on
the shear strength provided by the internal structure and
integrity of the asteroid, including the strength of its
components (as well as other parameters such as size, density,
velocity, and entry angle; D. K. Robertson & D. L. Mathias
2017). As the pressure buildup on the fragment increases, it
undergoes ablation and begins to flatten and expand, increasing
the surface area on which the rising aerodynamic drag can act
(D. A. Kring & M. Boslough 2014). This runaway process
eventually converts the fragment’s kinetic energy into a release
of heat and pressure through detonation, or “bursting,” of the
fragment (D. A. Kring & M. Boslough 2014).

Depending on the material strength, initial failure can occur
either externally or internally; the failure site will influence the
method by which the fragment bursts (D. K. Robertson &
D. L. Mathias 2017). These airbursts yield optical pulses and
decorrelated shock waves on the ground (hereafter referred to
as “ground effects”), which, in reasonable mitigation scenarios
that are appropriate for the threat, result in little to no damage.

2.3. Optical and Acoustic Ground Effects

The ground effects of unmitigated asteroids or large
fragments (>20 m) have the potential for significant destruc-
tion; we therefore design mitigation scenarios such that the
fragments are generally <10 m in diameter (P. Lubin &
A. N. Cohen 2023). It is important to analyze both the optical
and acoustic ground effects to design proper mitigation
scenarios with acceptably low damage.

For optical damage, there are two key effects to highlight:
total energy deposition (in joules per square meter, J m−2) and
time-dependent power output (in watts per square meter,
Wm−2). High energy deposition can lead to effects such as
fires and skin damage (sunburn), whereas high power outputs
can cause temporary to permanent blindness (S. Glasstone &
P. J. Dolan 1977). We set an optical energy damage threshold
so that the sum of the optical energy taken over all fragments
(assuming the analytic relationship outlined in Section 4.1) is
kept below a desired value. We set an optical energy damage
threshold of 200 kJ m−2 (∼5 cal cm−2 of radiant exposure), as
this is the point at which combustible organic materials (like
leaves and paper) can begin to catch fire (S. Martin 1965).

For acoustic effects, studies of window damage in atmo-
spheric nuclear tests (S. Glasstone & P. J. Dolan 1977) have
found that the threshold for residential window breakage
corresponds to peak pressures of about 3 kPa. PI therefore sets
a shock-wave overpressure threshold of 3 kPa, with the goal in
any mitigation scenario being to keep all shock-wave over-
pressures (including constructive interference) below this
value.

3. Interception and Fragmentation

The dynamics of a hypervelocity intercept with the hypo-
thetical threat were simulated using the Lawrence Livermore

National Laboratory’s Arbitrary Lagrangian–Eulerian (ALE)
three-dimensional (3D) hydrodynamics code.8 The impact was
modeled in 3D using Livermore equation-of-state material
models, which include material shock response, vaporization,
and ionization effects. The interception process appears to
rapidly convert the penetrator’s kinetic energy (within the
asteroid reference frame) into heat and shock waves. The
energy of the penetrator impact is sufficient to locally vaporize
and ionize material near the impact site, while the generated
shock waves damage and fracture the asteroid material as they
propagate, reflect, and refract. The expanding region of
vaporized material imparts enough energy to the bulk of the
asteroid to drive the fragments apart with sufficient kinetic
energy to overcome the asteroid’s gravitational binding energy.

3.1. Penetrator Model

One of the primary challenges in designing an ALE
simulation is balancing the desired level of accuracy with
computational feasibility. To make these calculations manage-
able, the region of interest is divided into smaller, discrete units
called “cells.” This division forms a “mesh,” which serves as
the framework for numerical computations. The size of the
mesh and the number of elements within it directly impact both
the precision and efficiency of the simulation. Finer mesh
resolutions provide greater precision but demand significantly
more computational power and time. Conversely, coarser mesh
resolutions reduce computational demands at the expense of
accuracy.
A useful concept in managing this trade-off is the distinction

between “idealized” and “realized” masses. Idealized masses
represent the theoretical values based on the model’s input
parameters. In contrast, realized masses are the actual values
computed within the simulation, which can be influenced by
the mesh resolution and computational constraints. Under-
standing and managing the relationship between these two
values is critical for achieving reliable simulation results.
For this study, we use a tungsten penetrator modeled as a

10:1 aspect ratio cylinder with a density of 19.24 g cm−3 and a
yield strength of 750MPa. We consider idealized penetrator
masses of 100 kg and 500 kg, as outlined in Sections 3.3 and
3.4. However, discrepancies arise between idealized and
realized penetrator masses due to mesh resolution effects. To
minimize these discrepancies, we define mesh resolutions such
that the realized penetrator mass differs from the idealized mass
by less than a factor of 2.
The simulations presented here are conducted in two stages.

Given that the penetrator dimensions are significantly smaller
than the rubble-pile asteroid model, a nonuniform mesh is used
in the first simulation stage to resolve the early-time dynamics
of the hypervelocity impact. In this approach, the resolution
increases as the distance to the initial velocity vector of the
projectile model decreases. This fine resolution in the area of
interest enables high-fidelity modeling of the penetrator and its
interactions with the asteroid material. At t= 10 ms after
impact, we transition to the second simulation stage, for which
the final state of the first early-time simulation is used as the
starting point. The second simulation stage utilizes a uniform
mesh with 1 m3 resolution throughout a much larger region in
order to extend the simulation to macroscopic timescales. This

8 https://sd.llnl.gov/stockpile-science/high-performance-computing/
proprietary-software

3

The Astrophysical Journal, 981:181 (17pp), 2025 March 10 Bailey et al.

http://sd.llnl.gov/stockpile-science/high-performance-computing/proprietary-software
http://sd.llnl.gov/stockpile-science/high-performance-computing/proprietary-software


pseudo-adaptive meshing strategy ensures computational
efficiency while maintaining sufficient accuracy for both the
early and late stages of the simulation.

3.2. Rubble-pile Asteroid Model

We model analogs for 2023 NT1 within the 20–50 m
diameter range as heterogeneous rubble piles, consisting of
spherical boulders with varying scalar yield strengths
embedded within a weak binder material. “Yield strength”
refers to the material’s scalar yield strength (σy) at zero
pressure, which is independent of tension or compression. The
boulders are randomly distributed within the parent model’s
predefined target volume to achieve a specific fill fraction.
Individual boulder sizes are determined by specifying discrete
volume fill fractions that align with a target distribution. Within
the simulation, the distribution spans boulder diameters from
0.5 m to 8 m, as is shown by the red bar chart in Figure 2. This
approximates the power-law distribution of boulder sizes
observed during NASA’s Double Asteroid Redirection Test
(DART) on the surfaces of Didymos and Dimorphos (D. Jewitt
et al. 2023; M. Pajola et al. 2023).

We incorporate a porous crush model for both the binder and
boulder materials, based on the p-alpha model developed by
W. Herrmann (1969) and further expanded upon by
K. R. Housen et al. (2018). We assign porosity values of
40% to the boulders and 50% to the binder, based upon
findings by Housen et al. on the impact of porosity in asteroid
collisions (K. R. Housen et al. 2018). This porosity parameter
modifies the material density and defines a pressure threshold,
commonly referred to as the “crush pressure.” Below this
threshold, any applied pressure is absorbed, crushing the pores

rather than damaging the host material. The crush pressures for
40% boulder porosity and 50% binder porosity are approxi-
mately 100MPa and 30MPa, respectively. For more informa-
tion on our porosity and material models, see Section 2.2 in our
previous work (A. N. Cohen et al. 2024).
We vary the initial yield strength of the asteroid material

with seven separate Weibull distributions, six of which are used
for the boulder distribution, as shown in Figure 1 (W. Weibull
1951). A seventh distribution is assigned to the binder material,
with a weak strength distribution ranging from approximately
1–50 Pa, based on studies of asteroid rotation rates and boulder
size distributions (P. Sánchez & D. J. Scheeres 2014; D. Jewitt
et al. 2023; M. Pajola et al. 2023). Weibull distributions are
commonly used to model the strength distributions in brittle
materials, and the specific Weibull strength distributions used
for the boulders approximate the strengths of various common
terrestrial materials.
Additionally, we model the bolide’s interior structure as

having large strength variation, mirroring the complex and
heterogeneous structure observed on the surfaces of many
rubble-pile asteroids (C. Q. Robin et al. 2024). However, since
the interior structure of such asteroids is not yet well
understood, this assumption is speculative. Future missions to
asteroids are expected to enhance our understanding and enable
more accurate models of asteroid interiors.
The weakest boulders have yield strengths ranging from 1 to

5MPa to approximate hardened soil, while the strongest
boulders range from 250 to 500MPa, approximating materials
like hardened steel or titanium. These strength values are
conservative, likely overestimating the actual strength of
boulders in real asteroids. This conservative approach helps
to establish practical upper and lower bounds, anchoring our

Figure 1. Left: example rubble-pile asteroid model shown in partial cross section for a 50 m diameter bolide. The binder material is shown in transparent gray and the
boulder distribution within it is colored by the material yield strength ranges as shown on the right in the plot of the Weibull strength distributions. Right: Weibull
strength distributions for the six boulder types in our rubble-pile asteroid models. These distributions are normalized and used to initialize the yield strengths of the
boulders, scaling up from 1 MPa initial yield strength. Additionally, a seventh distribution is assigned to the binder material, with a weak strength distribution ranging
from approximately 1–50 Pa. For reference, the violet 1–5 MPa distribution is comparable to hardened soil, the cyan 5–25 MPa distribution to standard grade concrete,
the green 25–50 MPa distribution to high strength concrete, the yellow 50–100 MPa distribution to aluminum, the orange 100–250 MPa distribution to structural steel,
and the red 250–500 MPa distribution to high strength steel and titanium. These strengths are an extremely conservative overestimation of the strength of rubble-pile
asteroids (P. Pravec & A. W. Harris 2000; P. Sánchez & D. J. Scheeres 2014). This figure from A. N. Cohen et al. (2024) is licensed under CC BY-NC-ND 4.0
(https://creativecommons.org/licenses/by-nc-nd/4.0/deed.en).
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models to testable terrestrial materials, such as granite, for
which we have well-defined and reliable equations of state.

For a detailed description covering the disruption simula-
tions, porous crush model, baseline bolide model, yield
strength distributions, and other input parameters used for our
simulations in ALE3D, please refer to our previous publication
by A. N. Cohen et al. (2024).

Given the uncertainty in the diameter of asteroid 2023 NT1,
we simulate the interception of both a 20 m and a 50 m
diameter case, each with 2.67 g cm−3 average density. While it
is estimated that asteroid 2023 NT1 would have had an Earth
impact velocity of 15.59 km s−1 (JPL-CNEOS 2023), it is
within reason to expect that current launch vehicles, such as the
SpaceX Falcon 9 (and similar vehicles), could deliver up to
2500 kg of payload mass to the target with characteristic energy
C3 of ∼10 km2 s−2, resulting in a closing velocity between the
asteroid and the penetrator(s) of ∼20 km s−1. We use this value
for all impact velocities in our hypervelocity impact simula-
tions presented below.

3.3. 20 m Diameter Threat with 100 kg Penetrator Mass

In our first hypothetical mitigation simulation, we model
asteroid 2023 NT1 as a 20 m spherical asteroid using the
heterogeneous material model described above. We find that
the impact of a cylindrical tungsten penetrator with a realized
mass of 137.4 kg (100 kg idealized mass) at an intercept
velocity of 20 km s−1 delivers a specific impact energy of
approximately 1309 J kg−1 (defined as the kinetic energy of the
penetrator divided by the mass of the target). This specific
impact energy is greater than 13 times the catastrophic
disruption limit of 100 J kg−1 (for sphere-on-sphere impacts)
described in M. Jutzi et al. (2010). Thus, as expected, the
penetrator is highly effective at disrupting the 20 m asteroid
into fragments smaller than 5 m. Figure 2 shows the results of
this simulation at t= 5 s after impact. As seen in the
histograms, the mean fragment diameter is 1 m, and the mean
fragment velocity is 9.3 m s−1, which is 1000 times greater than
the gravitational escape velocity of the original asteroid. As a
result, the fragments would not be expected to recombine due
to gravitational attraction.

3.4. 50 m Diameter Threat with 500 kg Penetrator Mass

By scaling the total idealized penetrator mass from 100 kg to
500 kg, either in the form of a single 500 kg penetrator (referred
to as the single-penetrator case, with a realized mass of
883.7 kg) or in the form of five 100 kg penetrators arranged in a
+-shaped array (referred to as the multiple-penetrator case,
with a realized mass of 146.6 kg per penetrator), we find that
we can achieve sufficient disruption of a 50 m analog of
asteroid 2023 NT1. With a kinetic energy of ∼176.6 GJ, the
specific impact energy delivered in the single-penetrator case is
approximately 736.4 J kg−1, which is greater than 7 times the
100 J kg−1 disruption limit mentioned in Section 3.3.

Figure 3 compares the two 500 kg cases described above and
illustrates how concentrating the penetrator mass into a single-
penetrator results in more than twice the coupling efficiency
between the kinetic energy of the penetrator and the bulk
kinetic energy of the fragments after impact. This is likely due
to the greater depth of penetration achieved by the larger
penetrator, which results in a greater tamping effect on the
explosive expansion of the superheated material local to the

impact site. However, both cases result in catastrophic
disruption of the asteroid, and the mean fragment velocity in
each case is far greater than the gravitational escape velocity of
the original asteroid (231ve in the single-penetrator case; 168ve
in the multiple-penetrator case).
As shown in Figure 3, at t= 10 s after impact, there are a

total of 1010 fragments (�1 m) in the multiple-penetrator case
and 1509 fragments (�1 m) in the single-penetrator case.
However, at this time step, both simulations still exhibit a
larger, more persistent fragment at the right edge. In both cases,
this larger fragment is in the act of disassembling, as evidenced
by its continued deformation, which is a process that evolves
over timescales longer than 10 s. The majority of this persistent
fragment is composed of material that has completely failed
mechanically. As such, material in the failed state is bound only
by frictional cohesion and gravitational binding, both of which
are greatly overcome by the fragment velocity imparted by the
impact. These factors combined support the hypothesis that the
largest remaining fragment will dissociate into fragments of
size comparable to the original interior boulder distribution,
though likely even smaller, due to the boulder material having
already failed.

4. Ground Effects

Following interception and disassembly of the asteroid, its
initial exoatmospheric kinetic energy is distributed into the
fragment cloud, which, upon entry into Earth’s atmosphere,
results in a series of airburst events. We simulate the ground
effects produced by these airburst events for the terminal mode
relevant in this paper via computation of the optical pulse
model and analytic airburst model for a given scenario.
A full description of the methodology and simulation

process for the ground effects models—including parameter
definition, computation, and statistical variation—can be found
in B. Bailey et al. (2024).

4.1. Optical Pulse Modeling

The conversion of kinetic energy into optical energy is
highly dependent on fragment properties, particularly cohesive
strength, and is poorly understood in general. We resort to
measured optical data to model this conversion, primarily from
Department of Defense satellite observations of a small number
of relevant bolide sizes of interest to us (typically 1–15 m in
diameter; P. Brown et al. 2002).
Using an analytical extrapolation from P. Brown et al.

(2002), we calculate the optical energy flux at burst (in Joules)
from exoatmospheric energy Eexo as

⎛
⎝

⎞
⎠

( )=E
E

8.2508
. 1opt

exo
1.13

For the propagation of the optical pulse through the
atmosphere, we use a full radiation transfer model to compute
the optical power flux from each fragment at each observer.
Because the optical propagation occurs at a velocity very close
to the speed of light in vacuum and the relevant distance scale
from the fragment to the observer is on the order of tens to
hundreds of kilometers, the light propagation timescale is very
short. The optical pulse can then be well approximated as
happening nearly simultaneously at all observer points, with
the optical pulse arriving very shortly after the fragment burst.
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As a result, we propagate the optical energy flux to each
observer using the distance propagation of light, inputting Eopt

at the time of burst to simulate an instantaneous addition of
energy flux (P. Lubin & A. N. Cohen 2023; B. Bailey et al.
2024). We propagate the optical emission from every fragment
to the observer to get a total energy flux at the observer.

4.2. Atmospheric Attenuation and Cooling

Several factors can greatly affect the observed optical flux,
such as the source spectral energy distribution and atmospheric
attenuation, which depend on both the source and the complex
and time-varying nature of the atmosphere (S. Glasstone &
P. J. Dolan 1977). To calculate the attenuation of the optical
signature, we approximate the parent asteroid as a blackbody
source due to the wavelength-dependent transmission of the
atmosphere (P. Lubin & A. N. Cohen 2023). We model the
atmosphere using MODTRAN to perform a full analysis of
attenuation, which includes the curvature of Earth’s atmosphere
and the relationships between the nominal atmospheric pressure,
temperature, and altitude (P. Lubin & A. N. Cohen 2023).

Note that we assume an extremely conservative case of no
cooling at the observer between fragment optical pulses.
However, in a real scenario, fragments arrive on the order of
tens of seconds apart (to hundreds of seconds in some extreme
cases), which would, in general, be enough time for significant
cooling between bursts of incident optical energy. This will be
important when judging the effectiveness of this method if the
energy exceeds our threshold.

4.3. Acoustic Shock-wave Modeling

The acoustic ground effects from an asteroid fragment
airburst can be related to and approximated by those of nuclear

blasts as discussed by M. Boslough et al. (2015). As such, we
base our simulations of the acoustic ground effects from
mitigation via PI on measurements of equivalent nuclear blasts.
To model the time evolution of the shock wave, we use a
Friedlander functional form, given by

//( ) ( ) ( ) ( )= --p t r p r e t t, 1 , 2t t
0 11

which describes the shock-wave time evolution at a distance r
with two free parameters: the peak pressure p0 (in pascals, Pa)
at time t= 0 s and the Friedlander positive pulse timescale, or
zero crossing time, t1 in seconds (B. Bailey et al. 2024). Note
that the time t= 0 s is the time at which the shock wave first
arrives at the observer, not to be confused with the time at
which the fragment bursts.
Letting ò denote the fraction of a 1 kt yield that goes into the

shock wave (typically 0.5), we achieve Enuc = East−kt/ò, where
East−kt is the asteroid airburst shock-wave energy and Enuc is
the equivalent energy of a nuclear weapon (P. Lubin &
A. N. Cohen 2023). The peak pressure at a distance r is
calculated from the equivalent energy of a nuclear weapon as

/ /( ) [ ] [ ] ( )= +a ap r p rE p rE , 3n fnuc
1 3

nuc
1 3n f

where pn = 3.11 × 1011 Pa is the pressure for a 1 kt standard
weapon yield in the near field, αn = −2.95 is the power-law
index for the near field, pf = 1.80 × 107 Pa is the pressure for a
1 kt standard weapon yield in the far field, and αf = −1.13 is
the power-law index for the far field (P. Lubin &
A. N. Cohen 2023).
We simulate the airburst produced by each fragment as it

enters Earth’s atmosphere using Equations (2) and (3). The
model considers any interference between interacting shock
waves, summing them to simulate the acoustic caustics.

Figure 2. Fragment distribution and statistics at t = 5 s after impact for a 100 kg 10:1 aspect ratio tungsten cylindrical penetrator incident at 20 km s−1 upon a 20 m
diameter rubble-pile asteroid target, as discussed in Section 3.3. The orange, blue, and green histograms indicate the distributions of fragment masses in kilograms,
diameters in meters, and velocity in meters per second, respectively. Of note is the average fragment size of 1 m and average fragment velocity of 9.3 m s−1, which is
more than 1000 times the gravitational escape velocity of 1.7 cm s−1 (dashed green line on left). Also note that the maximum fragment size is 4.3 m, which is well
below the 10 m acceptable fragment size threshold for rocky asteroid densities around 2.6 g cm−3 (P. Lubin & A. N. Cohen 2023). These results suggest that asteroid
2023 NT1, if similar to the Chelyabinsk asteroid in size and composition, could be mitigated using a single tungsten penetrator with a mass on the order of 100 kg,
assuming an asteroid closing velocity of 20 km s−1. This figure from A. N. Cohen et al. (2024) is licensed under CC BY-NC-ND 4.0 (https://creativecommons.org/
licenses/by-nc-nd/4.0/deed.en).
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4.4. Shock-wave Caustics

As a fragment airbursts, the emitted shock wave can be
thought of as an expanding sphere whose intersection with the
ground plane forms a circle. Acoustic caustics form when
shock waves from multiple fragment airbursts constructively
interfere in the ground plane. Our model takes such
interference into account to simulate the acoustic caustics
that form as shock waves interact (P. Lubin & A. N. Cohen
2023). Areas of constructive interference experience higher
overpressures, and thus they must be taken into account in
order to design mitigation scenarios with acceptably low
pressure values.

4.5. Terminal Mitigation Scenarios for 2023 NT1

Given the large uncertainty in 2023 NT1’s physical
characteristics, we investigated more than 100 threat case
simulations that vary both the body’s physical parameters (e.g.,
size, average density, and incident entry angle relative to

Earth’s horizon) and mitigation parameters (e.g., number of
fragments and intercept time). A summary of all of the cases
considered during the parameter sweep can be found in
Tables 1 and 2. Each scenario is designed to keep the ground
effects (as experienced by an arbitrary observer on Earth’s
surface) below the damage thresholds outlined in Section 2.2 to
minimize ground damage. As such, we utilize the results of our
hypervelocity impact simulations as proxies for mitigation
parameters.
Following the histogram distributions for fragment size in

Figures 2 and 3, we vary the total number of fragments to keep
the average fragment size for each case at or below ∼4 m in
diameter (average fragment size over all mitigated
cases= 4.00 m, Table 1). Note that several individual cases
have average fragment sizes larger than 4 m; these represent
extreme cases with a conservative number of fragments relative
to the threat size. Such scenarios are included for comparison to
other threat sizes; for example, a 60 m asteroid with an average
density of 2.6 g cm−3 and an entry angle of 45° which is broken

Figure 3. Fragment statistics at t = 10 s after impact for the multiple-penetrator case (left) and the single-penetrator case (right), both incident at 20 km s−1 upon
identical 50 m diameter rubble-pile asteroid targets. The orange, blue, and green histograms indicate the distributions of fragment masses in kilograms, diameters in
meters, and velocity in meters per second, respectively. The effectiveness of disruption can be quantified by comparing the 100 GJ initial kinetic energy of the
penetrator(s) to the total kinetic energy of the fragments at a later time. In these cases, we see 0.12% of the original kinetic energy has been transferred to the fragments
in the multiple-penetrator case, and 0.24% has been transferred to the fragments in the single-penetrator case (calculated with respect to the realized penetrator
masses). It is clear that the single-penetrator case succeeds in transferring >2 times more of the initial kinetic energy of the penetrator than the multiple-penetrator case.
This figure from A. N. Cohen et al. (2024) is licensed under CC BY-NC-ND 4.0 (https://creativecommons.org/licenses/by-nc-nd/4.0/deed.en).
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Table 1
Summary of Mitigated (Fragmented) Threat Scenarios and Estimated Ground Effects

Case D ρ Entry No. Avg. Inter- Unbroken 1% Opt. Weighted Avg. 1% Ac. Weighted Avg.
no. Angle Frag. Frag. Size cept Exoatm. CDF Value Opt. Energy CDF Value Pressure

(m) (kg m−3) (deg) (m) Time Energy (Mt) (J m−2) (J m−2) (Pa) (Pa)

1 26 2600 20 1000 2.60 1 day 6.95E-01 1.67E+04 6.86E+03 3.96E+02 1.59E+02
2 26 2600 45 1000 2.60 1 day 6.95E-01 1.11E+03 4.06E+02 3.49E+02 1.41E+02
3 26 2600 45 1000 2.60 10 days 6.95E-01 4.74E+01 1.11E+01 1.44E+02 4.33E+01
4 26 2600 45 1000 2.60 12 hr 6.95E-01 3.13E+03 1.34E+03 5.49E+02 2.50E+02
5 26 2600 70 1000 2.60 1 day 6.95E-01 2.05E+04 8.43E+03 5.04E+02 1.95E+02
6 26 2600 90 1000 2.60 1 day 6.95E-01 1.84E+03 6.73E+02 5.12E+02 1.99E+02
7 26 2600 45 4000 1.64 1 day 6.95E-01 7.92E+02 2.82E+02 3.83E+02 1.51E+02
8 26 2600 45 4000 1.64 10 days 6.95E-01 1.82E+01 4.84E+00 1.08E+02 3.41E+01
9 26 2600 45 4000 1.64 12 hr 6.95E-01 2.44E+03 9.05E+02 6.83E+02 3.15E+02
10 30 1400 45 1000 3.00 1 day 5.75E-01 7.31E+02 2.39E+02 2.80E+02 1.15E+02
11 30 2600 20 1000 3.00 1 day 1.07E+00 1.69E+03 6.39E+02 3.66E+02 1.45E+02
12 30 2600 45 1000 3.00 1 day 1.07E+00 2.04E+03 7.75E+02 4.31E+02 1.70E+02
13 30 2600 45 1000 3.00 1 hr 1.07E+00 1.36E+04 8.32E+03 1.64E+03 8.71E+02
14 30 2600 70 1000 3.00 1 day 1.07E+00 2.29E+03 8.58E+02 4.67E+02 1.88E+02
15 30 2600 90 1000 3.00 1 day 1.07E+00 2.38E+03 8.74E+02 4.79E+02 1.92E+02
16 30 4800 45 1000 3.00 1 day 1.97E+00 6.71E+03 2.53E+03 8.02E+02 2.98E+02
17 30 6000 45 2000 2.38 1 day 2.46E+00 1.14E+04 4.18E+03 1.15E+03 4.04E+02
18 34 1400 45 1000 3.40 1 day 8.37E-01 1.19E+03 4.46E+02 3.35E+02 1.40E+02
19 34 2600 20 1000 3.40 1 day 1.55E+00 2.97E+03 1.13E+03 4.32E+02 1.73E+02
20 34 2600 45 1000 3.40 1 day 1.55E+00 3.47E+03 1.30E+03 5.09E+02 1.99E+02
21 34 2600 45 1000 3.40 10 days 1.55E+00 1.42E+02 3.42E+01 2.15E+02 6.35E+01
22 34 2600 45 1000 3.40 12 hr 1.55E+00 8.98E+03 4.22E+03 8.03E+02 3.61E+02
23 34 2600 70 1000 3.40 1 day 1.55E+00 3.78E+03 1.42E+03 5.60E+02 2.16E+02
24 34 2600 90 1000 3.40 1 day 1.55E+00 3.80E+03 1.48E+03 5.68E+02 2.22E+02
25 34 2600 45 4000 2.14 1 day 1.55E+00 1.95E+03 7.04E+02 4.67E+02 1.85E+02
26 34 2600 45 4000 2.14 10 day 1.55E+00 5.13E+01 1.37E+01 1.37E+02 4.41E+01
27 34 2600 45 4000 2.14 12 hr 1.55E+00 5.56E+03 2.27E+03 8.11E+02 3.70E+02
28 34 4000 45 1000 3.40 1 day 2.39E+00 7.77E+03 2.99E+03 7.76E+02 2.83E+02
29 34 6000 45 1000 3.40 1 day 3.59E+00 2.12E+04 7.78E+03 1.42E+03 5.10E+02
30 35 1800 45 1000 3.50 1 day 1.17E+00 1.94E+03 7.67E+02 4.04E+02 1.64E+02
31 35 2600 20 1000 3.50 1 day 1.70E+00 3.42E+03 1.28E+03 4.55E+02 1.82E+02
32 35 2600 45 1000 3.50 1 day 1.70E+00 3.42E+03 1.28E+03 5.35E+02 2.10E+02
33 35 2600 70 1000 3.50 1 day 1.70E+00 4.42E+03 1.66E+03 5.93E+02 2.29E+02
34 35 2600 90 1000 3.50 1 day 1.70E+00 4.70E+03 1.72E+03 6.09E+02 2.38E+02
35 35 4000 45 1000 3.50 1 day 2.61E+00 9.40E+03 3.43E+03 8.22E+02 3.11E+02
36 35 6000 45 2000 2.78 1 day 3.91E+00 1.94E+04 7.08E+03 1.37E+03 4.83E+02
37 40 2600 20 1000 4.00 1 day 2.53E+00 5.28E+03 2.06E+03 5.33E+02 2.11E+02
38 40 2600 45 1000 4.00 1 day 2.53E+00 5.28E+03 2.06E+03 6.69E+02 2.48E+02
39 40 2600 70 1000 4.00 1 day 2.53E+00 7.52E+03 2.86E+03 7.25E+02 2.77E+02
40 40 2600 90 1000 4.00 1 day 2.53E+00 7.49E+03 2.86E+03 7.33E+02 2.84E+02
41 40 2700 45 1000 4.00 1 day 2.63E+00 6.62E+03 2.64E+03 6.62E+02 2.65E+02
42 40 3400 45 1000 4.00 1 day 3.31E+00 1.15E+04 4.16E+03 8.31E+02 3.22E+02
43 40 6000 45 2000 3.17 1 day 5.84E+00 3.16E+04 1.17E+04 1.63E+03 5.79E+02
44 45 2600 20 1000 4.50 1 day 3.60E+00 7.99E+03 3.18E+03 6.14E+02 2.44E+02
45 45 2600 45 1000 4.50 1 day 3.60E+00 7.99E+03 3.18E+03 8.04E+02 3.11E+02
46 45 2600 70 1000 4.50 1 day 3.60E+00 1.17E+04 4.50E+03 8.64E+02 3.28E+02
47 45 2600 90 1000 4.50 1 day 3.60E+00 1.13E+04 4.44E+03 8.70E+02 3.39E+02
48 45 2800 45 1000 4.50 1 day 3.88E+00 1.24E+04 4.73E+03 8.31E+02 3.13E+02
49 45 4000 45 1000 4.50 1 day 5.54E+00 2.53E+04 9.05E+03 1.18E+03 4.36E+02
50 45 4000 45 1000 4.50 12 hr 5.54E+00 5.71E+04 2.68E+04 1.87E+03 8.18E+02
51 45 4000 45 1000 4.50 1 hr 5.54E+00 1.84E+05 9.50E+04 5.93E+03 3.10E+03
52 45 6000 45 4000 2.83 1 day 8.31E+00 4.42E+04 1.63E+04 1.91E+03 6.57E+02
53 50 2600 20 1000 5.00 1 day 4.94E+00 1.39E+04 5.36E+03 7.57E+02 3.04E+02
54 50 2600 45 1000 5.00 1 day 4.94E+00 1.39E+04 5.36E+03 9.15E+02 3.54E+02
55 50 2600 70 1000 5.00 1 day 4.94E+00 1.39E+04 5.36E+03 1.02E+03 3.90E+02
56 50 2600 90 1000 5.00 1 day 4.94E+00 1.39E+04 5.36E+03 1.09E+03 3.99E+02
57 50 3100 45 1000 5.00 1 day 5.89E+00 2.26E+04 8.59E+03 1.08E+03 3.96E+02
58 50 4500 45 2000 5.00 1 day 8.55E+00 3.52E+04 1.34E+04 1.44E+03 5.16E+02
59 50 6000 45 4000 3.15 1 day 1.14E+01 6.10E+04 2.30E+04 2.14E+03 7.37E+02
60 50 6000 45 4000 3.15 2 days 1.14E+01 2.15E+04 7.10E+03 1.31E+03 3.85E+02
61 55 2600 20 1000 5.50 1 day 6.58E+00 1.72E+04 7.23E+03 8.46E+02 3.42E+02
62 55 2600 45 1000 5.50 1 day 6.58E+00 2.22E+04 8.81E+03 1.06E+03 4.04E+02
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into 1000 fragments with a 1 day intercept (case 92, Table 1) is
included for comparison with 26–58 m asteroids with the same
physical parameters and mitigation scenario.

We introduce statistical variations in the fragmentation
process to simulate the uncertainty in a real scenario by
defining normal distributions for several fragment parameters,
including diameter (fragment size), disruption velocity (the
asymptotic velocity at which fragments move away from the
fragment cloud’s center of mass after having been decelerated
by the gravitational attraction of the asteroid), density, yield
strength, and slant distance from the airburst. A thorough
explanation of how we introduce statistical variation into the

model, as well as several examples, can be found in B. Bailey
et al. (2024). All scenarios assume a spherical target body.
Mitigated scenarios assume an average fragment disruption
velocity of 1 m s−1.
We also model the ground effects of unmitigated (i.e.,

unfragmented) scenarios as a comparison (Table 2). All
unmitigated cases assume a spherical body with an entry angle
of 45° relative to Earth’s horizon. As the simulations show in
the following sections, the damage to life and infrastructure
caused by an unmitigated airburst is far greater than that of a
mitigated case, the latter of which results in ground effects
below estimated damage thresholds.

Table 1
(Continued)

Case D ρ Entry No. Avg. Inter- Unbroken 1% Opt. Weighted Avg. 1% Ac. Weighted Avg.
no. Angle Frag. Frag. Size cept Exoatm. CDF Value Opt. Energy CDF Value Pressure

(m) (kg m−3) (deg) (m) Time Energy (Mt) (J m−2) (J m−2) (Pa) (Pa)

63 55 2600 70 1000 5.50 1 day 6.58E+00 2.68E+04 1.03E+04 1.21E+03 4.41E+02
64 55 2600 90 1000 5.50 1 day 6.58E+00 2.81E+04 1.08E+04 1.26E+03 4.64E+02
65 55 2600 20 2000 5.50 1 day 6.58E+00 1.84E+04 7.26E+03 1.61E+03 3.80E+02
66 55 2600 45 2000 5.50 1 day 6.58E+00 1.84E+04 7.26E+03 9.57E+02 3.68E+02
67 55 2600 70 2000 5.50 1 day 6.58E+00 1.84E+04 7.26E+03 2.13E+03 4.80E+02
68 55 2600 90 2000 5.50 1 day 6.58E+00 1.84E+04 7.26E+03 2.18E+03 4.92E+02
69 55 3800 45 2000 5.50 1 day 9.61E+00 3.56E+04 1.37E+04 1.35E+03 4.88E+02
70 55 6000 45 4000 3.46 1 day 1.52E+01 8.77E+04 3.31E+04 2.46E+03 8.40E+02
71 55 6000 45 4000 3.46 2 days 1.52E+01 2.82E+04 9.51E+03 1.45E+03 4.31E+02
72 55 6000 45 6000 3.03 1 day 1.52E+01 7.94E+04 3.00E+04 2.41E+03 8.27E+02
73 55 6000 45 6000 3.03 2 days 1.52E+01 2.64E+04 9.12E+03 1.43E+03 4.22E+02
74 58 1400 45 1000 5.80 1 day 4.15E+00 1.20E+04 4.72E+03 798.3654 3.13E+02
75 58 2600 20 1000 5.80 1 day 7.71E+00 2.13E+04 8.60E+03 902.1732 3.52E+02
76 58 2600 45 1000 5.80 1 day 7.71E+00 2.87E+04 1.12E+04 1171.851 4.38E+02
77 58 2600 45 1000 5.80 10 days 7.71E+00 1.19E+03 2.80E+02 452.8814 1.27E+02
78 58 2600 45 1000 5.80 12 hr 7.71E+00 7.51E+04 3.58E+04 1910.354 8.32E+02
79 58 2600 70 1000 5.80 1 day 7.71E+00 3.26E+04 1.29E+04 1330.377 4.75E+02
80 58 2600 90 1000 5.80 1 day 7.71E+00 3.47E+04 1.25E+04 1343.861 4.99E+02
81 58 2600 45 4000 3.65 1 day 7.71E+00 1.81E+04 7.18E+03 965.7292 3.75E+02
82 58 2600 45 4000 3.65 10 days 7.71E+00 4.61E+02 1.37E+02 280.8356 8.74E+01
83 58 2600 45 4000 3.65 12 hr 7.71E+00 4.60E+04 2.20E+04 1675.361 7.63E+02
84 58 4000 45 1000 5.80 1 day 1.19E+01 6.65E+04 2.42E+04 1767.778 6.09E+02
85 58 6000 45 1000 5.80 1 day 1.78E+01 1.46E+05 5.40E+04 2936.818 1.01E+03
86 58 6000 45 4000 5.80 1 day 1.78E+01 1.05E+05 3.95E+04 2634.387 8.92E+02
87 58 6000 45 4000 5.80 2 days 1.78E+01 3.50E+04 1.17E+04 1571.214 4.62E+02
88 60 1400 45 2000 4.37 1 day 4.60E+00 9.86E+03 3.96E+03 7.24E+02 2.91E+02
89 60 1400 45 4000 3.78 2 days 4.60E+00 2.68E+03 9.13E+02 4.15E+02 1.27E+02
90 60 2600 20 1000 6.00 1 day 8.54E+00 2.57E+04 1.07E+04 9.80E+02 3.89E+02
91 60 2600 20 4000 3.78 2 days 8.54E+00 5.90E+03 2.08E+03 5.18E+02 1.58E+02
92 60 2600 45 1000 6.00 1 day 8.54E+00 3.11E+04 1.22E+04 1.20E+03 4.68E+02
93 60 2600 45 4000 3.78 2 days 8.54E+00 7.36E+03 2.52E+03 6.24E+02 1.89E+02
94 60 2600 70 1000 6.00 1 day 8.54E+00 3.38E+04 1.35E+04 1.35E+03 5.02E+02
95 60 2600 70 4000 3.78 2 days 8.54E+00 5.90E+03 2.08E+03 6.80E+02 2.06E+02
96 60 2600 90 1000 6.00 1 day 8.54E+00 3.76E+04 1.48E+04 1.42E+03 5.03E+02
97 60 2600 90 4000 3.78 2 days 8.54E+00 5.90E+03 2.08E+03 6.99E+02 2.11E+02
98 60 3200 45 4000 3.78 2 days 1.05E+01 1.03E+04 3.54E+03 7.35E+02 2.22E+02
99 60 4500 45 4000 3.78 2 days 1.48E+01 2.04E+04 6.98E+03 1.07E+03 3.19E+02
100 60 4500 45 6000 3.30 2 days 1.48E+01 1.79E+04 6.19E+03 1.03E+03 3.08E+02
101 60 5200 45 4000 3.78 2 days 1.71E+01 2.77E+04 9.53E+03 1.31E+03 3.90E+02
102 60 5200 45 6000 3.30 2 days 1.71E+01 2.42E+04 8.44E+03 1.25E+03 3.71E+02
103 60 6000 45 6000 3.30 1 day 1.97E+01 1.10E+05 4.15E+04 2.75E+03 9.41E+02
104 60 6000 45 6000 3.30 2 days 1.97E+01 3.55E+04 1.21E+04 1.57E+03 4.68E+02
105 60 7000 45 4000 3.78 2 days 2.30E+01 6.15E+04 2.05E+04 2.23E+03 6.49E+02
106 60 7000 45 4000 3.78 5 days 2.30E+01 1.25E+04 3.71E+03 1.45E+03 4.27E+02

Note. All scenarios assume a spherical parent asteroid with an impact velocity of 15.59 km s−1 and an average fragment disruption of 1 m s−1. D indicates parent
asteroid diameter; ρ indicates average parent asteroid density; intercept time is defined as the length of time prior to ground impact that the asteroid is intercepted.
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All scenarios, mitigated and unmitigated, assume an impact
velocity (the velocity at atmospheric entry if an impact had
occurred) of 15.59 km s−1 as estimated by JPL Sentry (JPL-
CNEOS 2023), as mentioned in Section 1.1. Thus, the
scenarios outlined here simulate hypothetical outcomes if
2023 NT1 had hit Earth on its closest approach date of 2023
July 13, instead of narrowly missing.

4.6. Simulation Results

For our simulations of 2023 NT1, we found that the ground
effects of airbursts resulting from mitigation via PI can be
kept below their respective damage thresholds (Section 2.3)
and are significantly lower than their unmitigated counter-
parts, when designing scenarios appropriate for the threat. The
magnitude of the effects for any given case is dependent upon
the physical parameters of the threat, namely, the diameter
and density, and specific mitigation parameters, such as the
number of resulting fragments and intercept time relative to
ground impact. In general, increasing the number of fragments
and/or intercept time will decrease the magnitude of the
ground effects (P. Lubin & A. N. Cohen 2023). However, it
should be noted that exceptions exist when considering
scenarios where target intercepts occur less than 1 day prior to
impact (Figure 5).

To illustrate the magnitude of the ground effects, we plot the
results of our simulations in the form of cumulative distribution
functions (CDF) of both optical energy flux and acoustic
overpressure in the ground plane. We use the CDF of a
particular threat scenario to determine whether that scenario
results in ground effects of acceptably low magnitude. In
addition to the maximum value, a useful metric is the 1% value
of the CDF for a particular threat scenario, which is the
magnitude at which 1% of ground locations resolved in the
simulation experience optical energy flux or acoustic

overpressure above that value. We refer to this value henceforth
as the 1% CDF value.
Simulations suggest that PI could effectively mitigate 2023

NT1 throughout a wide range of threat scenarios with very
short warning times, from hours to days depending on the
object’s physical characteristics. Assuming a worst-case
scenario of a 60 m diameter iron–nickel asteroid with an
average density of 7 g cm−3, we find that disruption of the body
into 4000 fragments with an intercept two days prior to impact
would be sufficient to keep the vast majority of ground effects
below their respective damage thresholds, as indicated by the
1% CDF values of 61.5 kJ m−2 for optical energy flux and
2.2 kPa for shock-wave overpressure (Table 1). Further, by
increasing the intercept time to five days for the same case, the
optical and acoustic ground effect magnitudes are reduced, with
1% CDF values of 12.5 kJ m−2 and 1.5 kPa, respectively
(Table 1).

4.7. 34 m Diameter Scenarios: Probable Diameter Estimate

We highlight several 34m diameter threat cases as proxies for
the probable size estimate for 2023 NT1 (JPL-CNEOS 2023).
For weak rubble-pile and granitic asteroids (average density of
1.4–2.6 g cm−3), we find that a 1 day intercept prior to impact
with a conservative number of fragments (1000) is sufficient to
keep all ground effects below their damage thresholds. Such a
mitigation scenario with an average density ρ= 2.6 g cm−3 and
an entry angle of 45° yields 1% CDF values of 3.5 kJ m−2 for
optical energy flux and 0.5 kPa for shock-wave overpressure
(Figures 4 and 5; Table 1). Extremely short-time interdiction
scenarios also appear feasible; intercept times of 12 hr prior to
impact yield reasonable effects (with shorter times likely viable
as well) with 1% CDF values of about 9.0 kJ m−2 and 0.8 kPa
(Figure 5; Table 1).
For strong stony to metallic asteroids (average density of

4.0–6.0 g cm−3), 1 day intercepts remain feasible (Figure 5;

Table 2
Summary of Unmitigated (Unfragmented) 2023 NT1 Threat Scenarios and Estimated Ground Effects

Case D ρ Unbroken 1% Opt. Weighted Avg. Max. Opt. 1% Ac. Weighted Avg. Max.
No. Exoatm. CDF Value Opt. Energy Energy CDF Value Pressure Pressure

(m) (kg m−3) energy (Mt) (J m−2) (J m−2) (J m−2) (Pa) (Pa) (Pa)

107 26 2600 6.95E-01 9.42E+04 2.26E+04 1.05E+05 2.91E+03 1.33E+03 3.03E+03
108 30 2600 1.07E+00 1.90E+05 4.39E+04 2.18E+05 3.85E+03 1.64E+03 4.04E+03
109 34 2600 1.55E+00 3.57E+05 8.02E+04 4.23E+05 4.98E+03 1.27E+03 5.30E+03
110 34 4000 2.39E+00 1.03E+06 2.21E+05 1.39E+06 8.15E+03 1.76E+03 9.26E+03
111 34 6000 3.59E+00 3.80E+06 9.92E+05 9.02E+06 1.85E+04 3.24E+03 3.18E+04
112 35 2600 1.70E+00 4.12E+05 9.25E+04 4.95E+05 5.30E+03 1.33E+03 5.66E+03
113 40 2600 2.53E+00 8.29E+05 1.81E+05 1.05E+06 7.17E+03 1.67E+03 7.86E+03
114 45 2600 3.60E+00 1.56E+06 3.38E+05 2.10E+06 9.65E+03 2.08E+03 1.10E+04
115 45 4000 5.54E+00 4.73E+06 1.11E+06 8.73E+06 1.85E+04 3.30E+03 2.65E+04
116 50 2600 4.94E+00 2.83E+06 6.10E+05 4.08E+06 1.30E+04 2.58E+03 1.56E+04
117 50 4500 8.55E+00 1.20E+07 3.56E+06 3.75E+07 3.65E+04 6.99E+03 9.18E+04
118 55 2600 6.58E+00 4.78E+06 1.08E+06 7.81E+06 1.77E+04 3.26E+03 2.33E+04
119 58 2600 7.71E+00 6.54E+06 1.50E+06 1.14E+07 2.14E+04 3.80E+03 3.02E+04
120 58 4000 1.19E+01 1.99E+07 6.66E+06 8.28E+07 5.32E+04 1.32E+04 2.00E+05
121 58 6000 1.78E+01 6.45E+07 4.11E+07 2.15E+09 1.44E+05 1.89E+06 1.44E+07
122 60 2600 8.54E+00 7.88E+06 1.87E+06 1.48E+07 2.44E+04 4.26E+03 3.66E+04
123 60 5200 1.71E+01 1.94E+08 1.18E+08 9.69E+09 5.44E+05 2.00E+07 1.36E+08

Note. All scenarios assume a spherical parent asteroid with an impact velocity of 15.59 km s−1 and an entry angle of 45°. D indicates asteroid diameter; ρ indicates
average asteroid density. Note that the maximum optical energy and maximum pressure values are experienced at the lowest probability level of the simulation, which
may vary between cases.
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Table 1). A 34 m threat with an average density of 6 g cm−3

and an entry angle of 45° disassembled into 1000 fragments
with a 1 day intercept results in 1% CDF values of 21.2 kJ m−2

and 1.4 kPa. However, longer intercepts and/or greater
fragment numbers are preferred to decrease the magnitude of
the ground effects.

Figure 4. Optical (left) and acoustic (right) ground effects simulations showing a mitigation scenario of a 34 m asteroid (2023 NT1 probable diameter estimate; JPL-
CNEOS 2023) broken into 1000 fragments with a 1 day intercept prior to impact. Simulations assume a spherical parent asteroid traveling at 15.59 km s−1 relative to
Earth’s reference frame with an average density of 2.6 g cm−3, an entry angle of 45°, and an average fragment disruption of 1 m s−1. Note that the current time in each
simulation differs. As the optical propagation occurs at a velocity very close to the speed of light in vacuum and the relevant distance scale from the fragment to the
observer is on the order of tens to hundreds of kilometers, the real time of the optical simulation is seen in the title as “Time since first burst” (units of seconds),
dictating the amount of time that has passed since the first airburst of the first fragment. The acoustic simulation instead displays the time since the first shock wave
arrived at an arbitrary observer on the ground within the simulation area. (A) Real-time optical power flux. (B) Real-time optical energy flux. (C) CDF dictating the
frequency of occurrence of various energy flux values. Note that the total optical energy deposition is ∼60 times lower than the damage threshold of 200 kJ m−2, and
less than 1% of locations on the ground experience >3.5 kJ m−2. (D) Real-time pressure. (E) Maximum pressure experienced in each location throughout the current
length of the simulation; each pixel displays the highest pressure it has experienced. Dark orange planes show the caustics (the positive interference from interacting
shock waves). (F) CDF dictating the frequency of occurrence of various pressure values. Note that the sum of all shock-wave overpressures (including caustics) is ∼2
times lower than the damage threshold of 2 kPa, and less than 1% of locations on the ground experience >0.5 kPa. Higher pressures occur rarely as a result of two-
point and three-point caustics.
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For comparison, we estimate that an unfragmented spherical
34m asteroid with an average density of 2.6 g cm−3 and an entry
angle of 45° would yield an average optical energy deposition of
80.2 kJm−2 and average acoustic overpressure of 1.3 kPa as
experienced on the ground, with 1% CDF values of 357 kJm−2

and 5.0 kPa, respectively (Figure 5; Table 2). If the average
density is increased to 6 g cm−3, we find the average ground
effects to be 992 kJ m−2 and 3.2 kPa, with 1% CDF values of
about 3800 kJm−2 and 18 kPa, respectively (Table 2).

4.8. 58 m Diameter Scenarios: Upper Limit of Diameter
Estimate

To simulate higher-risk scenarios of 2023 NT1, we
highlight several threats at the high-end diameter estimate of
58 m (JPL-CNEOS 2023). For weak rubble-pile to granitic

asteroids (average density of 1.4–2.6 g cm−3), we again find
that disruption into 1000 fragments with a 1 day intercept
prior to impact is sufficient to keep all ground effects below
their damage thresholds. Such a mitigation scenario for a 58 m
target with an average density of 2.6 g cm−3 and an entry
angle of 45° yields 1% CDF values of 28.7 kJ m−2 for optical
energy flux and 1.2 kPa for shock-wave overpressure
(Figure 6; Table 1).
For strong stony to metallic asteroids (average density of

4.0–6.0 g cm−3), 1 day intercepts are feasible, although 58 m
asteroids with densities above 4.0 g cm−3 may yield ground
effects close to, or slightly above, the damage thresholds
(Figure 6; Table 1). A 58 m threat with an average density of
6 g cm−3 and an entry angle of 45° disassembled into 4000
fragments with a 1 day intercept results in 1% CDF values of
105 kJ m−2 and 2.6 kPa; for a 2 day intercept, these effects

Figure 5. CDFs of the optical (left) and acoustic (right) ground effects of a variety of mitigation scenarios with a 34 m spherical parent asteroid. All scenarios assume
an exoatmospheric parent asteroid velocity (vexo) of 15.59 km s−1; mitigated scenarios assume an average fragment disruption velocity (vdis) of 1 m s−1. The dashed–
dotted black line (left) and dotted black line (right) mark the optical and acoustic damage thresholds of 200 kJ m−2 and 3 kPa, respectively. (A) Varying intercept time
and fragment number. All scenarios assume an average density (ρ) of 2.6 g cm−3 and an entry angle of 45° relative to Earth’s horizon. The legend dictates the intercept
time prior to impact, the number of fragments, and the scenario type (fragmented vs. unfragmented). (B) Varying density and entry angle. All mitigated scenarios
disassemble the parent asteroid into 1000 fragments with a 1 day intercept prior to impact. All unmitigated scenarios (dashed lines) assume an entry angle of 45°
relative to Earth’s horizon. Unbroken exoatmospheric energies range from 0.84 to 3.59 Mt. The legend dictates the average density, entry angle relative to Earth’s
horizon, and scenario type.
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decrease, with 1% values of 35.0 kJ m−2 and 1.6 kPa
(Table 1).

For comparison, we estimate that an unfragmented spherical
58 m asteroid with an average density of 2.6 g cm−3 and an
entry angle of 45° would yield an average optical energy
deposition of 1500 kJ m−2 and average acoustic overpressure
of 3.8 kPa as experienced on the ground, with 1% CDF values
of about 6500 kJ m−2 and 21 kPa, respectively (Figure 6;
Table 2).

5. Discussion and Future Work

5.1. Summary of Results

Based on our simulation results, PI appears to be capable
of mitigating short-notice threats like asteroid 2023 NT1

for a variety of potential threat characteristics, achieving a
reduction in ground effects when compared to analogous
unmitigated threat cases (Tables 1 and 2; Figure 7). This is
illustrated in Figure 8, which shows a comparison of the
previously discussed simulation results for both the
optical and acoustic ground effects. The 1% CDF values for
optical energy flux (J m−2) and acoustic overpressure (Pa) are
useful metrics for comparing the effectiveness of a given
mitigation scenario based on the magnitude of the ground
effects. The aggregated results, as shown in Figure 8,
allow for some logical relationships to be resolved and
illustrate the importance of considering mission-specific
parameters, such as intercept time, impactor mass, and the
number of fragments generated, when comparing mitigation
scenarios.

Figure 6. CDFs of the optical (left) and acoustic (right) ground effects of a variety of mitigation scenarios with a 58 m spherical parent asteroid. All scenarios assume
an exoatmospheric parent asteroid velocity (vexo) of 15.59 km s−1; mitigated scenarios assume an average fragment disruption velocity (vdis) of 1 m s−1. The dashed–
dotted black line (left) and dotted black line (right) mark the optical and acoustic damage thresholds of 200 kJ m−2 and 3 kPa, respectively. (A) Varying intercept time
and fragment number. All scenarios assume an average density (ρ) of 2.6 g cm−3 and an entry angle of 45° relative to Earth’s horizon. The legend dictates the intercept
time prior to impact, the number of fragments, and the scenario type (fragmented vs. unfragmented). (B) Varying density and entry angle. All mitigated scenarios
disassemble the parent asteroid into 1000 fragments with a 1 day intercept prior to impact. All unmitigated scenarios (dashed lines) assume an entry angle of 45°
relative to Earth’s horizon. Unbroken exoatmospheric energies range from 4.15 to 17.8 Mt. The legend dictates the average density, entry angle relative to Earth’s
horizon, and scenario type.
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5.2. Limitations of the Model

The results of these ground effects simulations in tandem
with the hypervelocity impact simulations suggest that PI may
be an effective strategy for mitigating objects like 2023 NT1.
However, we acknowledge that our simulation results pre-
sented here represent a very limited range of potential threat
scenarios, which do not fully encompass a high-fidelity
investigation of mitigation via PI for all possible NEOs. Our
analogs for 2023 NT1 assume spherical, rubble-pile asteroids
within a small size range (20–60 m diameter) and with an
impact velocity of 15.59 km s−1. While we vary threat
parameters such as the average density (1.4–7.0 g cm−3) and
entry angle (20°–90°), it is important to note that the model
presented here spans a limited range of the potential physical
and impact parameters for 2023 NT1, or any other possible
NEO. While our full suite of simulations (of which only a small
fraction are presented within this paper) span asteroid sizes of
15–1000 m in diameter and explore a variety of strength
models (P. Lubin & A. N. Cohen 2023; B. Bailey et al. 2024),
more work is needed to expand the simulation regime to
encompass a wider range of potential threat scenarios.

Additionally, while our simulations suggest that asteroid
disassembly via PI could mitigate the threat estimates presented
here, this method has not yet been put into practice outside of
simulations. Further work is needed to establish physical
experiments to probe the testable components of the method
(e.g., penetrator design, payload delivery, launch vehicles,
hypervelocity impacts on a comprehensive range of threat
analogs to verify fragment distributions) beyond the simulation
phase.

5.3. Limitations of Planetary Defense

There is currently no planetary defense system that allows
for short-warning mitigation. While it is preferable in any
scenario for mitigation to occur as early and as far from Earth
as possible, it is reasonable to imagine a case in which early

warning is not provided. Thus, a robust planetary defense
system would not be limited to a single mitigation strategy but
would instead be a highly redundant and layered system, akin
to national defense systems. We envision PI as synergistic with
existing mitigation strategies, such as deflection, which may be
logistically favorable in certain threat scenarios, particularly
those with long warning times.

5.4. When to Deflect, Fragment, or Accept an Impact

There exists a trade-off between mitigation methods, with
different strategies being more favorable depending on the
threat scenario. Deflection methods, such as those demon-
strated by NASA’s DART (A. S. Rivkin et al. 2021), can be
useful for cases with very long warning times (decades to
centuries). For decreased warning times, the disruptive modes
of PI could be highly favorable. In comparing deflection to
fragmentation, it is important to highlight two key metrics:
energy versus momentum transfer and threat scenario.
Deflection mitigates a threat by transferring momentum,

while fragmentation via PI focuses on localized transfer of
kinetic energy. These distinct transfer methods yield differ-
ences in methodology, execution, and required launch mass.
Broadly, the momentum transfer (assuming inelastic collision)
applied by kinetic impact is only part of the overall momentum
change; studies suggest that the ejecta produced during kinetic
impact contributes more momentum than the inelastic collision
with the spacecraft alone. For example, DART achieved a
momentum enhancement factor of β ≈ 3.61 (A. F. Cheng et al.
2023), meaning that the impact transferred roughly 3.61 times
greater momentum than if the collision had produced no ejecta
at all. However, β is highly dependent upon the target asteroid
and cannot generally be assumed to be similar in other
scenarios (A. S. Rivkin et al. 2021; T. S. Statler et al. 2022).
The choice of the most favorable mitigation method depends

heavily on how well the object’s physical and orbital
parameters are known. The use of any mitigation method,

Figure 7. CDFs of the optical (left) and acoustic (right) ground effects for a variety of mitigation scenarios (solid lines) vs. unmitigated scenarios (dashed lines). All
scenarios assume a spherical parent asteroid with an exoatmospheric velocity (vexo) of 15.59 km s−1, an average density (ρ) of 2.6 g cm−3, and an entry angle of 45°
relative to Earth’s horizon; mitigated scenarios disassemble the asteroid into 1000 fragments with a 1 day intercept prior to impact and assume an average fragment
disruption velocity of 1 m s−1. The dashed–dotted black line (left) and dotted black line (right) mark the optical and acoustic damage thresholds of 200 kJ m−2 and
3 kPa, respectively.
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particularly when used in advance, requires precise observation
of the object’s orbital path to determine impact probability and
warning time. Focusing our attention on 2023 NT1, objects
observed with little or no warning time prior to their closest
approach cannot yet be mitigated with certainty. Hypotheti-
cally, if 2023 NT1 was observed ahead of time and found to be
on a collision course with Earth, how (and whether) to mitigate
it would depend upon our knowledge of its characteristics.

For terminal interdiction modes, where warning times can
range from mere hours to several days, fragmentation is a more
feasible mitigation method. For 2023 NT1’s low-end diameter
estimate, we estimate the deflection of a 26 m rubble-pile
asteroid with an average density of 2.6 g cm−3 and a velocity of
20 km s−1 (relative to Earth) using a 1 day intercept prior to
impact and a conservative miss distance of 4 Earth radii
(x= 4RE) would require approximately 200 metric tons of
deflector mass (Figure 9). For the same scenario with a less
conservative miss distance of 1 Earth radius (x= RE), we
estimate a deflector mass of approximately 50 metric tons. For
2023 NT1’s high-end diameter estimate of 58 m (again
assuming ρ = 2.6 g cm−3 and vA = 20 km s−1), we estimate
the required deflector masses at approximately 3000 metric
tons for x= 4RE and approximately 750 metric tons for x= RE

for 1 day deflection intercepts (Figure 9). For mitigation via
fragmentation of the same 26 m and 58 m asteroids with a 1 day
intercept prior to impact, our simulations suggest the threats
could each be effectively disassembled by a single 100 kg

penetrator (assuming a closing velocity of 20 km s−1) launched
aboard any orbital-class vehicle of the current design.
Note that in order to achieve a scenario with a 1 day

intercept, the impactor (whether a deflector like DART or a
penetrator for fragmentation like PI) would need to be launched
several days in advance (dependent upon preferred miss
distance). Additionally, the success of deflection is largely
dependent upon the deflector’s velocity vector relative to the
asteroid’s velocity vector. Assuming the capability to achieve a
feasible launch mass for a 1 day deflection intercept, a
perpendicular impact relative to the direction of travel would
likely not provide enough momentum transfer to mitigate the
threat.
With warning times on the order of one week or longer for

small objects like 2023 NT1, deflection becomes more feasible;
however, it may continue to be the case that fragmentation is
potentially more effective while requiring less launch mass and
potentially shorter launch times prior to impact (Figure 9;
P. Lubin & A. N. Cohen 2023). Using the same 26 m analog
for 2023 NT1 as above, we estimate that deflecting 10 days
prior to impact would require deflector masses of approxi-
mately 20 metric tons for x= 4RE and approximately 5 metric
tons for x= RE; for the 58 m estimate, we find required masses
of approximately 300 metric tons and approximately 75 metric
tons, respectively (Figure 9).
In regard to 2023 NT1 and similarly sized threats

(∼20–60 m diameter), some may argue that mitigation of

Figure 8. 1% CDF values for optical energy flux and acoustic overpressure for asteroid 2023 NT1 mitigation scenarios with varying threat diameter (x-axis) and
density (color scale). Points with filled symbols represent intercepts 1 day prior to impact, open symbols represent 2 day intercepts, and dotted symbols represent
10 day intercepts. The symbol type represents the number of fragments, as shown by the inset legend. Clear trends can be seen, which show that reducing the target
into a larger number of fragments and/or intercepting it earlier is required to keep the 1% CDF values below the acceptable damage thresholds as the threat diameter
and density increase.
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asteroids within this size range should be minimal, or is
perhaps unnecessary, depending on the projected impact
location. We introduce a hypothetical scenario in which 2023
NT1 was observed with short warning and estimated to impact
a large uninhabited area (e.g., a large desert or mid-ocean). It
can be argued that such an impact may leave human life and
infrastructure unperturbed, thus making a mitigation effort
redundant, or perhaps even harmful. It is possible that
attempted mitigation of an otherwise potentially harmless
impact could yield unintentional consequences, e.g., an
unsuccessful deflection effort may push the object toward an
inhabited area, or needless fragmentation could spread ground
effects over an inhabited area.

For location-dependent terminal threat scenarios such as
these, deciding how and if to mitigate is conditional upon how
well the object’s path is known. Given a situation in which
there is near certainty that an asteroid will impact an
uninhabited area and yield no damage to human life, it may
be reasonable to argue that the impact should be allowed to
occur unimpeded, or that fragmentation may be risky.
However, the justification for such a risk is extremely
dependent upon the level of knowledge of the threat. The
asteroid’s physical and orbital parameters should be extremely
well constrained, generally from continued and precise
observation over time, which may not be possible for terminal
scenarios with warning times on the scale of hours to days. The
trade-off between impact and terminal mitigation raises
questions that have not yet been fully discussed within the
field; further work is required to determine the boundary
conditions between potential outcomes.

In contrast, we introduce another scenario in which an
asteroid is expected to impact an inhabited area that is close to
an uninhabited area, e.g., an estimated impact over Los
Angeles, California, directly off of the West Coast of the
United States. It could be argued that in such a scenario, a
small-scale terminal deflection effort may successfully nudge
the object into the Pacific Ocean, whereas mitigation via
fragmentation could potentially disperse fragments (and thus
ground effects) over Los Angeles and/or surrounding inhabited
areas. However, our results suggest that the ground effects from
terminal-scenario fragmentation of asteroids in the smaller
threat regime (<200 m diameter) can reasonably be kept below
the estimated damage thresholds mentioned above. However,
we note again that further work is needed to enact physical
experimentation of fragmentation, and additional work is
needed to determine the limit of justification for mitigation
versus unimpeded impact.

6. Conclusion

The simulations in this study suggest that the PI approach for
planetary defense is a method worthy of consideration. Capable
of operating on both short and extended timelines, PI could
offer significant advantages over other mitigation strategies,
such as lower launch mass requirements and the ability to
mitigate potential threats when given very little forewarning.
For the specific near-miss case of asteroid 2023 NT1, our

simulations demonstrate that rubble-pile asteroids in the
20–60 m range could be successfully fragmented, reducing a
potential impact threat and the subsequent damages to
manageable levels. With relatively minor mass requirements,
existing launch vehicles, like the SpaceX Falcon 9, and similar
technologies (either preexisting or within reach) could be used
to mitigate a wide range of asteroid threats.
Our findings highlight that PI could turn a potentially

catastrophic impact, like the estimated 1.5 megaton TNT
equivalent energy release from asteroid 2023 NT1, into a series
of dispersed optical pulses and decorrelated shock waves that
would result in minimal effects at ground level. Our
simulations estimate that, in scenarios that are designed
appropriately for a given threat, it is possible to keep the
energy output for the majority of the optical pulses below
200 kJ m−2 and the acoustic overpressures below 3 kPa. This
points to the viability of considering PI as part of a
comprehensive planetary defense strategy.
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