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ABSTRACT

The Pl (“Pulverize It”) method proposed by Lubin et. al. is a method for planetary
defense from asteroids and comets which can operate in a terminal interdiction mode
with extremely short warning times. The Pl method mitigates an incoming threat by
completely disrupting the bolide via hypervelocity penetrators, producing a fragment
cloud with lateral, longitudinal and temporal spread which enters Earth’s atmosphere
and results in a series of airburst events at varying altitudes >30 km. This highly
de-correlates and distributes the energy of the original parent bolide, as the burst times
of the individual fragments are separated by times that are longer than the blast wave
pulse duration for each airburst. Although de-correlated, each airburst produces ground
effects which are important to analyze to design mission profiles with acceptably low
damage. The primary ground effects of concern include optical flashes, acoustical blast
waves, wind effects, and dust production. Using a Monte Carlo simulation technique
which models the airburst events from a specified number of fragments, we explore a
variety of cases with varying intercept times and disruption energies and find that
threats mitigated by the Pl method produce vastly less damage on the ground when
compared to the same unfragmented case. Our model follows each fragment resulting
from the disruption of the parent bolide and computes the resulting acoustic blast wave
and optical signature produced by it for any observer on the Earth. The model inputs the
parent bolide diameter, speed, density distribution, angle of attack, yield strength and
fragmentation distribution, and allows for statistical variations in the fragmentation
process, which in turn leads to variation in the time evolution of the resulting acoustic
and optical signatures at the surface of the Earth. We show that for an 800m diameter
threat with >10 years of warning time, the Pl method offers an effective planetary
defense solution that makes use of pre-existing technologies and launch vehicles. We
show that the ground effects from an 800m bolide fragmented into <10m pieces are
reduced to short- and long-term non-lethal effects by intercepting the threat as little as
100 days prior to impact, and that further reduction of the ground effects can be
achieved with far earlier intercept times. In this scenario, most of the fragments miss
Earth entirely and those that do impact Earth are <10m in diameter and are highly
de-correlated, leading to blast wave over-pressures well under 2kPa and optical energy
distribution of no greater than 10kJ/m2 Our simulations show that Pl can mount a
realistic terminal defense mission profile for an 800m asteroid with an intercept time as
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low as 75 days.

1. Background

Impact threat

Throughout the past several decades, collisions of Near-Earth Objects (NEOs) with
Earth have captured both scientific and public attention. Though the maijority of
incoming bolides intercept Earth with low impact energies (Fig. 1), asteroid and comet
impacts pose a continual threat to humanity. Historical events such as the Chelyabinsk
asteroid impact in 2013 (released energy equivalent to 570 £150kt TNT) and the
Tunguska event in 1908 (air blast energy yield of 3-30Mt) have served as reminders
that Earth is not impenetrable to such threats [1], [2]. Objects at least the size of the
Chelyabinsk asteroid (~20m diam.) are expected to impact Earth approximately every
50-100 years, while objects with the energy of the Tunguska threat (estimated ~65m
diam.) are expected to impact Earth approximately every 800-1800 years [2].

Impact energy (kt)
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Figure 1. Map of airburst impacts from atmospheric infrasonic sensors. Data span 757 events greater
than 0.073kt from April 15, 1988 through Sept 29, 2021. The largest bubble, seen over Russia, displays
the 2013  Chelyabinsk  event. Data from Alan B. Chamberlin  (JPL/Caltech)
https://cneos.jpl.nasa.gov/fireballs/.

While impacts of objects of <100m diam. are much more likely than larger threats
(2100m diam.), larger objects maintain the possibility of posing a great threat to human
life. The near-Earth asteroid 99942 Apophis, a potentially hazardous asteroid (PHA)
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with a diameter of 340m, will make its next closest approach to Earth on April 13, 2029,
where it will approach within Earth’s geosynchronous orbit. A PHA of this size
encountering Earth this closely is expected to occur approximately every 1000 years
[3]. For reference, Apophis is 7 times larger and 350 times more massive than the
Tunguska 1908 impactor [4], while 5000 times more massive than the Chelyabinsk
2013 asteroid [1]. If Apophis were to collide with Earth, it would have an impact yield of
approximately 3-4Gt TNT equivalent [2], equal to about half of Earth’s total nuclear
arsenal. Continuous observations of Apophis since its discovery in 2004 have almost
entirely ruled out the possibility of an impact occurring in 2029, though the possibility of
collision during a resonant return of Apophis to Earth is non-zero [5]. Larger than
Apophis is asteroid 101955 Bennu with a diameter of about 500m, whose impact could
pose a yield of approximately 10Gt TNT equivalent [2], greater than that of Earth’s total
nuclear arsenal. Objects even larger have the potential to enact cataclysmic,
large-scale effects on humanity and Earth as a whole if an impact were to occur.

While these objects currently post no threat to Earth, it is conceivable that objects of
their sizes could impact Earth in the future. Effective mitigation strategies are imperative
to the prevention of harm to human life.

Mitigation strategies

Several different methods of mitigation have been proposed for planetary defense. The
method most commonly cited is deflection via kinetic impact, in which a spacecraft
would intercept a threat to modify the object’s orbit through momentum transfer. In
2022, NASA conducted the first full-scale demonstration of asteroid deflection
technology with the Double Asteroid Redirection Test (DART) to test deflection as an
effective mitigation strategy. DART successfully deflected the near-Earth asteroid 65803
Didymos and altered its orbital time by 32 12 minutes.

The drawback to deflection as an effective mitigation strategy is that, in order to
successfully launch a mission to intercept a threat at a proper distance , the orbital path
of the object must be accurately observed—and thus predictable—decades or longer
before a potential impact. This poses a challenge, as the orbital evolution of an asteroid
is affected by a host of physical properties (albedo, size, shape, rotation, physical
structure, thermal properties) that may be difficult to measure accurately [6]. The lack of
availability of such properties can become a limiting factor that leads to uncertainties in
the role played by non-gravitational effects on that orbit [6]. Without several years of
accurate observation of an incoming threat and total preparedness of a launch mission
(mission planning, appropriately sized kinetic impactor spacecraft and launch vehicle,
etc.), deflection may become an ineffective mitigation strategy for short timescales.

We propose a mitigation strategy described by Lubin and Cohen [7] by which a more
offensive approach is taken. The Pl (“Pulverize It") method involves an array of small
hypervelocity kinetic penetrators that pulverize and disassemble an asteroid or small
comet into small (maximum ~10m diam.) fragments, producing a fragment cloud with
spatial and temporal spread. Pl is a practical and effective method for planetary defense
which can operate in a terminal interdiction mode with extremely short warning times.
Compared to other threat reduction scenarios, this approach requires much less launch
mass and represents an extremely rapid response, testable method, and deployable
approach using existing technologies.
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2. Methods
Intercept scenarios

The proposed system is an effective mitigation strategy for planetary defense that will
work in extended time scale interdiction modes where there is a large warning time, as
well as extremely short interdiction time scales with intercepts of days to even minutes
before impact. Pl allows for effective defense against bolides in the 20-1000m diameter
class and could virtually eliminate the threat posed by an impact of such objects, though
the effectiveness of the approach depends on the time scale of interception as well as
the size, composition and speed of the bolide. In longer intercept scenarios, the
resultant fragment cloud largely or entirely misses Earth. Such a scenario is, of course,
preferable; however, we show that short intercept scenarios work to effectively distribute
the energy of the parent bolide such that the yield is decreased in comparison to the
unfragmented threat. In shorter intercept scenarios, the fragment cloud enters Earth's
atmosphere, where the fragments of maximum ~10m diameter burn up and/or airburst
at varying altitudes >30km. The primary channel of energy is diverted into spatially and
temporally de-correlated shock waves, effectively distributing the energy of the original
parent bolide as the burst times of the individual fragments are separated by times that
are longer than the blast wave pulse duration for each airburst.

This approach allows for terminal defense in the event of short warning time and short
target distance mitigation where orbital deflection is not feasible. Lubin [8] describes five
basic modes of operation of the method which depend on a combination of warning
time and threat magnitude. The product of the intercept time 7impact (the time at which
the threat is intercepted relative to its impact time) and the disruption speed vais is the
main metric on which these mitigation modes are based. Larger disruption speed allows

for shorter intercept time such that Timpact ™~ 1/Udis. In general, we assume a very
conservative vdis= 1m/s in calculating the intercept times for all cases unless otherwise
indicated. This study assumes stony densities (~2.6g/cc) for our threat analysis, though
a wider range of densities and cohesive strengths are explored in Lubin [8]. A summary
of the first three of five basic modes of operation, taken from Lubin [8], can be seen
below. We omit modes (4) and (5) here as they describe existential threats (1km diam.
and above) which are not pertinent to this exercise.
1) Short time warning (terminal defense) — minutes to days intercept (15-100m
diam. threats)
e Threat is disassembled into fragments of <15m diam. that enter and burn up
in Earth's atmosphere
Fragment cloud is fairly concentrated
Shock waves de-correlated — virtually no damage, though possible minor
window damage
Sum of all optical pulses below combustion limit — no fires
Ex: 100m diam. (~100Mt >> Tunguska) can be mitigated with 1 day intercept
Ex: 20m (0.5Mt — Chelyabinsk) can be mitigated with 100 sec intercept
(10m/s disruption)
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2) Moderate time warning — 10-60 day intercept (100-500m threats)
e Threat is disassembled into fragments of <15m diam. that enter and may
burn up in Earth's atmosphere
e Fragment cloud spreads over large area on Earth (~1000km radius)
e Ex: 350m diam. (~4Gt — Apophis) can be mitigated with 10 day intercept
e Ex: 500m diam. (~8Gt — Bennu) can be mitigated with 20 day intercept
3) Longer time warning — >75 day intercept (600-1000m threats)
e Threat is disassembled into fragments of ideally <15m diam., but less
restrictive
Fragment cloud spreads to be larger than Earth
Virtually all fragments miss Earth
o Residual fragments <15m diam. that may hit the Earth are not a threat;
mitigated by atmosphere
o Residual fragments >15m diam. may be mitigated using mode (1) if
necessary

A more thorough explanation of the overall Pl system, including comprehensive
explanations and detailed descriptions of methods and examples, can be found in Lubin
and Cohen [7] and Lubin [8].

Acoustical ground effects

The acoustical ground effects from an asteroid burst can be related to and
approximated by those of nuclear blasts as discussed in Boslough [11]. Due to this
reason, we simulate the acoustical ground effects from mitigation via the Pl method
from measurements of equivalent nuclear blasts. To model the time evolution of the
shock wave, we use a Friedlander functional form [Eq. 1]. This describes the time

evolution with two free parameters which are the peak pressure (Po) and a zero

crossing time scale (to). This also allows us to compute the time evolution of the
acoustical pressure and flux. The time t=0 is when the shock wave first arrives at the
observer, not to be confused with the time at which the fragment bursts.

P =Py -et(1—t/ty) (1)
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Figure 2. Example of the Friedlander equation applied to a single blast wave with an overpressure of 1
kPa. Time decay number is 1s.

The peak pressure for an asteroid that has energy (in kt) of East—kt in the blast wave is
calculated from the equivalent energy of a nuclear weapon with Epye = East—kt/€ as

P, = p, [r(East_kt/e)*l/?’] Ty Py [T(East—kt/e)ilm] N (2)

where r is the distance to burst, and Prn» @n; Pf, @f gre near and far effects of the
equivalent blast, respectively. We then simulate the bursts using [Eq. 1] and [Eq. 2] and
add their effects to simulate any constructive/destructive interference. One key input
required after this is the o parameter used in the Friedlander Equation. We calculate
this parameter using the relation to pressure, meaning the width of the Friedlander
wave changes based on the energy being deposited into the region. This is a direct
result of the extrapolation done by Lubin [8] based on data by Brode [10]. This is shown
in [Eq. 3] where p is the pressure at that point. We conducted simulations using a
Monte-Carlo method to test our data and found that simulations are reasonably

equivalent with the rough estimates of overpressure from recorded events such as
Chelyabinsk.

. —0.07755 - In (p) + 1.051  for p < 200kPa
0™ 00.01246 - In (p) — 0.07758 for p > 200kPa
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Optical ground effects

Optical pulses result following disassembly as the small asteroid fragments burn up in
Earth's atmosphere. Large optical pulses, possibly resulting from either an unmitigated
impact or an extremely short time scale interception with large numbers and/or sizes of
fragments, may cause harm in several ways. These include but are not limited to: skin
damage (sunburn) due to bursts occurring below the ozone layer; optical (eye) damage
due to high power flux and little to no atmospheric protection; and fire (beginning at an
energy flux of 200kJ/m?). To simulate the electromagnetic output of one of these bursts,
we approximate the asteroid as a blackbody source and use a Gaussian power
distribution to describe how the energy flux changes with interception. To construct the
Gaussian wave, we first take the total energy of the asteroid and convert approximately
10% of it into E-M radiation. This number depends on the energy in the fragments but
approximately comes out to 10-20% on fragments of our size (maximum ~10m diam.).
This conversion is an analytical extrapolation from Lubin [8] based on data from
Glasstone and Dolan [9], shown in [Eq. 4] where X is the exo-atmospheric energy and E
is the energy that goes into optical flux.

E = (z/8.2508)" " 4)
We then construct an expression for the power flux using the Gaussian integral

equation [Eq. 5] and assume that over the period of the wave, the integral results in this
energy flux.

/ e t2dt = /2/x
—00 )

We propagate this energy flux to each and every observer using the distance
propagation of light:
E
Eobs -
4 1r (6)
We construct a temporal distribution for the power flux by dividing the E-M energy by

2. This gives us an expression for power as
2

P = Eobs . e_t (7)
where Eobsis the energy flux received by an observer at any point on the grid. We then
account for atmospheric absorption. We estimate that the atmospheric transmission is
described by

T =be " (8)
where b and a are determined from the atmospheric model fit to the blackbody data and
r is the distance to the burst in meters. In our case, we find that b = 1.02 and a = 0.009.
This is only valid for larger distances and should not be used as a shorthand for dealing
with atmospheric absorption of light on shorter distances. We utilize this approximation
as the airbursts from the Pl method occur 30-45km above Earth's surface.

When calculating the power, we first calculate the energy flux (Eobs in Eq. 6), then
input it at time=burst time to simulate an addition of energy flux instantaneously which
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would be the case with optical effects since the speed of light can be approximated as
infinity for our simulations.

Wind and dust production

The effects of wind and dust production following asteroid disassembly via the PI
method will be more thoroughly simulated and described in future studies.. Upon
burning up, the asteroid fragments are dispersed into many particles that become
distributed throughout the atmosphere. We simulate the asteroid distributes its mass
into small dust particles of ~1um diameter as a conservative estimate. We present this
estimate as a worst-case scenario, as any smaller diameter would not block light
perfectly. Conservatively, this means that the particles would block sunlight and have
the potential to cause global atmospheric, and perhaps climatic, effects. We can
estimate the amount of surface area covered and simulate the resulting effects as
discussed in Lubin [8]. Our calculations show that disassembly of an 800m asteroid into
a fragment cloud will yield a particle distribution that covers just under 100% of the
surface of the Earth. However, such a scenario would require perfect distribution of the
particles, which is not realistic. Realistically, the Hadley cycle combined with the Coriolis
effect, resulting in the North-East and South-East Trade Winds, [Fig. 4] would likely
influence particle distribution. Additionally, the distribution would rely heavily on the
arrangement of dust grain sizes. This is something we are in the process of modeling
and will be discussed in future studies.

Polar cell

Mid-latitude

cell \

Figure 3. Effects of the Hadley cycle and the Coriolis effect on the creation of the
North-East and South-East Trade Winds, taken from Tziperman [12].
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3. 2023 PDC
Intercept scenarios

We outline an approach to mitigation of a hypothetical impact of asteroid 2023 PDC via
the Pl method. Given the initial (April 2023) diameter estimate of 220-660m and 1%
impact probability in October 2036, an intercept mission designed for the worst-case
scenario (2660m diam.) could be prepared, and possibly launched, before the size of
the asteroid is completely determined. For asteroids with diameters between this
estimated range and outside of it (assuming a worst-case scenario up to ~125% of the
maximum diameter estimate), our simulations show that the Pl method can effectively
mitigate such threats with intercept times ranging from days to months.

However, given the warning time of ~13 years prior to impact and the short timescale
capability of the preparation for and use of the Pl method, the option would exist to
defer a launch until adequate observations have been made to narrow down the most
likely size range of the asteroid if such a scenario is desired. Such a scenario would
allow for more frequent observations, and thus more accurate estimates, of the
asteroid's physical properties and orbital path, increasing the accuracy of both a
possible interception and probability of a successful mitigation. Assuming this scenario
is desired, we then wait for more observations to be made over the following months.

It is then found in July 2024 through more accurate observations of absolute magnitude,
albedo and color data that 2023 PDC is likely (52%) to be a C-type asteroid with a
diameter likely within 300-880m. Observations have determined an impact probability of
100% vyielding an impact energy of approximately 76Mt-10Gt.

We show the results of four different threat cases mitigated by the Pl method to
describe possible mitigation routes of 2023 PDC. The cases presented vary in size,
intercept time, and number of fragments. The various asteroid diameters span the size
range of the initial and secondary 2023 PDC diameter estimates, simulating mitigation
of 200m, 350m, 500m, and 800m asteroids. The intercept time varies with each size,
increasing with asteroid diameter. Each case assumes a stony asteroid (density of
2.6g/cc) traveling at 20km/s (relative to Earth's reference frame) with an angle of attack
of 45° and disruption of 1m/s.

Acoustical ground effects
e The acoustical effects are easy to see in the Maximum Hold pressure plot on the
right shows the overpressures that happen due to a single burst. Some of our
other movies with smaller range in x and y direction shows better temporal
evolution in the left plot. It can be found on our youtube channel. The link is
provided at the end.
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A) 200m Asteroid in 10000 Fragments - Acoustical
Intercept = 10 days | Speed = 20 km/s | Angle of attack = 45° | Disruption = 1m/s | Density = 2.6 g/cc
Time since burst = 397.9 s | Time since first blast arrival = 328.0 s
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Figure 4. Acoustical blast wave simulations showing mitigation of various potential threats from
200m-800m. The left plot shows the real-time pressure throughout the area; the real-time of each
simulation is seen in the title as "Time since burst" (units of sec), dictating the amount of time that has
passed since the first airburst of the first fragment. The right plot shows the maximum pressure
experienced by each pixel throughout the current length of the simulation. Throughout all simulations,
several parameters of the asteroid are held constant: velocity = 20km/s; angle of attack = 45°; disruption
velocity = 1m/s; and density = 2.6g/cc. Note that the areas spanned by each simulation (units of km) may
differ. A. 200m diam. asteroid broken into 10000 fragments with a 10 day intercept. B. 350m diam.
Asteroid (~Apophis) broken into 30000 fragments with a 20 day intercept. C. 500m diam. asteroid
(~Bennu) broken into 100000 fragments with a 40 day intercept. D. 800m diam. asteroid (~2023 PDC
worst-case) broken into 500000 fragments with a 60 day intercept.
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A) 200m Asteroid in 10000 Fragments - Acoustical
Intercept = 10 days | Speed = 20 km/s | Angle of attack = 45° | Disruption = 1m/s | Density = 2.6 g/cc
Time since burst = 397.9 s | Time since first blast arrival = 328.0 s
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C) 500m Asteroid in 100000 Fragments - Acoustical
Intercept = 40 days | Speed = 20 km/s | Angle of attack = 45° | Disruption = 1m/s | Density = 2.6 g/cc
Time since burst = 757.6 s | Time since first blast arrival = 667.0 s
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Figure 5. Statistical plots of acoustical blast wave simulations showing mitigation of various potential
threats from 200m-800m. Note that each set of plots (A-D) matches the threat cases shown in Figure 4.
The left plot shows a histogram distribution of the real-time pressure throughout the area; the real-time of
each simulation is seen in the title as "Time since burst" (units of sec), dictating the amount of time that
has passed since the first airburst of the first fragment. The middle plot shows the real-time maximum
(blue) and minimum (orange) pressures throughout the area. The right plot shows the cumulative
distribution function (CDF) dictating the frequency of occurrence of various pressure values. Note that
the majority of all airbursts are relatively low in pressure, and high pressure values occur rarely as results
of two-point and three-point caustics.
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Optical ground effects
e The Optical effects are shown in the figure 6. The Energy Flux is shown on the
right and Power flux is on the left. The circular patterns seen are a direct result

of the 1/4nr2 factor where r is the distance from the burst to the observer. .

A) 200m in 10000 Fragments - Optical
Intercept = 10 days| Speed = 20 km/s | Angle of attack = 45° | Disruption = 1m/s | Density = 2.6 g/cc
Time since burst = 68.320 s
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D) 800m in 500000 Fragments - Optical
Intercept = 60 days| Speed = 20 km/s | Angle of attack = 45° | Disruption = 1m/s | Density = 2.6 g/cc

Time since burst = 446.000 s
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Figure 6. Optical pulse simulations showing mitigation of various potential threats from 200m-800m. The
left plot shows the real-time optical power flux throughout the area; the real-time of each simulation is
seen in the title as "Time since burst" (units of sec), dictating the amount of time that has passed since
the first airburst of the first fragment. The right plot shows the optical energy flux experienced by each
pixel throughout the current length of the simulation. Throughout all simulations, several parameters of
the asteroid are held constant: velocity = 20km/s; angle of attack = 45°; disruption velocity = 1m/s; and
density = 2.6g/cc. Note that the areas spanned by each simulation (units of km) may differ. A. 200m
diam. asteroid broken into 10000 fragments with a 10 day intercept. B. 350m diam. Asteroid (~Apophis)
broken into 30000 fragments with a 20 day intercept. D. 800m diam. asteroid (~2023 PDC worst-case)
broken into 500000 fragments with a 60 day intercept.
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D) 800m in 500000 Fragments - Optical
Intercept = 60 days| Speed = 20 km/s | Angle of attack = 45° | Disruption = 1m/s | Density = 2.6 g/cc
Time since burst = 446.133 s
Real-time power flux distribution Real-time max power Cumulative Distribution of the final energy
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Figure 7. Statistical plots of optical pulse simulations showing mitigation of various potential threats from
200m-800m. Note that each set of plots (A-D) matches the threat cases shown in Figure 6. The left plot
shows a histogram distribution of the real-time optical power flux throughout the area; the real-time of
each simulation is seen in the title as "Time since burst" (units of sec), dictating the amount of time that
has passed since the first airburst of the first fragment. The middle plot shows the real-time maximum
optical power throughout the area. The right plot shows the cumulative distribution function (CDF)
dictating the frequency of occurrence of various energy flux values.
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Website and additional materials

This paper and additional papers, simulations and visualizations can be found on our
website under the Projects area. Data on our high flux laser tests of ablative materials
relevant to supersonic atmospheric entry are also on our website. The Pl website area
will be updated as new materials and simulations are developed. Detailed simulations
can be found on our group YouTube channel, updated regularly.

Website — www.deepspace.ucsb.edu

PI project — www.deepspace.ucsb.edu/projects/pi-terminal-planetary-defense

UCSB Deepspace YouTube channel — www.youtube.com/@UCSBDeepspace

P. Lubin on Research Gate — www.researchgate.net/profile/Philip_Lubin
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