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Abstract— We present a practical and effective method of planetary defense that allows for extremely
short mitigation time scales if required as well as long time scale mitigation. This one system allows for
virtually any required defense mode. In general, it uses much less launch mass with vastly short required
response time than classical deflection techniques. The method involves an array of small hypervelocity
Kinetic penetrators that pulverize and disassemble an asteroid or small comet. This effectively mitigates the
threat using the Earth’s atmosphere to dissipate the energy in the fragment cloud. The proposed system
allows a planetary defense solution using existing technologies. This approach will work in extended time
scale interdiction modes where there is a large warning time, as well as in short interdiction time scenarios
with intercepts of minutes to days before impact. In longer time intercept scenarios, the disassembled
asteroid fragments largely miss the Earth. In short intercept scenarios, the asteroid fragments of maximum
~10-meter diameter allow the Earth's atmosphere to act as a "beam dump™ where the fragments either burn
up in the atmosphere and/or air burst, with the primary channel of energy going into spatially and temporally
de-correlated shock waves. It is the de-correlated shock waves that are the key to why Pl works so well.
Compared to other threat reduction scenarios, this approach requires much less launch mass and represents
an extremely rapid response, testable, and deployable approach with a logical roadmap of development and
testing. The effectiveness of the approach depends on the time to intercept and size, composition and speed
of the bolide, but allows for effective defense against bolides in the 20-1000m diameter class and could
virtually eliminate the threat of mass destruction caused by these threats. A significant advantage of this
approach is that it allows for terminal defense in the event of short warning times and short target distance
mitigation where orbital deflection is not feasible. Intercepts closer than the Moon with intercept times of
less than a few hours prior to impact are viable depending on the target size. As an example, we show that
with only ~1m/s internal disruption, a 5 hour prior to impact intercept of a 50m diameter asteroid (~10Mt
yield, similar to Tunguska), a 1 day prior to impact intercept of 100m diameter asteroid (~100Mt yield), or
a 10 day prior to impact intercept of Apophis (~350m diameter, ~ 4 Gt yield) would mitigate these threats.
Mitigation of a 1km diameter threat with a 60-day intercept is also viable. We also show that a 20m diameter
asteroid (~0.5Mt, similar to Chelyabinsk) can be mitigated with a 100 second prior to impact intercept with
a 10m/s disruption and 1000 second prior to impact with a 1m/s disruption. Zero-time intercept of 20m class
objects are possible due to atmospheric dispersion effects. The product of the mitigation time and the
disruption speed is the key metric. Larger disruption speeds allow for even shorter mitigation times. Using
the Moon as a planetary defense outpost with both detection as well as mitigation (launch) capability is one
option to be considered for the future to protect the Earth as are LEO, MEO and GEO deployment. The
Moon is nearly ideal given the lack of atmosphere allowing for long range optical/NIR LIDAR detection,
and the low escape speed allows for rapid launch and interception capability using existing solid fuel
boosters. For an Earth launch-based system, we show that a single heavy lift launcher such as a Falcon
Heavy, Starship, SLS etc. can conservatively mitigate a multi-hundred-meter diameter asteroid such as
Apophis or Bennu. Even a smaller launcher with positive Cs such as a Falcon 9 can mitigate 100m class
threats without NED’s and much larger with. Pro-active mitigation of recurring threats is also an option.
Having such a capability would allow humanity for the first time to take control over its destiny relative to
asteroid and comet impacts. Pre-deployment of the system is key to a robust planetary defense system.
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1. Introduction

Asteroid and Comet Impact Threat

Asteroid and comet impacts pose a continual threat to humanity. For example, on February 15, 2013, an
asteroid penetrated the atmosphere over Chelyabinsk, Russia, entering at a horizon angle of approximately
18°, and releasing  energy

Asteroid KE vs Diameter and Speed equivalent to 570 + 150kt TNT [1].
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Figure 1 — Exo-atmospheric kinetic energy (KE) vs diameter and atmospheric DA14 ~approached to within

entry speed. Nuclear weapon yields and total world nuclear arsenal shown for ?7,743km Of_ Earth's surface—
comparison. inside the orbit of geosynchronous

satellites. If DA14 were to strike
Earth, it would deliver approximately 7.2Mt TNT [3]. Although the Chelyabinsk meteorite and DA14
arrived at or near Earth on the same day, the two objects were not linked to each other, coming from
completely unrelated orbits. That two such seemingly improbable events could occur within hours of each
other serves as a stark reminder that humanity is continually at risk of asteroid impact.

Asteroids at least the size of DA14 (~50m diam.) are expected to strike Earth approximately every 650
years, while objects at least the size of the Chelyabinsk asteroid (~20m diam.) are expected to strike Earth
approximately every 50-100 years [3]. For example, the Tunguska 1908 event could have caused large scale
loss of life, but did not due to the remote area in Russia it airburst over. This event is estimated to have been
a roughly 65m diameter asteroid (or possibly an atmospheric grazing comet) with an air blast energy yield
of between 3 and 30Mt. This event flattened more than 2000km? of forest as seen from the 1927 Soviet
Academy of Sciences expedition. Larger objects also pose a severe threat, as the total kinetic energy
assuming a 20km/s impact speed associated with an impact of a 100m asteroid is equivalent to
approximately 100Mt TNT, and that of the well-known 350m threat, like Apophis, would have an impact
yield of approximately 3-4Gt TNT [3], or about % of the Earth’s total nuclear arsenal, while a 500m threat,
like Bennu, could have a yield greater than the entire Earth’s nuclear arsenal. For reference, Apophis will
next visit Earth on Friday April 13, 2029 and come within the geosync belt. Effective mitigation strategies
are imperative to ensure humanity’s continuity and future advancement. Every day, approximately 100 tons
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of small debris impact the Earth and the effect is virtually undetectable. If this consisted instead of a single
100-ton asteroid with an effective diameter of about 4 meters, the effect would be quite noticeable, but not
a serious threat. This is the basic idea behind our approach: reduce the threat to a large number of small
objects that primarily burn up or airburst in the atmosphere, and even if small remnants impact, as in a short
response threat scenario for high density asteroids, they will produce very little damage compared to the
same mass in the parent asteroid. Extremely large asteroids (>1km diameter) and comets pose unique threats
that we briefly discuss as a part of this program. Existential threats to humanity are very low recurrence, but
are known to have happened multiple times in the past including the last mass extinction approximately
65Myr ago when an estimated 10km diameter asteroid triggered large scale life extinction, including the
destruction of dinosaurs. The equivalent yield of this event is estimated to have been approximately 100
Tera-tons TNT, or about 15,000 times larger than the current nuclear arsenal of the world. While we focus
initially on asteroids, the same basic technique works with comets, though the size and speed of comets
pose unique challenges. We discuss comet threats later in this paper.

Airburst and Energy Deposition — Stony asteroids with diameters smaller than about 85m will generally
airburst in the atmosphere depending on their composition, speed, and angle of impact [4]. While this may
seem to alleviate the problem as the bulk of the asteroid never reaches the Earth’s surface, the problem is
that the airburst altitude decreases with increased size and the damage from the airburst shock waves can be
extremely dangerous, as was the case in the 1908 Tunguska (diameter estimates from 50 to 190m and 3-
30MT yield, 5-10km airburst altitude) and 2013 Chelyabinsk (~20m diameter, 19km/s, 500kt yield, 30km
airburst altitude) events.
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Figure 2 — Map of recent 873 events greater than 0.073 Kt from April 15, 1988 to Sept 29, 2021 air burst impacts from
atmospheric infrasonic sensors. The Feb 15, 2013 Chelyabinsk 500 Kt event is clearly seen over Russia. It is important to
note that the energy ranges of many of these events of asteroid strikes are in the ranges of tactical to strategic nuclear weapons.

Data is through Sept 29, 2021. White colored point lack altitude data. Data from Alan B. Chamberlin (JPL/Caltech)
https://cneos.jpl.nasa.gov/fireballs/.

Mitigation Methods

Several concepts for asteroid deflection have been described, which can be broadly generalized into six
distinct strategies:
(1) Kinetic penetrators, with or without explosive charges: an expendable spacecraft is sent to intercept the
threatening object. Direct impact would modify the object’s orbit through momentum transfer. Enhanced
momentum transfer can be accomplished using an explosive charge, such as a nuclear weapon [5]-[8].
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(2) Gradual orbit deflection by surface albedo alteration: the albedo of an object could be changed using
paint [9], mirrors [10], sails [11], etc. As the albedo is altered, a change in the object’s Yarkovsky thermal
drag would gradually shift the object’s orbit.

(3) Direct motive force, such as by mounting a thruster directly or indirectly to the object: thrusters could
include chemical propellants, solar or nuclear powered thermal or electric drives, or ion engines [12].

(4) Indirect orbit alteration, such as gravity tractors: a spacecraft with sufficient mass would be positioned
near the object, and maintain a fixed station with respect to the object using onboard propulsion.
Gravitational attraction would tug the
object toward the spacecraft, and modify
the object’s orbit [13], [14]. Asteroid Diameter (m)

(5) Expulsion of surface material, e.g., by o , 17km/s 2.6gfcc 1000
rObOtIC mining' a rObOt On the Surface Of Ill.l 111 IIlII| 11 lIIIIlI 111 IIlII| L1 ]lII]lI 1
an asteroid would repeatedly eject

material from the asteroid. The reaction
force from ejected material affects the
object’s trajectory [15].

(6) Vaporization of surface material:
similar to robotic mining, vaporization on
the surface of an object continually ejects
the vaporized material, creating a
reactionary force that pushes the object
into a new path. Vaporization can be
accomplished by solar concentrators [16]
or by lasers [17] deployed on spacecraft
stationed near the asteroid, the latter of
which is proposed for the DE-STARLITE
mission [18] or done using long range
stand-off laser ablation (DE-STAR) [19].
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T : Figure 3 — Approximate power law relationship between impact
2. Gravitational dlsassembly recurrence times and exo-atmospheric impact KE. Based on fitting

Gravitation  Escape  Speed and | known and extrapolated impacts from [23],[24].
Disassembly Energy — The key to the
effective use of the proposed program is the fracturing and disassembly of the parent asteroid. For this to be
effective, we must overcome the self-gravitational binding energy. As will be seen, the energy required to
do so is relatively small. The escape speed for a body of uniform density p (kg/m®) with radius R (m) is:

V. =V2GM /R = /%ﬂGp R orabout v, = 2.36><10’5\/;R

As an example, for R=100 (200m diameter) and p=2000 kg/m® we get vesc ~ 0.11 m/s.

2
The total gravitational binding energy of the asteroid is: Eg :3/5T’ or assuming constant density:
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Note that if we calculate the KE of the entire asteroid mass at speed v, :

1 1 . 8r 16 5 3
KE(v=v_)==Mv_2==M—GpR’=—Gr’p’R°*==E,. or E,.==KE(v=V
( esc) 2 esc 2 3 ,0 9 p 3 BE BE 5 ( esc)
Note the 5" power scaling of gravitational binding energy with diameter d. This is critical in understanding

the scales at which various mitigation methods are feasible for a given diameter and disassembly energy.

As an example, for R=100

(200m diameter) and p=2000

Disassembly Energy (Tons TNT)

he

kg/m?, we get: Gravitational Binding Energy vs Diameter
G ~28100'~28M).  For | p=2.6 glcc
comparison, one metric ton of o 10’
TNT has an energy release 10 e 10°
defined to be 4.184GJ 10° »
(4.2MJ/kg) or an equivalent 10° 10
speed of (2E/m)%° =2.9km/s. | __ 107
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diameter of 370m and a £ 10° Binding Energy ]
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of 1.03GJ, or 240kg (540lbs) g 10" 1mg TNT 10°
of TNT and a gravitational 10°
escape speed of 0.22m/s. 10"
These are very modest energy 10" 107"
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thinking about the scale here is 1 10 100 1,000
to imagine a 20km/s (relative) Diameter(m)
impact speed with a_10 met_“C Figure 4 - Gravitational binding energy vs diameter for density of 2.6g/cc. Note that t
ton (104 kg)  impacting binding energy scales as the 5" power of the diameter. This scaling is critical to the success
payload. This has a Kkinetic | of our method. Even for asteroids of 1km diameter the binding energy is only the equivalent
energy (re|ative to the | of roughly 20 tons of TNT.

asteroid) of about 2x10*2J, or
about 480 tons TNT equivalent. A one kg penetrator at a speed of 20 km/s is equivalent to about 48 kg
of TNT in energy or 48x times its mass in equivalent explosive (TNT) energy. Thu using conventional
explosives only adds marginally to the kinetic energy at high closing speed (>10km/s) since the detonation
speed (which is different from and higher than the equivalent speed of (2E/m)°®) of chemical
explosives is limited to about 10km/s (DDF, ONC) with TNT being about 6.94 km/s. However,
explosive penetrators could be extremely useful in distributing the energy laterally and in deep penetration
modes IF the explosive can survive the impact in a functional state. In low speed intercepts an explosive
filled penetrator could also add significantly to the total energy. Note that the disassembly energies are
extremely low even for km-class asteroids.




Energy vs Momentum Transfer — The energy for the gravitational disassembly and for gravitational escape
are relatively small, but the effective transfer of the delivered energy to the bulk macroscopic kinetic energy
of the asteroid fragments is critical. The way in which the KE of the impact is converted into bulk fragment
KE rather than into heat is the critical physics that must be considered and designed into an effective system.
The conversion of the energetic high-speed impacts or explosives into the low-speed disassembly is one of
the fundamental design constraints for a real system to work well (i.e. energy delivery is NOT the problem).

Gravitational Escape Speed vs Diameter
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Figure 5 — Gravitational escape speed vs asteroid diameter for density 1.5, 2.6
and 4g/cc. Note that the escape speed scale linearly with the asteroid size.
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Figure 6 — Typical air burst nuclear weapon energy distribution. Note ~50%
of the total energy yield goes into the hypersonic blast wave (incl wind)
initially. The total shock wave energy decreases with distance as the shock
speed decays to Mach 1.

The problem is the effective
conversion of the delivered energy
into bulk low speed kinetic energy of
the resultant fragments. Common
examples of this problem are airbags
in cars and explosives (both
conventional and nuclear) and
chemical explosives used in mining
and road construction in mountains.
The example of an air bag and a
nuclear explosion are extremely
relevant. Both couple a rapid (near
instantaneous) energy delivery with
extremely high speed in the initial
explosive. The conversion into
“useful,” much lower speed motion is
done using gas as the mediator (N2 in
the case of an airbag and N2, Oz in the
case of a chemical or nuclear
weapon). This point is critical. Initial
extremely high speed (high Mach #)
dynamics must be efficiently
converted into low-speed motion to
be efficient. Our program therefore
splits into two basic parts:

o The dynamics of fracturing and
spreading the fragments of the parent
asteroid,

o The interaction of the fragments
with the Earth’s atmosphere.

The first part is analogous to “strip
mining” and road building, both of
which use high Mach # chemical
explosives that must be coupled to
very slow Earth (rock etc.) motion.
The second part is the hypersonic
(high Mach #) shock wave of the
asteroid fragments in the Earth’s
atmosphere. This second part of the
program is very analogous to that of
atmospheric nuclear weapons
detonations  during the testing
programs of the 1940-1960’s, both in
energy yields and in the coupling of



extremely high Mach # physics into low Mach # dynamics. We will use the data from these test programs
extensively in our analysis. One point to note is that a modest altitude atmospheric (air burst) nuclear weapon
delivers about 50% of its yield into the subsequent atmospheric bulk motion (wind) and shock wave at least
initially. This will turn out to be analogous to the conversion of the asteroid KE into the subsequent
atmospheric shock wave that delivers most of the destruction from an asteroid. Typical asteroids arrive with
the equivalent of Mach 30 for a 10km/s bolide (lower limit to asteroid speed) to Mach 60 for a 20km/s one
(similar to the Chelyabinsk event) to Mach 100 for a 30km/s one and Mach 200 for comets. As we will see,
the lower Mach numbers are comparable to that of a 1Mt airburst at a distance of about 100m from the
detonation. In our case, any arbitrary observer will be vastly further from the asteroid airburst “detonation
site”” and we will see that the subsequent shock speed for relevance in our case will be essentially the speed
of sound (Mach 1) with the fraction of initial energy in the observed shock wave being much less than
initially due to other atmospheric energy channels, especially the bulk motion of air behind the shock wave
(the wind). The relative energy in the shock wave and in the wind is key to understanding energy dissipation.

Pl — Interceptor Penetrators - The proposed system uses an array of penetrating disassembly rods (PDR)
to pulverize and gravitational disassembly of the asteroid. PI stands for “Pulverize It” or ‘“Penctrator
Interceptor”. Since the asteroid is moving faster than achievable by chemical propulsion, there is only
modest gain to be added from the rocket speed relative to Earth compared to the asteroid speed relative to
Earth. In a sense, we “just get in front of the asteroid” and wait for it to hit the penetrators rather than trying
to “hit the asteroid” at high speed. The spatial timing sequence of the PDR’s can be handled either in waves
with the outer ones hitting first or possibly by timed chemical detonation. The latter is complicated by the
fact that the PDR’s will largely be vaporized in the impact, though it is conceivable that a sequential or
staged PDR design could survive. This is somewhat analogous to “Earth-penetrating bunker buster”
weapons, BUT with a critical difference that the closing speed in our case is vastly higher than for a
penetrating “bunker buster” and the impact speed is much higher than the penetrator material phonon speed.
No known material can withstand the extreme frontal pressure and remain intact without a “staging”
approach. High aspect ratio PDR units with various vaporization stages may be possible to allow impact
survival and thus subsequent detonation. This is part of a detailed design phase that we will not discuss in
this paper, but will form the basis for future research.

To visualize the general PI process, imagine pealing an onion layer by layer from the outside working
inward. Optimizing the penetrator “disassembly procedure” will depend on the asteroid and the vehicle
capability to deliver the PDR. Asteroids are not homogeneous objects and will generally have unknown or
poorly known interior structures. Given the consequences of a failed intercept, any realistic system design
will likely involve multiple interceptors and such systems will not be minimalist, but rather “over designed.”
A critical issue will be whether molecular binding will be dominant or not (i.e., solid or loose rubble pile)
and the scale of disassembly (size distribution of fragments). If intercepted early enough, which is preferred,
the broken asteroid fragments will miss the Earth altogether. If it is a terminal intercept, then the Earth's
atmosphere becomes a "beam dump™ or “bullet proof vest.” In essentially all cases for this system, the
requirement is to prevent a “ground impact” and to spread the fragments out spatially and temporally as
much as possible to minimize the ground damage from the multiple fragment air bursts in the terminal
interception case. We will explore this in much greater detail below.

It is important to understand the largest solid fragment from pulverization that we are willing to live
with. Ideally, we would pulverize to a size scale of a meter or so, allowing the small fragments to burn up
in the atmosphere with minimal shock waves. While desirable, we show that this is generally not necessary.
To determine the maximum fragment size scale requires that we set a damage threshold we are willing to
accept and to have some minimal understanding of the asteroid in the sense of its “material yield strength.”
The latter is effectively a “bulk molecular binding” energy issue. In practical terms this will mean trying to
understand if we are dealing with a loose rubble pile or a solid nickel-iron asteroid. Fortunately, there are
vastly more, lower density (stony/loosely bound) asteroids than there are solid nickel-iron ones. There are
no know large solid nickel-iron asteroids, though we should later that we could also mitigate such a threat.

One example of this system would be a 10x10 array of large aspect ratio (meter length scale)
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hardened penetrators, each of which is 100kg for a total of 10 metric tons. Delivering 10 metric tons is easily
within the capability of modern launchers such as the Falcon Heavy, the SLS and with the upcoming SpaceX
Starship with refueling capability, it is quite conceivable to get in excess of 100 tons to the threat. In the
case of 100 tons, we could have a wide variety of options to take on asteroids well in excess of 100m
diameter with the possibility of mitigating km class asteroids. Another example would be a 50x50 array of
penetrators, each of which is approximately 40kg for a 100 ton total penetrator delivered. Depending on
additional optimization studies, it may be more effective to have several waves of penetrators arrays on the
same spacecraft that deploy sequentially to more effective pulverize the asteroid. The array distribution
could be dynamically set in the spacecraft prior to impact to match the geometry of the target. Explosive
filled penetrators are another option with detonation started just prior to or upon impact, or the use of a
“cluster” explosive system or possible “solid balls” to macroscopically “erode” the asteroid. For large
threats, waves of interceptor vehicles is yet another option. We show below that the actual total mass of the
penetrators required to gravitationally disassemble and spread the fragment cloud is extremely small IF the
coupling efficiency of the KE of the penetrators to the KE of the fragments is high. For unity efficiency the
mass ratio of penetrators (m) to target (M) in the regime where total target energy required is dominated by
the fragment KE and not gravitational binding which is true for asteroids with diameter less than ~1 km. In

this case the mass ratio is m/M = (v, / v,.)? or about 2.5x10° for vin= 20km/s for the asteroid closing

speed and vdisp = 1 m/s for the fragment dispersal speed relative to the parent asteroid center of mass. As a
quick example, consider a 100m diameter asteroid with density 2.6 g/cc. The mass of the asteroid would be
about 1.4x10° kg. For  vim= 20km/s (asteroid closing speed) and vdasp = 1 m/s giving

m/M :(vdisplvim)2 =2.5x10° —>m=3.4kg. This is an extremely small penetrator mass required

assuming unity coupling. Of course, the coupling will NOT be unity and this is where our
hypervelocity modeling simulations become critical. We are running a number of target sizes, masses
and strength models along with a number intercept scenarios.

Nuclear Penetrator Options — A nuclear option is to use an array of small tactical nuclear penetrators
instead of conventional penetrators. The trade space between lesser number of high yield vs large number
of low yield nuclear devices needs to be simulated for various targets. The effect is basically the same. In a
terminal defense situation, we focus on spreading out the impact energy into small enough pieces that they
burn up in the atmosphere and do not hit the ground. The issue of radioactive contamination in the
atmosphere would have to be factored in with a nuclear scenario.

Energy Required to Spread Out Debris Cloud — Spreading out the fragments and imparting a
“radial” dispersion pattern would greatly mitigate the threat, as we can then spatially disperse the fragments
prior to hitting Earth. The minimum energy E (additional to the gravitational disassembly energy) required
to disperse the debris at speed vdis for a uniform spherical asteroid of radius R is:

Debris cloud dispersal energy after gravitational disassembly
E =mv—‘"32=£ﬂR3p£=£7zd3p£m d?
2 3 2 6 2

1/2

Vdis = {%} =1.4%km/s* \j Emt /prel R(m)3
mRp

E,. = dispersal kineticenergy E in metric tons(mt) TNT

1mt TNT =4.184x10° J
P =density relative to water

Ex:E=10mt(L0*kg TNT), p,,, = 2.6,R =50m (100m diam) - v, =7.84m/s
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Note that the energy calculated above is the additional energy required after gravitational disassembly. For
asteroids (typ. < 1km diameter), the gravitational disassembly energy is small compared to the energy

L . . required to spread the
Asteroid Disassembly Energy vs Diameter and Disassembly Speed de%ris cloud P for  the
Includes Grav Binding Energy which is Minimal Here . .

p=2.6 glcc typical  debris  cloud
10™ speeds we desire, namely
10* for disassembly speeds
10" - ~1m/s. For large asteroids
10 that also happen to be
10° =~ existential threats, with
,__;10” o B diameters >10 km, the
> 10" " gravitational binding
) 10° & | energy is generally much
2 10 = | | th the debri
c 10 . = | larger than the debris
W 1021 spread energy (for v
5 10 102§ | ~1m/s). This is due to the
£ 107 > | 5" power scaling of

7] 10'3 e t t I b d
Q. E | gravitationa inding
& 10 104 @ | energy with diameter,
Q100 10_5%‘% namely
Eqe ~2.19x107 p°d®, whil
10° F=(zd' 16)* 2 +(;,,,,—(1rd3;'6)*’0v 166:2'2;)2}?5 . BE P ¢
\ 3 pv . b — g 0 the dispersal energy only
10 -%/ =(md” /6)¥— (ur pd =(rd /6)*T+2.19x10 pd 107 scales as the 3rd pOWGf of
2 the diameter. We will

10 T T T T T T T .
come back to this later.
10 Di ; 100 1,000 Most of this paper
lameter (m) concerns threats from
1mis — — 1KTTNT asteroids  that  have
SR R diameters less than 1km,
— — 100ms 19 TNT and for these the
_ gravitational binding
o the centr of maes ot fragment speecs from Lo 100m/s and paren aserod diameters | C1STGY 1S sub-dominant to
| | .

from 1 to 1000m. For asteroids below 10m diameter that are stony (<3g/cc), we would the dispersal energy for v
generally not take any action as the blast wave at the Earth’s surface would be small. ~1m/s. Another way of

stating this is that the
escape speed is much less than the desired dispersal speed for small asteroids (<1km diameter) while the
opposite is true for large asteroids and comets (>10km diameter).

If we consider a terminal defense situation with very little warning time, we can compute the debris

cloud diameter as it hits the Earth’s atmosphere assuming the asteroid travel time between intercept and
Earth impact is Timpact as SIMply Dcioud=2VdisTimpact. FOr example, assuming an extremely short mitigation at
one lunar distance, Lmoon=3.8x10° km, and an asteroid closing speed of vast =10km/s, we would have
Timpact=3.8X10% s (~ 10 hr) and Dciouds=2VdisTimpact=596km with the assumptions above for a 100m diameter
(R=50m) asteroid, density 2.6g/cc, dispersal energy of E=10mt, and vdis =7.84m/s. For the same analysis,
but with vat = 20km/s asteroid (similar to Chelyabinsk), we have Timpact=1.9x10* s (~ 5 hr) and
Dcloud=2Vdis’Cimpact=298 km.
Even for this extremely short time between intercept and hitting Earth, there is sufficient spread in the
atmosphere to allow essentially independent atmospheric detonation (shock wave de-correlation) for each
fragment. Even reducing the energy injected into debris spreading by a factor of 10 (Imt TNT equivalent)
and the same assumptions otherwise with vast = 20km/s gives Vdis =2.5m/s and Dcioud=2VdisTimpact=95km which
is still more than sufficient for shock wave mitigation.
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Disruption Energy — The terminology of “disruption” has to be quantified. In this paper we use the term in
a specific manner, namely the fragmentation of the target to a level such that the fragments are less than
about 15m in diameter. The term “disruption” is sometimes used to refer to the general disassembly of an
object (for example tidal disruption of a comet or other body) where the object undergoes a process resulting
in some macroscopic pieces being separated. In the 2009 work of Jutzi et al, where the question of asteroid
breakup (disruption) from impact of other smaller asteroids is studied, there are simulations of “asteroid on
asteroid” impacts in which the criteria of disruption is that at least 50% of the original target mass is
separated and escapes. Jutzi et al study this over a very wide range of asteroids with diameters from 6x10
to 200km with impacts of 3km/s and the impacting asteroids from 4x107 to 82km for both porous and non-
porous materials. This is qualitatively
very different from our case in that the
Jutzi SPH simulations essentially use a
“one sphere on another sphere” approach

Asteroid Disassembly Energy per Mass vs Diameter
p=2.6 g/cc
10°

=_1074 - - -

- - - - - - - - _—_E with comparable material strengths in

107 g - - oo n both the impacting “projectile” and the
______________ 10° “target”, whereas we are looking at

specifically designed extremely high
strength high aspect ratio penetrators
optimally designed to deliver energy
deep inside the low strength target to
break it apart. If we were to use the single
equal low strength “sphere on sphere”

_‘
OA

-
=
&

Disassemblv Enerav (ka TNT/ka)

-
=
4

Disassembly Energy per Mass (J/kg)
P

10" lf:]:‘K£+I£BE=Mﬁ+3/5("r1 approach studied in Jutzi et al 2009 we
3 | -8 - .

M=@d/6)p . = 10 would generally not have an efficient use

EiM=Y13/5M Y 358090 _ 2y Gapd® 120 = PR

102 o Zosao R 2 v C of penetrator mass as the vast majority of
=V +1.00x! = . . . . .

g L 10° a “surface impact” is dissipated in local

E surface thermal energy rather than

10° | T T T T T T —TTTrr macroscopic scale low SpEEd kinetic

1 10 100 1,000 energy. The_ fitt(_ed simulations dat_a

Diameter (m) suggest a disruption energy per un_lt

Omis-GravOnly — — - 10mis target mass of about 100 J/kg for their
1m/s — — 20m/s H H H H

_____ e T oo (144 ms) cases. While the situation for us is very

different, the comparison is still

Figure 8 — Disruption energy per unit mass of the parent object vs extremely instructive. The number often
diameter and vs disruption speed from 0 to 20m/s. The zero-speed | quoted for disruption is about 100 J/kg

case is the gravitational binding energy only case. The often | \\hich corresponds to an equivalent bulk
quoted 100 J/kg “disruption energy per mass” corresponds to 14.4 disruption speed of 14.4 m/s. This is

m/s for comparison. . . .

shown in the accompanying figure for
rocky asteroids up to 1km in diameter and is compared to both the (negligible) gravitational binding energy
and the bulk disruption speed from 1 to 20 m/s. In this paper we will often use a desired disruption speed of
1 m/s and compared to the Jutzi et al 100 J/kg or 14.4 m/s there is a factor of 200x larger energy for disruption
from the Jutzi et al study than for a theoretically optimal case that might require 1 m/s disruption as one
example. Such a large difference is not unexpected given the very different impact physics but we will come
back to this later in this paper when studying launch vehicle capability for various threats. We consider the
Jutzi et al disruption energy of 100 J/kg to be an upper limit on non-optimized disruption systems.
Bolide Heat Capacity — It is useful to compare the heat capacity of the bolide to the disruption energy. The
specific heat of rock is ~ 1kJ/kg-C (~1/4 that of water). This is critical as whatever disruption process is
used, we do NOT want to heat up the bolide by much (ie best to keep the bulk heating to <<1C). While this
sounds difficult, typical hypervelocity interactions such as local vaporization form an “adiabatic gas engine”
which cools as it transfers mechanical energy. An airburst nuclear weapon is an extreme example where
ultimate Y2 of the energy starting at millions of K, is ultimately transferred to ambient temperature air.
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Fragment Distribution Functions — A complex fragmentation process of the type we are considering will
result in a range of fragment masses and speeds that will need to be computed based on realistic models of
both the target and the multiple penetrator impact physics This will come out as part of the hypervelocity
simulations and ultimately comparison to testing. One of the issues to be considered is that the energy
partition amongst the fragments will depend quadratically on the speed of each fragment and the mass
distribution of the fragments. In some explosive processes such as large-scale motion of material in mining
and mountain “clearing” for roads, the material largely moves together while in surface detonations the
shock waves will accelerate small masses to significantly higher speeds than larger masses. Similarly, in
surface impacts and surface ablation technique such as laser and NED heating, there is a large tail in the
speed distribution of fragments ejected. Given the nature of our strategy of deep penetration we might expect
to see bulk motions of a large fraction of the material (low 6 below) but this remains to be verified in
numerical simulations. Since the energy in a fragment is proportion to the square of its speed relative to the
center of mass, IF we have a large speed distribution among fragments of roughly equal masses, then the
energy distribution will be skewed towards those with larger speeds while if we have a uniform bulk motion
then the energy distribution per mass will be more uniform. This will be the focus on a number of 3D
supercomputer simulations we are currently working on. These issues become particularly important for the
mitigation of very large targets where the launch mass capability of boosters to deliver the penetrators is
important. This issue is much less important for smaller targets (<200m diameter). We come back to this
issue later in this paper.

Below we consider the case of both arbitrary distribution functions for the speed of the fragments and the
particular case of a nearly Gaussian speed distribution. In the accompanying plot note the large tail on the
energy PDF (probability density function) for large speed dispersion cases (low d).

m = fragment mass,v = speed, z = meanspeed,s =v/ u,E=KE =mv®/2,v=+2E/m
o=ulo

V,E,e>0

E(v=p)=mu®/2

k=E/E(v=p)=2E/my®=(v/ u)* =normalized energy

P(v) = P(v, u,0) = speed distribution function

P(E) = P(E, m,v) = energy distribution function

P(g) = P(e, u,0) = fractional speed distribution function
P(x)=P(E/E(v=u))=P(E,m,v)=normalized energy distribution function
P(v)dv=P(E)dE =P(¢)de =P(x)dx

Assume all unity normalized distribution functions jo‘” P(v)dv = j: P(E)dE = j: P(e)de = j: P(x)dx =1
P(E)=P(v)dv/dE = P(v)/mv = P(v)/2Em

P(e)=P(v)dv/de=uP(v)=P(V)v/e

P(x) = P(E)dE /dx = P(E)E(v = p)

(v)= J.vaP(v)dv, (E)= jw EP(E)dE, (&)= j:gp(g)dg

mv? P(v) _I mv? Pv)
mv

E)=["EP(E)dE = j mvdv = jvp(v)dv_ my’ [&*P(e)de

(EV/E(v=p) :T“j:gzp(g)dg/ = ["*P(e)de

(Notethe quadric dependenceonv)
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1) Assume P(v) = truncated (at zero speed) Gaussian

P(V) = e Y20

2ro
P(v)=0 v<0
1 2 2 1 2 2
P(E)=P(v)/mv= e~ (W2E/m-p)/20" _ o (VZEMm-u)* 120
(B)=P) Mv2E /m+\/2zc 2JxmEo
Notethat P(E) divergesas E — Owhile P(E)dE = P(v)dvand (E j EP(E)dE donot
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Jor o 2z

Notethe linear dependenceon u

P(x) = P(EVEW = i) —t2__ qrchmimungt f__#I2 e
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Notethat we assumev > 0.This brings up anissue with normalization for a Gaussian distribution
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2ro
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Normalized Energy and Speed Probability Distribution
Assuming Gaussian Speed

P(x) and P(z) Speed and Energy Probability Distribution
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Figure 9 — Left: Normalized speed and energy distribution (PDF) vs normalized speed for “delta from 1 to 4.
Right: Speed and energy distribution (PDF) for the case of average speed of p=1 m/s and a ¢ =0.3 m/s with a
reference fragment mass of 1 kg. Note the large PDF tail for speed and energy for large speed dispersion (low d)
and corresponding small PDF tail for low speed dispersion (large 5).
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Multimodal capability - There are six basic modes of operation for this system allowing a natural growth
from tackling modest threats to existential ones and from complete fragmentation to deflection. These
modes depend on a combination of warning time and threat magnitude. The product of the intercept time
Timpact and the disruption speed vdis is the key mitigation metric for a given threat. Larger disruption speed
allows for shorter intercept time with essentially timpact @ 1/ vdis. In general, we assume a very conservative
vdis=1m/s in calculating the intercept times for all cases unless otherwise indicated. An example if this trade-
off is the (literally) last minute intercept for a 20m diameter (Chelyabinsk class) threat where with 10m/s
we achieve a 100s intercept while with 1m/s we achieve 1000s intercept. Since the required disruption
energy is quadratic in the disruption speed for disruption KE dominated cases (d< 1km) there is a trade-off
in required energy for higher disruption speed and hence shorter intercept. In general, we use stony densities
(2.6 g/cc) for most threat analysis though we explore a large range of densities and cohesive strengths in
detail later in this paper.
1) Short time warning — minutes to days intercept — terminal defense (15m to 100m diam threats)

* Fragment to <I15m and use Earth’s atmosphere as body armor — shock waves de-correlated

» Sum of all optical pulses below combustion limit — no fires

» Shock waves de-correlated — virtually no damage — possibly some minor window damage

* Ex: 100m diam (~100 Mt >> Tunguska) can be mitigated with 1 day intercept

* Ex: 20m (0.5 Mt - Chelyabinsk) can be mitigated with 100 sec intercept (10m/s disruption)

2) Moderate time warning — 10-60 day intercept (100 — 500m — Apophis, Bennu)

* Fragment to <15m and spread fragment cloud over large area on Earth (~ 1000 km radius)

» Earth’s atmosphere is used as body armor

» Ex: 350m diam (~Apophis) (~ 4 Gt %2 Earth nuclear arsenal) can be mitigated with 10 day intercept

* Ex: 500m diam (~Bennu) (~ 8 Gt > Earth nuclear arsenal) can be mitigated with 20 day intercept

3) Longer time warning (>75 day intercept) (600-1000m threats)

» Fragment ideally to <15m but less restrictive

* Fragment cloud spreads to be larger than the Earth - Virtually all fragments miss the Earth

* Residual fragments that will hit the Earth smaller than 15m are not a threat — atmosphere mitigates

» Residual fragments > 15m can be dealt with as in option 1) terminal defense IF needed

4) Long term warning and existential threat (>100 day intercept and >1& <15km diameter)

» Fragment using NED penetrator array — pure fission (eg W82 class NED) looks feasible - based on
nuclear artillery technology already designed, developed and tested. Sequential penetrator option
allows better NED effectiveness and possibly thermonuclear class penetrators if needed. These are
internal and NOT standoff detonations.

* Possible use of “sequential following penetrators” to allow “hole drilling” for better NED coupling
and lower “g” forces for devices such as B61-11 NED physics package — 4 kt/kg @ 350 Kt yield

» Fragment cloud spreads large enough to miss Earth for virtually all fragments.

5) Long term warning (> 1 year) — asymmetrical fragmentation/ enhanced deflection option

» Asymmetrical fragmentation to get extreme deflection enhancement - use energy not momentum.

* Blast off part of target to use it (“push ”) against itself — NOT like current deflection techniques but
synergistic. See mode 6 below.

» Depending on target size can use kinetic only, kinetic with conventional explosives or NED
penetrators for extreme threats.

* Use of penetrator to drive mass ejection via an induced “rocket exhaust” mode where the high
temperature and pressure vaporized/ plasma created inside the bolide exists through the penetrator
initiated “exhaust nozzle” to form a rocket engine using the bolide as “‘fuel”.

6) Long term warning (> 1 year) — classical deflection

« If desired the same system can also be used as a classical deflector -complete multimodal use.

+ Simple penetrator reconfiguration allows the same system to be used as a classical deflector.

* In general this mode is not needed as mode 5 (enhanced deflection) is superior but it is available.

This allows one system to be used from terminal defense to classical deflection mode.
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The Earth’s Atmosphere as a Shield -The Earth’s atmosphere may seem like a tenuous and thus ineffective
shield against asteroids and comets but it has a column depth or mass per unit area of 10,000 kg/m? which
is equivalent to 10m of water, 4m of concrete or 1.3m of iron. It forms a literal Iron dome around the Earth.
However, it is a much better shield than if it were solid iron since the long path length (~ 100 km) of the
atmosphere allows for extreme heating and fragmentation of the fragments as well as rapid “self-healing”.
When thought of in the way, it is clear why our technique works so well. When the bolide fragments are
small enough the atmosphere is an extraordinary capable shield with the primary remaining metric being
the resulting shock waves and optical signatures generated from all the fragments in passing through the
atmosphere. The difficulty of returning astronauts makes it clear just how difficult atmospheric entry is.

Physics of Air Bursts and Shock waves - The physics of chemical and nuclear detonations and the
generation of the resultant atmospheric blast including high speed winds and shock waves has been well
studied theoretically, as well as measured experimentally. The term “blast wave” technically refers to both
a sudden change in pressure (shock wave) and subsequent winds behind the shock front. The term “air blast
or simply blast” often refer to both effects combined. The term “blast wave”, “air blast”, “blast” and “shock
wave” are often used

1 KT1:\IucIear Sta?dard Air Blast interchangeably. We
P,=3.11x10"" p=1.8x10" a,,=-2.95 «=-1.13 will discuss both the
1 KT test data from 0.03 to 8 km distance ich i
s shock wave which is
Other data from meteror and asteroid air bursts .
the dominant
Pressure vs slant range -1 KT - p_f=0.6E7-alpha_f=-1.0 destructive element at
1 010 —  Pressure vs slant range -1 KT - p_f=0.9E7-alpha_f=-1.05 |arge ranges (Weak
— — Pressure vs slant range -1 KT - p_f=1.6E7-alpha_f=-1.10 .
8 Pressure vs slant range -1 KT - p_f=1.8E7-alpha_f=-1.13 shock regime) as well
10 —  Pressure vs slant range -1 KT - p_f=2.4E7-alpha_f=-1.17 as the dynamic
Pressure vs slant range -100 KT - p_f=1.8E7-alpha_f=-1.13
10° Pressure vs slant range -1 MT - p_f=1.8E7-alpha_f=-1.13 pressu_re due to _the
« = 1KT Nuclear Standard - Glasstone and Dolan blast induced winds
= 107 : = behind the shock
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o 10 o | pressure due to the
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Figure 10 — Sea level nuclear air burst “1kt standard” with scaling to 1Mt nuclear yield. moving at relevant
Pressure vs distance from the point of detonation. Power law fits are shown with scaling to speeds of 15-50km/s,
arbitrary yield and distance. For asteroids, we are not generally concerned with ranges less than the energies involved
30km. A 10m diameter asteroid (20km/s, 2.6g/cc, 45deg angle) with 48kt blast yield is shown ;
as a 100kt nuclear equivalent assuming approx. 50% nuclear yield to blast yield. Multiple power | @€ In the low kt to
law models including P(r)~1/r in the far field (orange) are shown. Best fit shown in header. high Mt range, or

18



much above common chemical explosive devices. The relevant energy ranges span the regime from small

tactical to the largest ] i
strategic nuclear devices Pressure and Intensity from 1 KT Nuclear Standard Air Blast
Far Field Only - Mach 1 regime

ever tested. Some of the 100KT and 1 MT nuclear yield scaled

early solutions to shock 100KT ~ 10m asteroid NED eg-20km/s-2.6g/cc-45deg
waves are discussed in the 1MT ~NED eq to Chjelyabinsk-500KT exo-atm

Ps . of varied to fit data
1947 LANL Paper of 1 KT test data from 0.03 to 8 km distance

_Bethe et al [20], as well as Additional data from meteroroid and asteroid air bursts
in papers by Sedov, von 10* =
3 — | 1KT- Farfield only p_f=0.6E7-alpha_f=-1.0 L 5
Neuman, and Taylor [20]- - — = {KT-Farfied only p_f=09E7-aipha_f=-1.05 =— 10
[23], and by Zeldovich in . Tl Farfedony p T apra s
— & = Uclear standard - Glasstone and Lolan
the USSR [24]. They dealt —| 100 KT - Far field only p_f=0.6E7-alpha_f=-1.0 B 4
With the energy Slngularity N ———"100 KT - Far field only p_f=1.8E7-alpha_f=-1.13 _E 10
3 ~— | 1 MT.-Farfield only p_f=0.6E7-alpha_f=-1.0 -
problem relevant to 10" 3 —_ | MT “Ferfieldonly p_f=18E7-alpha_f=1.13 ||~
compact explosive devices 3 = = "S- fom gam urst it 20k oy (L~ 10°
such as nuclear weapons. | - = o
Some of the experimental | & L 10 £
data is summarized in the | & = 2
1977 Effects of Nuclear ; 10% = C >
- 1
Weapons by Glasstone and @ 3 10 2
Dolan [2], wherein a 1kt | & ] , = 2
“standard” iS giVen Wthh | r(m) = distance from yield of energy E(kt) | B 100 —_
allows scaling to arbitrary 1 P")_p’ess“f"fzal’"’(’)_i“t'e“:t’ff""“z): =
yields. While much of the 10" g #=plt "y [l T (reariand far ey -
- S TE N 1
nuclear weapons test data A ry=p, [ 17 ar fetdonty) g 10
iS primarily focused on : In far field (shock speed = Mach 1): | -
“close in” strong shock J 1O P 2p) : L 102
p(ry=p, [ir'E,‘J m] ! Py =20pPa,l, = \pW/m' =
wave effects, we can scale 0
to Iarger dIStanCES Whlle 10 I LA I| | : L III I L B
at distances close to the 1 10 100 1,000
detonation, the shock wave Slant Range Distance (km)

speed . IS extremely Figure 11 — Far field pressure and acoustic intensity vs slant range with multiple power
SUD_erson'C the  shock fits for 1,100 and 1000 KT nuclear yields. Note that p(r)~1/r is a reasonable fit to the 1 KT
rapidly decays to near | NED standard which tracks pressure to about 700Pa (0.1 psi) at 8 km range though p(r)~
sound speed as we discuss | 1/r+%3 is a better fit. The critical range for our program is about 30km (directly under
below. Most of the | fragment for ~10m diam) to 600km (acoustic horizon for 30km altitude burst). The scaled
; ; cases for 100 KT (~ equivalent NED for 10m diam fragment with density 2.6g/cc and
re!evant cases of interest in 20km/s closing speed) as well asa 1 MT case (~equivalent NED for Chelyabinsk class event
this paper are for long with 20m diam, density 3g/cc and 20km/s). For the purposes of the conclusions of this
range effects where the | paper, the precise scaling is largely irrelevant. Note the acoustic intensity which scales a p>.
peak over pressure is | Atapressure of p=1kPawhere we begin to have concerns about poorly framed residential
expected to scale ~1/r if window cracking, the intensity (flux) is 2.5 kw/m? about 2.5x of Earth surface sunlight.

there were no atmospheric
absorption, no wind channel etc. We discuss absorption in the atmosphere below. As shown earlier, the
typical fraction of nuclear weapon yield that goes into the shock wave and wind for air burst detonations is
about 50% initially. The formation of the shock wave is essentially adiabatic due to the extremely short time
scales relative to the thermal diffusion time scales. The shockwave from an asteroid air burst starts at
extremely high speeds (at the speed of the bursting asteroid/fragment, which is typically > Mach 30 at
production), but then, like the case of a nuclear weapon, it rapidly decreases with increasing distance and
decays to sound speed (~340m/s). We model the peak over pressure from the shock wave as two power laws
covering the “near” and “far” distance regimes however we note that the peak pressure generated by a bolide
differs from that of a nuclear weapon airburst in that the “near” distance regime is very different due to the

19



shock production physics. The bolide airburst is set by the mechanical disassembly of the bolide from the
impinging atmosphere and the bolide is not a compact object at the burst position but rather a mechanically
distorted (in our model a pancake) object. The atmospheric “ram pressure” during bolide disassembly is set
by the compressive cohesion strength of the bolide which is typically between 0.1 MPa (1 bar) loosely
bound rubble to 100 MPa (1000 bar) for a “iron core” bolide. It does not make sense to consider shock wave
peak pressures that are much higher than the bolide compressive cohesive material strength and hence the
“near” pressure regime, unlike that of a nuclear weapons airburst, is approximately capped at the bolide
material strength. Additionally, the typical distance from bolide airburst altitude to the ground directly
underneath the burst for the fragment sizes of relevance here (<20m) is about 30km which places us in the
“far” distance regime for the equivalent nuclear airburst. The energy regimes of fragments of interest to us
are generally less than 100 Kt nuclear weapon equivalent. Later will come back to the tensile cohesive
strength which is generally vastly smaller than the compressive cohesion. The tensile (pulling) and
compressive strengths are very different. Think of them as picking up (tensile) and compressing sand as an
example. Often the term cohesion refers only to the tensile term. We fit the NED shock wave data as follows:
r,(m) = distance from 1kt nuclear blast standard yield

r(m) = distance from yield of energy E given in E(kt)

r,(r) = scaled distance of 1 kt standard for detonation of yield E (kt) = r / E;**

p(r) = p,r + p, " (assume power laws for near (strong shock)and far (weak shock) regimes)
For arbitrary yield:

p(r) = p(5, (1)) = p, [ rE " + p, [rE, "
A good fit to the measured data from atmospheric nuclear tests is:
p, =3.11x10"(Pa)

a, =—2.95
p, =1.8x10"(Pa)
a, =-1.13

Transition distance between near and far distances in power law:

U(as-ay)
r =EY" Py
Py

Py = Dol = Pk
A reasonable to the 1 KT NED standard fit in the far field with p(r)~1/r is show below.
While not as good as the fit above, it allows a simple scaling interpretation.

p, =3.11x10"(Pa)

o, =-2.95
p, =6.0x10°(Pa)
a, =-1.0

Shock and Blast Wave Notation — The terms “shock wave” and “blast wave” and “blast” are at times used
interchangeably in the literature and in this paper. In an atmospheric explosion there is both an acoustical
wave or shock wave generated in addition to atmospheric heating and bulk air motion or “wind”. All of this
is at times simply called the “blast” effects or at times “blast wave” as it is both spatially and temporally
dependent. We reserve the term “shock wave” in this paper to refer to the propagating acoustical wave
though we will lapse occasionally into calling it the “blast wave” as this term is often used in the literature.
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Shock wave speed -
peak over pressure
and distance from
shock initiation — The
speed of the shock wave
generated in an air burst
depends on the peak
pressure of the blast.
The shock process is
largely adiabatic since
the time scale for
thermal mixing is much
longer than the relevant
acoustical time scales.
We calculate the speed
Vs pressure ratio, as well
as vs distance. The latter
is based on the peak

pressure calculated
above from nuclear
weapons tests.
Combining the

measured weapons test
data with the theoretical
shock speed vs pressure
ratio allows the
calculation of shock
speed vs distance. In
general, we see the
shock speed decays
from highly supersonic
to the speed of sound
relatively quickly.

Pressure notation -
We generally use a
lower-case p for the
overpressure in  the
shock wave and the

Wind Speed-Density-Shock speed-Dynamic Pressure Ratio
vs Pressure Ratio

Shock Pressure (Pa) for p,=10° Pa (1 atm)
10° 10° 10* 10° 10° 10’
10 I
—— Wind Speed Ratio
Density Ratio

n Shock speed Ratio
n Dynamic Pressure Ratio

1 —
u/c'0=—5p/P° o
i T(1+6p/TF)"
T+6p/ P
plpy= B e
= T+(p/ )
6p i
Voo | € = (1+=—=)
hock | €0 7P
| 5 (p/PB)
q/pu__ (P 0)

2 7+(p/P)
p =shock pressure
I}, = ambient air pressure
p = density
¢, = sound speed (~ 340m/ s)
u = wind speed
q = dynamic pressure
¥ =715 (diatomic)
0.001 I | \ |

0.001 0.01 0.1 1 10
Pressure Ratio (p/P,)

Wind Speed - Shock Speed - Density Ratio
o
o o

100

Figure 12 — Wind speed, density and shock speed ratios as a function of the peak pressure p
over ambient pressure P,. At low pressure ratios, the shock speed is close to the sound speed c.
At high pressure ratios, the shock wave is highly supersonic. However, typically the blast wave
peak pressure is p<< P, for the fragment size and distance to the observer in cases of interest
here. This results in the shock speed being close to sound speed. At low peak pressures the wind
speed scales proportional to peak pressure and hence is low (~1 m/s @ p=1 kPa). The scaling of
the density behind the shock front and the dynamic pressure are also plotted. All cases are for
v=7/5 or for diatomic molecules.

upper case P for the un-shocked atmospheric pressure with Po generally referring to the ambient ground

pressure. The shock overpressure p(X,t) =AP(X,t)

is a function of space and time which can add

additional confusion. In referring to shock or blast wave pressure, if not additionally qualified then the
assumption is that this is the “peak or maximum overpressure” at a given spatial location. In other parts of
the paper we also use upper case P for power when discussing the optical signature. The distinction is clear

within the section topic.
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_a+ 2t Io) 1+ 6p)1’2—>1(p/r> <<1)

sound
2

\Y; /v

shock

p =shock overpressure = ""shock pressure" P, = ambient air pressure (10° Pa at sea level)
y =c,/c, =715 fordiatomic gas (5DOF Iowtemp regime)
Vv = ¢, = ambient sound speed (temperature dependent ~340m/ s)

sound

A summary of related shock phenomenon from the Rankine-Hugoniot equations we will use later:

The peak wind speed (u) behind the shock front for the peak pressure p:

PC, op )
u/c, = = =7/5—>—=p/P, (p/P, <1

° yp(1+7+1plp)o.5 7p,(1+6p/7P,)* % ) 7ID o (P/Fy <<])
0 0

Strong shock regime (p>>po) U= co\/_\/7 0772\/7

Equal pressure regime (p=po) U= co\/_ 0.524c,

5
Weak shock regime (our case obsserver on the ground) (p<<P,) U=C ?Pﬂ
Note the difference in scaling between the weak shock regime (p<<Po) which is our case on the ground)
5
where the wind speed scales as U = C, —£ o — P and the strong shock regime (p>>Po ) where the wind speed
0 0
scalesas U= co—
Va2 ( (
Density of air p behind shock front compared to ambient density po :
2yP, 1 7
ol p = 2Rt tDp THOPIR 75 1 (p/P <)
2P +(y— 1)p 7+pl/PR
Dynamic pressure g (and KE/volume behind shock) definition:
2 5 pZ
—0.5pu° = P =2 =715
=0 = e —np 27 p VY
2
qip,—— PR 5 (BIR) (45 5 (p/P) (p!P, <<1)

2y +(y-1)(p/ P) 2 7+(p/R)
Head-on (normal incidence) shock wave on flat surface instantaneous peak reflected pressure pr:
LLESLE
0

Strong shock (p >>R,)) > p, =8p

Weak shock (our caseonground p <<PF;)) — p, =2p

Shock Wave Intensity and Dynamic (Wind) Intensity at Distance r
|y (N(W/ M?) = q(r)u(r) =0.5p(r)u(r)’

shock(r)(W/m )_ p(r) /(pshock(r)vshock(r)) p(r) /Zshock(r)
shock (1) = Psnock (NV4roei (1) = @coustic impedance — Z, = p,c, ~ 415Pa/m/ s(Machl sealevel)

Note acousticimpedanceis srmrlartothevacuum|mpedance|n EM whereS=E*/Z, Z,. = u,C~377Q

P =2p+(y+Da=2p
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Air Burst
Shock to Sound Speed Ratio vs Slant Distance
p,=3.11x10" p=1.8x10" o,=-2.95 o~-1.13

50 —
40 -

30

20

Shock/Sound Speed Ratio (Mach #)
1

-
o
=}

0.1 1 10 100
Distance (km)

| IIIIIlll

Shock Speed/Sound Speed vs slant range -1 KT - Mach regime
Shock Speed/Sound Speed vs slant range -100 KT - Mach regime
Shock Speed/Sound Speed vs slant range -1 MT - Mach regime

Figure 13 — Shock wave Mach # vs distance to observer for a 1KT (blue) and
1MtT(red) equivalent nuclear detonation. Recall that about ¥ of the energy of an air
burst nuclear detonation goes into the shock wave. This means that the red curve (1 MT
NED) corresponds to an asteroid shock wave energy of 0.5MT and the black curve
(100KT NED) corresponds to a 50KT asteroid shock wave. In our mitigation technique,
the asteroid fragments (~10m max diam.) have an energy of order 50KT or less and thus
the cases of interest in this paper typically lay between the blue (1KT) and black (100
KT) curves. A 10m diameter asteroid (20km/s, 2.6g/cc, 45deg angle) with 48kt blast
yield is shown as a 100kt nuclear equivalent assuming approx. 50% nuclear yield to
blast yield. From this we observe that the shock wave rapidly decays to a speed of near
Mach 1 (sound speed) at the relevant slant distances (>10km) since the final burst
altitude is typically above 30km.
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Pressure — Flux and Sound Pressure Level — The relationship between the shock wave pressure p (Pa) and
the acoustical flux I (W/m?) as well as what is referred to as the Sound Pressure Level (SPL) is calculated
below.

SPL(db) =201log(p/ p,s)
—101loqg(1 /1 Sound Pressure Level and Flux vs Pressure
Og( ref)
p/ B _ 10SPL(d0)/20 200 — e
p = shock (acoustic) pressure - ff’ih(,g: ;‘;125};’ [ Pey) 107
P, = ref shock pressure (20.Pa) 180 —| p,,, = reference pressure (204Pa) 10°
2 2 — 2 pamp2 1 P,,mz _ 2
I(W/mz): pamp _ Prins 3‘160_1(1#/?"):57 ov =1,.(p/p.,) 10°
Yo L] _| Pump = pressure amplitude= N P 10"
_ 2 = = air density (1.2 kg/m”) @ sealevel
=l (P/ P )™ 3 140 —{ /= sound specd Caomy e 10 &
1/ Iref =(p/ pref) O dp,. =20uPa— [=1.0pW I m’ . E
- 1, =refi flux =1.0 pW / m? 0 3
Pan = Pressure amplitude=+/2p, . @ 120 T AP o o
p =air density (1.2 kg/m*) @ sealevel § I 2 o
v = sound speed (~330 m/s) o 100 o' B
—_ 2 -1
Prms = 20uPa — 1=1.0pW /m , 2 60 107 §
|, =reference flux =1.0pW /m £ ) ,
; 0 10°
Conversion to Nepers (Np) " 60 — — Sound Pressure Level - SPL (db) «
10
. —— Sound Flux (w/m"2) \
_ | — 60 db Normal Conversation 10°
SPL(db) =20 Iggl_(((ﬁ){zfm ) 40 = = 110 db Very Loud Audio - Max 5 min exp 10°
— p/p,y =10 7 — 150 db Jet Takeoff, Shotgun - Max 1 sec exp
SPL(NP)EIn(p/pref) 20 T IIIIHI| T IIIIHI| T IIIIHI| T IIHIITI T IIHHIl T IIHHIl T IIHHIl '10'7
— p/py =¥ 102 10" 10°  10'  10°  10°  10°  10°
eSPL(Np) :1OSPL(db)/20 Pressure (Pa)
— SPL(db) =20log(e)SPL(N . . _

( )S 9() (N,) Figure 14- Relationship between sound pressure (SPL) and sound flux.
SPL(N,) = >0loa(e) =0.1151SPL(db) Maximum exposure limits are the time before hearing damage occurs for
IN. =8 686d?) 0g(e) unprotected hearing. Recall p=1kPa (0.01 bar) is the limit where window

PO breakage can begin and p=10kPa (0.1 bar) is the limit where wood frame
building damage begins.

Hearing Damage — The threshold for hearing damage varies with the frequency and pulse shape. Typically,
even short exposures to an SPL of >150db can cause hearing loss. An SPL of 150db corresponds to a peak
pressure of approximately 1kPa (lower limit of window breakage), which corresponds to an acoustical peak
flux of about 10kW/m?. Simple mitigation includes using your hands/fingers to “close your ears” as well as
simple ear plugs.

Atmospheric Attenuation of Acoustical Waves— There is significant absorption of acoustical shock waves
in our atmosphere. The nature of the absorption is well understood from both a theoretical and experimental
standpoint [25]-[31]. We summarize the relevant classical (viscous) and quantum mechanical corrections
(molecular relaxation of vibration/rotation) for the primary species in our atmosphere (namely nitrogen,
oxygen, and water vapor). The theory of absorption of the shock wave vs frequency and distance is shown
in detail below. High frequencies are severely attenuated over the long ranges relevant here for the fragment
created shock waves. Note than the exponent for “e-folding” scales as 1/v? at low frequencies and is
dominated by Oz and water vapor. At 100Hz, the absorption is about 100db/100km; at 10Hz the absorption
is about 1db/100km; and at 1Hz it is ~ 0.01db/100km. The higher frequency components (>10Hz) are
rapidly absorbed at long ranges (>100km), while the low frequency components from 1-10Hz are only
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mildly attenuated. The net effect of the atmospheric absorption at long ranges is to leave only the low
frequency components and thus will effectively change the acoustical signature. This is similar to why the
thunder from a lightning strike nearby has a high frequency “sharp clap” while the thunder from distant
lightning has a low frequency “rumble”. Similarly, distant and particularly low on the horizon fragment
detonations will sound like a low frequency “rumble” while relatively nearby fragment detonations will
have much more high frequency components or a “sharp clap” that are more likely to cause damage.

Note that the absorption vs frequency below is given for pressure. The absorption vs frequency for intensity
I(w/m?) o p?. The detailed mathematics are given below.

Atmospheric Acoustic Wave Absorption and Transmission vs Frequency
a(v,T,h)(db/km) = acoustical wave pressure absorption vs frequency (db / km)
Notethat capital P is atmopsheric pressure whilelower case p is shock overpressure
P(0) = P(z =0) =1atm belowwhere z =altitude

v = freq(Hz), T =temperature(K), h = humidity fraction (0-1)

Converting to nepers (N,):

a(v,T,h)(N, /km) =a(v,T,h)(db/km)/(20log(e)) = 0.1151x(v, T, h)(db/ km)

The absorption scales as the atmospheric density.

For different atmospheric densities p(z) and pressure P(z) where z= altitude assume:
i,y (V,T,h) =a(v,T,h)p(2)/ p(0) =a(v,T,h)P(z)/ P(0)

For an isothermal atmosphere p(z) / p(0) = P(z)/ P(0)

p,dv = total acoustic pressureat freqv & rangedv, | dv =total intensity at freqv & rangedv

L)/ 1,00 =[p,(x)/ p,(x=0)] =[p,(x)/ p, (0)] o _
where x=slant range where x=0 means no atmosphere absorption since slant distance=0
integrated over slant range - see nextsection on isothermal atmospheres

0,00/ p,(0) =107

- * @ (v.T ,h)(db/km)dx (ki B x
o (v,T,h)(db/km)/20]dx (km) _e zolog(e)joa(v )(db/km)dx (km) e 0.1151J.Oa(v,T,h)(db/km)dx(km)
X 1 X X
~| [e(v,T,h)(db/km)/10]dx (km) *7] a(v,T,h)(db/km)dx(km) -0.2302| " a(v,T ,h)(db/km)dx(km)
1,(x)/1,(0)=10 k =g 10g(e)® =e k

p, (x)dv = acoustic pressureat freqv & range dv after going slant range x

0

1/2
1.84x107" I—j (classical)

512 Q22397
a(v,T,h) =8690v°| +| — *10.01275 5 6,)
Fo+Vi/F

—5/2 —3352/T
JX] +o1088—2 (N,)
T, Fr'N +V /Fr’N
0.02+h
+h

T

F o =24+4.04x10*h = Oxygen relax freq

T

e 2]
F .= {T—J 9+280he ’ = Nitrogen relax freq
0

h = humidity fraction (0-1), T, =293.15K
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Atmospheric Absorption
P=1 atm

3

10° 3 107
10" 3 10" _
—_ = £
E -2 ] 0 é‘)
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Figure 15 - Atmospheric absorption coefficient for pressure of sound waves vs frequency from 1 to
1000Hz. The classical (Green) and QM correction for O, (Blue) and N2 (Red) molecules and the total
absorption (black dashed) are shown. Note the extremely high absorption of frequencies above 100Hz
at relevant distances. Note that for pressure ratios 20db=10x difference while for intensity ratios
10db=10x difference since intensity | o P2,
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Pressure wave attenuation over slant range from burst at high altitude — For a burst above ground level,
we need to integrate over the path from the burst to the point of observation. We assume an isothermal
atmosphere for simplicity.

r, =ground distance from ground zero

r, = slant distance from burst

I, =z, = burst altitude

H =e folding scale height (~ 8km for air, less for water vapor whichis sub dominant)

2 1/2
2 2\V/2 rg
rsz(rg +zb) =z 1+—22

b
p(v) = blast wave pressure with atmopsheric attenuation
P, (V) = blast wave pressure without atmopsheric attenuation
To make the problem analytically tractable we assume hisconstant along the path
and that the absorption coef (in nepers/length) is proportional to the atm density along the path
a(v,T,h,p(s))=a(V,T,h,p(z=0))*p(2)/ p(0) = a(v,T,h,p(0))e " and that ds =dr, 25dz
r-b

rs —z/H s _z
[an T MptEN s ~e_E“(V’T’h’p O BawTnooHwe ™) _ o (VT h,p(ODH

P(V)/P,(v)=e g —e b —e

s (V. T,0,0(0)) = :—Sa(v,T h,p(0)(1-e ") = a(v,T,h,p(0)) [1+ rg_zj (1-e")

b b
Whatever units (v, T, h,p(0))is measured in(eg : nepers/m, db/kmetc)then:

2 2

o (v.T,h,p(0) = a(v.T, h,p(O))£1+ %} (1-e ™) ~ a(v.T, h,p(O))(l+ %] (z, >> H)

Note that for a low altitude burst where z, << H — (1-e»"")~z, /H

2

= G (VT NP(O)H =a(vT, h,po(0) [1+ r—J (L€ )H ~ a(u,T,h,p(0) (2,7 +1,°)

b

12

=a(V,T,h,p(0)r, ~ a(v,T,h,p(0))r, (for z, <<r, asexpected)
Our typical burst altitude for 10mdiameter class fragmentsis z, ~30-40km —z, /H ~4-5
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Atmospheric Attenuation
Constant Pressure P=1 atm, T=20C, h=0.7
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Figure 17 — Pressure and intensity attenuation for isothermal self-gravitating atmosphere case. r,=z, = burst altitude.
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Figure 16- Blast wave pressure and intensity attenuation vs frequency and slant distance for constant pressure.

28




High Altitude Detonation Effects and Data — There are relatively few high altitude-controlled detonations to
cross check. While there is a wide variety of re-entry vehicles and hypersonic vehicle tests, the local energy
depositions are far from the regime of interest to us. The general question that arises is “what is the effect of
the altitude of the energy deposition on the ground effect of the shock wave”? Clearly, in the limit of detonation
in a vacuum, there will no zero ground shock wave from direct coupling. If we look at the mean free path
length (MFP) for atmospheric molecular collisions, we gain some insight into the general physics of the
problem. For example at sea level the MFP ~0.1 micron, at 30 km MFP ~ 10 microns, at 50km MFP ~ 0.2mm
at 100km MFP ~ 0.3m while at the altitude of the ISS (~ 400 km) the MFP ~ 60km. The MFP is relevant to
the “tamping” efficiency for blast coupling to air. This is discussed in greater detail later in this paper when
we analyze the ablation and energy deposition for hypersonic entry relevant to bolides. The details of the
energy injection mechanisms become important in understanding how the energy will be coupled to the
atmosphere. In the case of a hypersonic bolide the coupling to primarily through mechanical interaction
between the bolide and the atmosphere whereas in a nuclear weapon there are long range and highly energetic
processes from high energy photons (gamma) and from energetic neutrons both of which have long range
interaction MFP’s particularly in a low-density atmosphere at high altitude.

Hardtack Teak and Orange High Altitude NED Tests — There are a few high-altitude NED tests that are
relevant in understanding the effects of detonation altitude on the ground effects. In particular, the Operation
Hardtack series had two relevant high-altitude tests with the same 3.8 MT yield. On August 1, 1958 the Teak
test detonated at an altitude of 77 km nearly directly overhead at the Johnston Atoll in the Pacific and on
August 12, 1958 the Orange test was detonated at an altitude of 43 km, horizontal offset of 40km and a range
of 59 km from Johnston Atoll. Both of these tests were done in early ICBM tests using a Redstone rocket.

o or 3 BMT NED Ground pressure at the
ressure 1or .
Data from Teak and Orange High Altitude Tests AtO” were measured
Operation Hardtack August 1958 i i
Analytic Scaled frlom 1 KT NucIeL;\ruStandard Air Blast fOI’ bOth tests yleldmg
Pn=3.11x1011 pe=1.8x107 ap=-2.95 as=-1.13 valuable data for us to
2600 — Cross check our
] 3.8 MT - scaled from 1 KT NED standard predictions. The data
2400 — — — — 59km range - Orange test 3.8MT@43km altitude) .
— 77km range - Teak test (3.8MT@ 77km altitude) and numerical
2200 — e prediction scaled from
2000 —] ground level tests are
- — shown. In both tests our
5 1800 — . .
= _| numerical  prediction
S 1600 — over predict the peak
7 |
& 1400 shock pressure on the
— ground with the lower
1200 — altitude Orange
1000 —] (measured ~25% lower
— than our prediction) test
800 — .
_ being closer than the
600 — 7T T T 1 T Teak which measured ~
40 50 60 70 80 90 100 40% lower than our
Slant Range Distance (km) prediction For the
Figure 18 — Ground peak-overpressure from Operation Hardtack for test Teak (magenta) and purposes of this paper
Oranae (blue) shown vs our model predictions (red curve). We over predict the around pressure and the relevant high

altitudes and energies
of bolides, this agreement is “good enough”. While the yield (3.8 MT) was higher than our typical fragment
energy range of interest (10-100 KT), the ground pressure near 1 kPa is ideal. As discussed later, while a
spherical approximation of a bolide event is an approximation of the complex bolide detonation geometry, it
is shown to be a reasonable one for our purposes.
Yucca test — On Aril 28, 1958 there was a test of a 1.4 KT device lofted to 26km using a large balloon but this
has less relevant data unfortunately due to the low yield.
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Relating Blast Pressure to Common Phenomenon — It is useful to relate the observer maximum blast
pressures we will be designing the mitigation to in terms of common phenomenon. A simple example that
almost anyone reading this paper can experience is that of the pressure on a sea level car travelling at highway/
freeway speeds. If you hold your hand outside the window in a car travelling at 100 km/h (62 MPH) then the
ram pressure P = pv? =0.96 KPa or ~1KPa (0.01 bar). Clearly your windshield does not crack, however car
glass is laminated with plastic and secured much better than typically “single strength” (2.4mm thick in US)
single pane residential glass. The same ram pressure is what would be experience by a house in a 100 km/h
wind which is categorized as a tropical storm and below the speed of a Category 1 (lowest) hurricane. In such
winds, your house windows typically do not break unless impacted by debris. If we increase the car speed to
200 km/h (124 MPH). the ram pressure being quadratic in speed, increases to ~ 4 KPa (0.04 bar). The car wind
shield still does not crack, however a house buffeted with 200 km/h winds (Category 3 hurricane) may
experience window and roof damage depending on the window construction. “Normal residential
construction” houses will generally not be toppled in a 200 km/h wind though trees may be felled and “mobile
homes not properly anchored” may topple. If we increase the speed to 300 km/h (~ 200 MPH) (Category 6
hurricane) the ram pressure is 9 KPa (0.1 bar) and while a properly designed car windshield will not break,
residential windows will generally shatter and wood frame construction homes will be seriously damaged.

A VERY significant difference between a storm/ hurricane and a shock wave is the short duration
(~ seconds) of the shock wave vs long term storm conditions. Inertial mass effects on structures for
short pulses often dominate building and tree resistance to damage.

Peak Wind Speed from Blast Presure
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u = wind speed, P, = ambient pressure(10° Pa@ sea level),c, =sound speed,
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Figure 19 — Peak wind sped created by blast wave vs peak pressure. Note the blast created wind speed is much
smaller than the equivalent ram pressure from the bulk motion of atmosphere. 1 kPa (window cracking threshold)
and 10 kPa (wood frame structure damage threshold) shown.
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Ram Pressure vs Storm Wind Speed
Hurricane Category and Lower End Speeds - Saffir Simpson Scale
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Figure 20-Ram pressure vs wind speed from storms with various storm categories. Also shown are 1 kPa (window
damage threshold) and 10 kPa (wood frame structure damage threshold)

Window Breakage — The breaking of windows and structures in general is a complex and less than satisfactory
area for precise modeling due to the inhomogeneous nature of these elements. For windows the type of glass,
size and thickness are critical as are the presence of defects, the edge mounting (plastic, metal, wood) and
strength of the edge joint, age of the glass, previous history of shocks, angle relative to the blast source are all
sources for which precise prediction are largely not feasible. We resort to both modeling and some large scale
data such as nuclear airbursts, natural gas explosions, munition detonations both intentional and accidental.
The issue of what constitutes a “failure” is also subjective in the literature. For example, is a slight crack
induced by a shock wave of the same danger as ballistic shattering (flying glass) of the window? The studies
of window damage in atmospheric nuclear tests such as discussed in Glasstone and Dolan gives peak pressure
value for “window failure” of about 3 kPa while the work of Reed (1992) which studied the 1963 accidental
HE explosive “Medina Incident” near San Antonio, Texas gives a probability vs peak pressure from 0.1 to 10
kPa for typical US residential windows of the 1960’s. The conclusion of Reed’s studies which looked at
insurance claims for window replacement concludes “some damage — cracking for example” can begin at
several hundred Pa.

On Friday the 13th, November 1963 at Site K bunker 572 at the Medina Disassembly Facility on Lackland Air
Force Base in Texas, in a nuclear weapons assembly and disassembly area, Mrk 7 fission weapons were being
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Figure 21 — Probability of window breakage vs incident peak pressure from

disassembled with the
conventional HE explosives
stored for later incineration. At
about 10 AM a small fire started
in one of the storage areas that
subsequently  triggered  the
detonation of about 60 tons of
HE from 209 explosive
assemblies in bunker 572 that
previously  surrounded the
fission cores of the disassembled
weapons. The resulting
explosion caused extensive
damage to the local weapons
storage facility though
fortunately, and miraculously,
the three technicians working in
the storage bunker managed to

d=0.61m, A=0.372m"2, t=2.4mm - Reed 1992 escape |arge|y unharmed_ The

blast wave from this explosion
damaged a large number of
windows on the base and in the

10* adjoining city of San Antonino,

which is what the Reed 1992
data is based on. In the adjoining
plot below the term “window
breakage” is largely based on the

resulting insurance claims and

thus not very quantitative in terms of the type of window damage. What is extremely useful however is the
large number of windows damaged and the rather precise ability to calculate the peak pressure vs distance of

Pressure for 60T HE Explosive
Analytic Scaled from 1 KT Nuclear Standard Air Blast
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Figure 22 — Estimated pressure vs distance from Medina bunker.
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the windows from the detonation site.
There are detailed reports from a variety
of schools, shops and homes at various
distances with a wide variety of window
sizes. For example, reports at 1.6km
(significant window damage) and 17 km
(large plate glass store window pushed in
but did not burst) and at 20km where a
large plate glass window broke. The
expected pressure with no reflections
(reflections can significantly increase in
the local pressure) are shown in the
accompanying figure.

For application to planetary defense
simulations, additional complexities come
from the varying size and thickness of
glass windows as well as the edge
mounting used in windows around the
world. Making a precise statement about
“how many windows will break” and to
what extent will people be injured is even



more complex to answer with any precision. Our approach, like that of others, is to bound the problem in a
conservative manner. Comparing the Reed 1992 data with atmospheric nuclear tests, bomb damage in WW I
and other conflicts, natural gas explosions, bolide shock wave such as the Chelyabinsk event all lead to
reasonably consistent conclusions namely that above 3 kPa there is significant damage to typical residential
glass windows and below 0.3 kPa there is little damage. As mention in other areas of this paper, reasonable
simple civilian defense measures such as closing outside shutters, putting tape on windows, staying away from
windows, closing blinds and curtains is generally sufficient to prevent significant harm to people even at 3 kPa
peak pressure, though windows may break. A similar statement about staying away from unreinforced brick
walls and poorly constructed building would also be common sense as it is in any natural event such as a
hurricane or severe storm. In general, modern commercial building windows are significantly stronger than
residential windows. Our analysis is general though we focus on residential windows.

The scaling of the size and thickness of the window glass and pressure for equal probability of damage is as
follows with thinner and larger windows breaking more readily:

Pressure Scaling for Equal Probability of Breakage

p(A,t)=pressure for given break probability
P, (A, t,)=pressure for given break probability in Reed data
A=window area ,t = window thickness
t/t
At)= 0 N
P(AD =7 Po(A )
A, =0.372m* (d = 0.61m (2 ft)),t, = 2.4mm = 3/ 32" USstandard single strength (Reed 1992 data)

Angular Dependence of Window Breakage with Orientation — The probability of window breakage also
depends on the orientation of the
window relative to the location of the
generation of the shock wave. Based on

Equivalent Pressure Reflection Factor for Window Breakage
vs window angles relative to blast

2 —

Equivalent Pressure Multiplier Factor
1

0.5

Incident Angle Breakage Pressure Factor
p(6)=equivalent pressure window experiences
P, =incident shock pressure

@=blast incident angle relative to window normal
(6=0 — window facing blast source)

)/ py=2"7

' [ ' I ' I ' |
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Figure 23 — Pressure reflection enhancement factor for window breakage
as a function of window orientation relative to shock source with incidence
angle being the shock source direction relative to the window normal. Back
side facing windows have a 4x lower effective pressure than windows on
the front facing side of the structure and side facing have 2x lower eff
pressure both relative to incident pressure.
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both theoretical modeling as well as test
data we can model the orientation
dependence as shown below. It is
important to note that window breakage
is also highly dependent on the building
specifics as well as nearby buildings
that cause shadowing and reflection
that can both decrease and increase the
breakage probability. As discussed
above the pressure required to break a
window depends on the size (area) and
the thickness to first order. Orientation
dependence is a modest correction
factor for a given window that we
express as an ‘“‘equivalent pressure
multiplier” for a given shock wave
incident pressure vs orientation with
windows on the structure directly
facing the direction of the source of the
blast causing the shock breaking with
higher probability than windows on the
side and back of the structure. The
presence of other structures and local
topography (tress, hills, mountains etc)



nearby greatly complicates our predictive abilities.
Incident Angle Breakage Pressure Factor

p(@)=equivalent pressure window experiences
Note that in the weak shock regime the
"reflected pressure" is 2x incident pressure

p, = incident shock pressure

@=blastincident angle relative to window normal
(=0 — window facing blast source)

p(0)/ po =2

cos(d) =n, ® N, Where n, = windownormal, n,., = blast source direction
Window in front experiences 4x more eff pressure than window in back of structure

Azimuthal average for random window orientation:
2z 2z

(p@®)/ 0y, . = j[p(e)/ p,]d0/ 2z :jz“’“‘”de/zﬂ ~1.12

0 0
Note that airbursts will not generally be horizontal sources.

Assuming random burst distribution but equal burst magnitude in upper plane (2z)
(p(O)! py) = [[P(O)] P QI 27 = [ 2™d
2z o

Assume window normal horizontal along x axis (horizon facing window) :
n,=(1,0,0)

Nyae = (SIN(O) cOS(9),sin(0) sin(g), cos(6))
6 = angle fromvertical (z axis), ¢ = angle from x axis (xy =horizontal plane)
27 7wl2
(p(O)/ p,) = j [p(6)/ p, Q27 = j 2" () = j j 25059 sin(9)d@d ¢ | 277 ~1.08
27 2z 0 0
Assume window normal vertical along z axis (upward facing window):

n,=(0,0,1)
Ry = (SIN() COS(g), Sin(6)sin(g), cos(6))

6 = angle fromvertical (z axis), ¢ = angle from x axis (xy =horizontal plane)
2z 7l2

(p(O) 1 py) = [[P(O)] p QI 27 = [ 2™M=d = [ [ 22" sin(6)dOdg/ 27 =1/In(2) ~1.44
2 27 00
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Weak Shock Regime for Small to Large Explosives — For comparison we compute the shock overpressure
and intensity vs distance in the weak shock regime (here <0.1 bar) for explosives from 1g to 1 Mt. This
regime is of primary interest to us for planetary defense (typ 10-100 Kt) but it also shows the connection to
small explosive regimes such as large firecrackers like an “M80” which contains 3-5g of explosive and to a
stick of dynamite used in construction/ demolition which contains ~ 190g of explosive. For reference a
typical “firecracker” only contains about 50mg of explosive. A reasonable approximation to the peak over
pressure in the weak shock (far field) regime is P(kPa) ~ 6E(kt)"® / r(km) for P<10 kPa where we have

forced a 1/r dependence. This works reasonably well even up to a few 10’s of kPa.

Pressure and Intensity vs Yield
Small to Large Explosive - Weak Shock Regime
P~1/r far field imposed

pnr=3.11x1011 p=0.6x107 0p=-2.95 o= -1.00 (1/r far field imposed)
pn=3.11x1011 pe=1.8x107 ap=-2.95 of=-1.13
P(kPa)~6E(kt)"3/r(km) - far field P<10kPa
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Figure 24 — Peak overpressure and shock acoustic intensity vs distance from explosions in the weak shock regime
for explosives from 1g (large firecracker) to 1 Mt (thermonuclear NED).
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Horizon Distance from Burst Altitude — The “limb” of the Earth (the horizon), or “radar horizon,” as seen
from the burst altitude is computed and shown below. The horizon distance for a 30km burst, typical for a
10m diameter stony asteroid fragment, is roughly 600km from ground zero. Acoustical signatures from the
shock wave can still be detected beyond the horizon due to diffraction and atmospheric “ducting” effects,
but the primary effects of the shock wave are greatly diminished beyond the horizon in general. Depending
on the intercept time prior to impact, the fragment spread can be greater than the horizon. Note that
h=height of asteroid burst below (referred to as z, in other sections) is NOT the h=humidity fraction
used in the previous section on acoustical atmospheric absorption.

D, =(2hR, +h?)"
D, ="radar horizon"=distance to "surface" of Earth when pointing horizontally

h = altitude of asteroid burst above surface
R, =radius of Earth ~ 6370 km

D, =(2hR, +h?)" ~ (2hR,)"* ~113n"*km forh in km (h<<R,)

Horizontal Horizon Distance vs Altitude

/2
D, = (28R, + 1)
D, ="radar horizon"
—distance when pointing horizontally
A = altitude of asteroid burst above surface
R, =radius of Earth ~ 6370 km

D, =(2hR, + 1) ~(2nR,)"
~ 1132 km for h in km (h<<R))

102 T T IIIIIII T T IIIIIII

1 10 100
Altitude (km)

Horizon Distance (horizontal km)

Figure 25— Horizon distance (horizontal range) vs altitude. The typical burst altitudes of 10m
diameter fragment fragments is about 30km, yielding a horizon distances of about 600km. By
this distance, the shock wave peak pressure will have diminished greatly and would not be
hazardous.

3. Atmospheric Loading Capability

The ability of the atmosphere to act as a “beam dump” or a “bullet proof vest” gives us the ability to absorb
an enormous amount of energy without significant damage IF that energy is distributed spatially and
temporally. In our simulations, we explore these limits in detail. Some examples are helpful here to put this
into perspective. The largest human-made explosion (impulse) was the Soviet test of the Czar Bomba NED
on October 30, 1961. Detonated at an altitude of 4 km with a de-rated yield of 50MT (2x10*’ J) down from
the max design of 100MT by replacing the last 28U tamper with Pb, it was by far the largest human
explosion. The shock wave including ground reflections broke windows up to 900 km away. For reference,
it was about 4-5 times the likely yield as the 1908 Tunguska effect some 53 years earlier. Besides the
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radioactive fallout (it was one of the "cleanest™ weapons ever detonated due to the large fusion yield), there
was only modest surface damage. The 2013 Chelyabinsk asteroid event deposited about 0.5MT of energy,
largely into shock waves and produced no significant damage to the atmosphere (it did harm people below).
Note that the Chelyabinsk event was about 100x less energy than the Tzar Bomba NED. The KT boundary
extinction event some 66 million years ago had a yield of some 100 TeraTons (100Tt = 108 Mt) and there is
no evidence that it destroyed the atmosphere, though it certainly extinguished a massive amount of life with
about 75% of life species extinguished [32]. The atmosphere is incredibly robust and though we would not
want to try a 100Tt energy dump, we use the atmosphere to our advantage in dealing with asteroid threats.
The key is to spatially disperse the energy of the asteroid if there is no time to deflect it.

Mass of the atmosphere — The mass of the atmosphere can easily be computed from the pressure at ground
level (Pgroundi~100kPa) and the surface area of the Earth (Agartn~5x10%m?) giving Mawm ~ Pground Agarth/g
~5x10* kg. Compared to the mass of the Earth of meartn~6x10%* kg this gives Matm/ Mearth~8x107". The
atmospheric mass is non-trivial at about 1ppm of the mass of the Earth. For reference, note that the mass of
the asteroid that likely killed the dinosaurs 65Myr ago was roughly 10%°kg, or three orders of magnitude
less mass than the atmosphere, but still extremely large.

Heat Capacity of the Atmosphere — The specific heat of air at 300K is measured to be Cp =1.00 kJ/kg-K,
or Cyv =0.718 kJ/kg-K; very close to that of a theoretical diatomic ideal gas (5 DOF - Cy=5/2R J/K-mole
~0.7kJ/kg-K) with y= Cp/ Cy=7/5. This gives a total heat capacity of the Earth’s atmosphere of about
5x10*  JK or a
temperature  rise  of
~0.8mK/Gt. To put this in
10° perspective, the total
Earth’s nuclear arsenal of ~
6Gt would raise the Earth’s
102 atmosphere on average by
5mK while the total KE of
a 10km diameter asteroid
(2.6 gl/cc) impacting at
10km/s would have KE~
4x10?% J, while at 20km/s
speed we have KE~
1.6x10%% J. If all of this
energy were deposited in
the atmosphere as heat, it
would cause a temperature
rise of about 8K@10km/s
and about
10" 32K@20km/s. IF the KT

Asteroid KE and Atmospheric Temperature vs Diameter
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Figure 26— Asteroid exo-atmospheric KE vs diameter from 1 to 1000m for density | disassemble the threat into
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occur high in the atmosphere, typically above 30km where the air density is 1% or less compared to sea
level. The local heating temperature injection will have a long thermal diffusion time scale, and hence the
effects on air at low altitudes where people live will be minimal. The exception to this high-altitude energy
injection is the shock waves and any thermal radiation which will have long range energy transfer.

Local vs wide scale distributed atmospheric heating - In reality, any atmospheric impact will produce
extreme local heating with significant shock wave generation that will eventually dissipate. Frictional
heating due to asteroid surface heating and ablation, as well as local air heating due to adiabatic compression
and shock heating are relatively local phenomenon with long diffusion time scales, except for the radiation
transfer from asteroid surface heating. The acoustical shock waves generated, which does most of the
damage from an air burst, rapidly spreads the shock energy out at supersonic speeds with slow dissipation.
This is a complex heat transfer problem with very large intense local heating of the air with both slow
diffusion times scales and fast time scales from the shock waves and the optical pulse which diffuse the
energy rapidly. The fraction of energy that goes into local heating vs the large-scale distribution from shock
waves depends on the specifics of the impact, but for the typical fragment sizes of 5-10m diameter, the
fraction that goes into local vs shock wave is of order %. The shock waves are by far the more destructive
of the two dissipation modes.

If we look at a more modest possible large asteroid threat, Apophis for example, this has a mean
effective diameter of 330-370m and a mass ~6x10%° kg [33]. Assuming an impact speed of 10km/s, this
would have a KE~3x10'8J , which would give a mean atmospheric temperature rise of about 0.6mK, which
is negligible. A real “intact impact” of Apophis would deposit only a small fraction of its kinetic energy
passing through the Earth atmosphere into the Earth’s atmosphere and instead it would deposit most of its
energy on the Earth’s surface, which is precisely where we do not want it. It would be best if we could
deposit the energy in the Earth’s atmosphere instead. How do we prevent the impact energy from reaching
the ground and instead, if impact is inevitable, direct the energy into the Earth’s “body armor” of an
atmosphere? The answer is to fragment prior to impact. This is precisely the point of this paper.

Air Burst vs Ground Burst Heat Transfer — In an air burst with stony bolides with less than about 80m
diameter, the energy transfer is largely slow thermal diffusion in the highly heated column of air along the
path, as well some very modest light and thermal radiation. Most of the large-scale distribution of energy is
via shock waves with virtually all the damage coming from the shock waves. In a ground burst (>100m
diam.), there are two additional phenomena that are extremely damaging: the extreme thermal radiation
from the “fireball” due to the ground hit, and the massive air and ground shock waves that are generated.
The thermal radiation from the fireball and the ground shock wave causes a rapidly propagating and
extremely dangerous though rapidly dissipating energy transfer. There is virtually no fireball from an air
burst, though there is light generation. Given the choice, an air blast is preferable, and our method effectively
prevents the ground burst.

Granularity and Energetics — Much of our work in this paper can be thought of as analyzing the
fragmentation granularity trade space between “doing nothing” at one extreme and “complete disassembly
down to the molecular level” (vaporization) at the other extreme. Doing nothing for large threats that will
impact is generally a bad idea but even this is a quantitation area. For example, a 50m threat whose “ground
zero” is known to be in the middle of an ocean or sparsely populated region is a good example of “do
nothing” (evacuate of course) while a 1km threat with “ground zero” in the same ocean or sparsely populated
area is generally a very bad example of “do nothing”.

There is an energetics trade space in achieving small scale fragmentation granularity. While smaller
fragments are essentially always “better”, it is generally sufficient to fragment to a size scale of less than
15m with a preference to be less than 10m for rocky bolides. There is also a dependence on internal cohesive
strength of the threat that we explore in detail later. Up to the km diameter scale there is little concern that
“atmospheric overloading” will be an issue, since even a 1km diameter threat at 20km/s and density 2.6 g/cc
that is properly fragmented (10m scale) will only raise the average atmospheric temperature by less than
0.1K. Our atmosphere has high enough heat capacity to absorb large but fragmented threats without
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significant damage as shown in the figure above.

It is useful to compare the power and energy from impact threats to that of sunlight to gain some insight
into the fundamental issues we face. For example, the average (essentially isotropic) “loading” of 100
tons/day or dm/dt=1.2 kg/s of small meteoritic debris has a power of Pgebris = 0.5v? dm/dt assuming a constant
closing impact speed of v. If we choose v=20km/s as being a reasonable impact speed, we get

Pdebris ~ 240 MW. Comparing this to the solar insolation of 1350 W/m? and a projected Earth surface area
of Aearth-proj= TRE =1.3x10* m? gives a total Earth illuminated solar power of Psolar =1.8x10" W (180 PW).
This gives Psolar/ Paebris= 7.4x108 thus the average debris impact power is miniscule compared to the solar
power illuminating our atmosphere. If we raised the debris rate from 100 tons/day such that Pdebris= Psolar
we would need to have an average debris impact rate of 7.4x10% tons/day or 8.6x x108 kg/s. This would
correspond to the impact equivalent (per day) of a bolide of diameter d=(6m/rp)*® where m is the mass per
day. For a density 2.6 g/cc asteroid this corresponds to an impact threat per day of diameter d= 3.8 km or
the equivalent of an 86 m diameter asteroid per second! Clearly the atmosphere is very robust. Note that
only about 30% of the solar illumination is actually absorbed in the atmosphere on a clear day but this is a
small correction to the overall conclusion that our atmosphere is capable of absorbing the energy from an
extremely large threat if spread both spatially and temporally.

In the trade space from “doing nothing” to “fine granulation” it then becomes a matter of understanding
what is “good enough” for planetary defense. For example, an impact of Apophis on a large city would be
devastating and even if had time to evacuate people from the city the cost of doing so and the disruption
would be enormous. The “cost” in both resources and disruption to society would almost certainly be vastly
less if we chose to mitigate. We will not do a costing analysis, except to note the bounds on launch vehicles
for interception for various threat scenarios later in the paper.
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4. Existential Threats — large asteroids and comets

Large asteroids — Asteroids with diameters greater than 1km pose threats which approach existential levels.
The KT extinction event is consistent with a 10km diameter asteroid with a kinetic energy of order 100Tt
TNT, or more than 15,000 times the world’s nuclear arsenal. As mentioned above, IF we are able to break
such a future threat up of 1 km diameter into small fragments (~ 10m), then even in the worst case of
“complete absorption” in the Earth’s atmosphere of all the fragments, and hence all of the kinetic energy,
we can still survive. We do not know of such a threat that is currently on the “horizon,” and generally, with
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Figure 27- Asteroid exo-atmospheric KE vs diameter from 1 to 100 km (extremely
large asteroids) and speed for density 2.6 g/cc. The right hand y-axis shows the
temperature rise of the Earth’s atmosphere assuming equilibrium. To first order, this plot
is independent of fragmentation. Above a few km diameters, the effects on the Earth’s
atmosphere become serious, and critical above 10km. In these cases, either the
interception for fragmentation must be done early enough to spread the debris cloud to
be large enough so that most of the fragments miss the Earth, or complete diversion of
the asteroid to miss the Earth must be implemented. Fortunately, very large asteroids are
both extremely rare (though they have hit the Earth in our geologic history) and we would
have sufficient notice to take action long before impact. The KT event we believe that
caused the mass extinction 65 MYr ago is shown at 10km diameter based on the Iridium

some exceptions such as sun
grazing comets, we can
track large threats and have
plenty of warning time to
either deflect them from the
Earth or intercept and break
them up with sufficient time
that most fragments will
miss the Earth. Extremely
large asteroids that have
diameters of hundreds of
km fall into another
category that need to be
dealt with separately as we
cannot afford to absorb the
energy even in fragments
unless the fragments are
widely spread both spatially
and temporally. In general,
we would not want to
“accept a complete hit of all
the fragments” from
anything much larger than a
few km diameter and all
known threats of such size
would have years of
warning and would allow us
to fragment the threatening
object, so only a small
fraction would actually
intercept the Earth (or
deflect it completely).

Comets — Comets pose
unique threats as they are
generally much faster (~
60km/s) than asteroids and
can be extremely large.

Terminal defense (short time scale) vs long time scale deflection needs to be compared. Just as in the large
asteroid case, we cannot in general afford to absorb a direct hit even when fragmented due to the extremely
large KE input to the atmosphere for comets larger than a few km in diameter. Fragmentation at early enough
times such that the majority of the fragments spread sufficiently that most will miss the Earth is one option,
as is complete deflection. We have extensively explored directed energy ablation schemes for comets as

another option [16], [18], [19], [34]-[36].
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High Density High Yield Strength Asteroids — The vast majority of asteroids are believed to be stony with
densities approximately 3g/cc and low cohesion. There are a class of asteroids that may come from the
breakup of protoplanets. One example of such an asteroid is 16 Pysche, which has a diameter of over 200km
and a density of about 4g/cc. It is thought to be made primarily of “metals,” but this does not mean it is a
“solid” nickel-iron asteroid such as the famous Hoba meteorite [37]. 16 Psyche is not a current threat. It is
not clear what the mesoscale yield strength is, though from the density we would estimate about 1MPa. This
is a very modest yield strength (~ typ. Earth soil) and could be readily fractured. A much more challenging,
though apparently very rare, asteroid would be like the 60,000kg Hoba meteorite (2.7 x 2.7 x 0.9m) with a
density of approximately 9g/cc. This is a nearly homogeneous object with a vastly higher yield strength of
about 50-100MPa. It is unknown if there are large asteroids with such densities and yield strengths like the
Hoba case. Even if there were, we could still fragment them, though we would generally want to break them
into small fragments, perhaps of order 3m in diameter. In the case of the ~ 3m Hoba meteorite, due to its
high yield strength, it did not air burst and it is estimated that the atmospheric drag slowed the fragment
down to about Mach 1 before it hit the ground and thus there was no significant fireball and little ground
damage. There was likely only a modest atmospheric shock wave generated [38].

5. Nuclear vs Kinetic Penetrators vs Explosive Filled Penetrators

Nuclear weapons offer unique capabilities and unique challenges to planetary defense. In addition to
political considerations, there are practical and technical issues. Nuclear deflection of asteroids has been
discussed and simulated at length. In the US, this work has primarily been done at LLNL and LANL. The
practical ways that nuclear weapon-based planetary defense is implemented is very different than “the
movies” with a non-contact “standoff” approach where the device is detonated prior to impact with the
target and the X ray and neutron yield is used to ablate the surface as the deflecting impulse. The reason for
this approach is that no current nuclear weapons could remain functional with the extreme deceleration and
casing destruction that occurs during a direct intercept impact penetration. No current materials are known
that can withstand the impact at speeds greater than about 1km/s. This is simply a materials issue as well as
a device integrity issue. Nuclear “bunker buster” Earth penetrators all operate at vastly lower impact speeds
than those of a typical 10+km/s asteroid or comet. New approaches in this area would be an interesting
possible direction. Slowing down the nuclear interceptor prior to impact so that it can survive the penetration
phase is another, though this is complicated by the high relative speeds (>10km/s) and the relatively low Isp
(typ <450s) of chemical rockets. In addition to non-contact nuclear deflection, asteroid landing and boring
into the surface are conceivable, but still the “stuff of movies,” though it is not impossible to consider.
Unconventional approaches to nuclear detonation using the extreme impact speeds to “controllably”
compress the primary/secondary is another area to ponder/simulate for the future, but the real problem here
is the “controllable” compression from a high-speed impact with a highly heterogeneous target. The impact
speed (>10km/s) are actually larger than the explosive detonation speed (<10km/s) for modern explosives
such as RDX, so conceivably this could be used to advantage. The problem is that nuclear weapons only
work with highly controlled explosive compression in both the primary (chemical driven implosion, ~
10km/s) and the secondary (ablation/radiation driven implosion, ~ 100 km/s, from X rays from the primary).
Neither of these compressions as currently implemented would work in conventional implosion nuclear
devices, such as the B61-11 ground penetrator, that are designed for approximately 0.5km/s Earth impacts
and penetration as they would be disabled and destroyed in an asteroid impact at >10km/s. While current
NED’s are not suitable, new designs may be viable. “Gun type as opposed to gun launch” fission only
NED’s may be a better approach for nuclear delivery, though small implosion devices were also developed.
There has been considerable past work on gun launched nuclear munitions for artillery delivery with fission
weapons that were designed for very high “gee” loading that could be good models for NED penetrators.
Examples in the US were the W48 NED with a yield of approximately 72 tons TNT with a mass of
approximately 54kg. It was tested to 12,0009 successfully. A more modern device was the W82 with a
design yield of 2kt, a mass of 43kg include the XM122 rocket booster (increased range), W82 NED and
proximity fusing, and a bore size of approximately 155mm. The bare “physics package” W82 NED mass is
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~30kg for 70 tons TNT/kg. Cancelled in 1991 at the end of the “Cold War”. Such NED’s would be very
attractive given their low mass and could be used for any threat with the disruption technique we
propose, but the foreseeable future, NED intercepts will be reserved for very large threats as discuss
later [39, p. 82].

The use of nuclear “standoff” devices is also conceivable for fragmentation, but only a modest
fraction of their energy is effectively couple to the asteroid vs a true nuclear penetrator. For targets that miss
the Earth, the radiological issues are essentially irrelevant. For targets that fragment and do hit the Earth,
the radiological effects need to be considered. However, these are generally low due to the high-altitude
breakup as well as the temporal radiological timeline. The large number of airburst nuclear tests show (as
predicted) relatively low levels of residual radioactivity and critically. There are also no “prompt neutron”
issues since the delay between intercept detonation and impact with the Earth’s atmosphere is distributed
both spatially and temporally. Some residual radioactive material due to both internal nuclear components
(Pu, U tamper, etc.) as well as activated material in the target and bomb casing would be small and spread
out over vast distances upon Earth impact.

Explosive filled penetrators are another area of exploration, but again there is the issue of the target
intercept approach speed being significantly larger (>10km/s) than the best chemical explosive detonation
speed (<10km/s). Detonation just prior to or at impact (shaped charge) (analogous, but different than the
nuclear case) is one approach, as are creative penetrator designs. One advantage of chemical explosives
compared to nuclear explosives is that chemical detonation is much more forgiving to asymmetries than are
nuclear explosives. Explosive filled penetrators are an area that requires both extensive simulation and
testing. Chemical penetrators can be tested on Earth while nuclear ones cannot. This is a problem with
nuclear devices in that new iterations and generations of devices generally make only incremental changes
to well tested older devices. This is a policy issue and not a fundamental issue. One path forward is to test
hypersonic penetrators from chemical and gas gun driven sources up to 5-10km/s (depending on scale size)
and to determine if a suitable design with acceptable deceleration parameters inside the unit is feasible. If
suitable hypervelocity designs can be generated, then they could be tested without any payload on small
asteroids that come close to the Earth by monitoring the deceleration and other parameters inside the
penetrator vs time to determine if existing nuclear devices would remain viable inside. In any “real
scenario” of planetary defense, using untested devices, whether passive, chemical, or nuclear would be
foolish given the “stakes” involved. Fortunately, we have many opportunities to test the strategies on a wide
variety of close approach asteroids. It is useful to remember that we take for granted the ability to have
successful orbital re-entry as well as ICBM re-entry, yet in 1950 this was unclear. The development of
ablative shields were able to solve a problem that at first appeared intractable due to the large amount of KE
that had to be dissipated. Orbital re-entry is only about a factor 2x lower speed than asteroid impact speeds,
BUT the thin air is vastly different than the dense asteroid material. It becomes a “dissipation timescale and
power” issue as the asteroid KE dissipation (~4-10 higher KE/mass) must happen in a small fraction (0.001-
0.1) of a second compared to the minutes of orbital re-entry. This means the dissipation power and
deceleration levels are 4-6 orders of magnitude higher than that of a re-entry vehicle. In addition, the
radiation channel for energy dissipation is largely blocked. The only “good news” is that testing is easier
and can be done very rapidly to iterate designs. It is not “hopeless” to try to solve this problem.

A simple calculation of the deceleration is useful.

E=mv?/2=m*a*L
E/m=vi=aL—»>a=Vv?/L
Ex:v=20km/s, L=100m — a =4x10°m/s* = 400,000 gee

This is a high “g” loading, but not without precedent. Electronics in artillery shells are routinely used at
>15,000 gee and the acceleration in a common ultra-centrifuge is about 400,000 gee. The W48 tactical
nuclear artillery shell was tested to >12,000 gee and was successfully fired. The follow on W82 (2kt)
artillery shell was similar, but higher yield. The deceleration is not the primary issue, but rather it is energy
management to allow a penetrator (or part of a penetrator) to survive and deliver its payload IF a nuclear
option is chosen. A possible solution to the high gee loading is to use weakly coupled penetrators. We show
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that the nuclear option is generally not required except for extremely large threats.

Testing Options — There are a wide variety of testing options for the kinetic and explosive filled kinetic
penetrators. While getting to 20km/s at scale on the Earth is not generally feasible, it is possible to get to
several km/s with explosive-driven (artillery) systems as well as railgun and gas gun options. Full up tests
with “Earth-built” synthetic asteroids and high-speed (1-few km/s) penetrators is a very feasible option and
would yield a wealth of information and feedback and would provide an opportunity for validation of
simulations. Using the Moon as a “test target” is another option once Earth-based testing and development
is well developed. Going after “real asteroids” to test the efficacy of the system is also a feasible and
necessary element of a realistic long-term program. All of these (Earth, possible lunar, and actual asteroid
testing) are not only critical, but feasible to pursue.

Public Support — It is extremely likely that there would be enthusiastic worldwide public support for such
mitigation programs. This is critically important to actualization of a functional Earth defense system. It
could be seen as a truly large scale “environmental” program of help to all of the Earth and thus it would
transcend national boundaries and national interests. This would also be a compelling opportunity for the
private sector to participate in a “large scale human program” to benefit all of humanity. Additional input
from the public in the form of crowd-funded efforts to both aid in the education of extraterrestrial threats
and to support the R&D needed would be a likely response. Coupling to existing public programs such as
Earth Day would also be logical. Such a program would not only be seen as altruistic, but could also help
to bring countries together in a common effort against a common threat.

6. Detection Improvements

Our current detection of both asteroids and comets comes from passive visible light imaging from large
scale astronomical surveys. Future space-based mid wave (3-5 microns) and long wave (8-15 microns -
thermal IR) will improve our abilities significantly. Long range radar is complimentary, but the small target
size and long-range capability that is needed will generally make radar a “follow up” capability. Another
approach is to use long range laser active imaging, or LIDAR. We are beginning to possess the technological
capability to develop large scale laser phased arrays in the near-IR that may offer a solution to the problem
of finding and tracing small (<100m) objects that pose a threat. Using an orbital or lunar based system may
finally allow us to tackle this critical part of the threat determination process, and the same system can also
be used as a laser target designator for interception of the type we propose. As an example, in [35] we
propose using a laser phased array at 1.06 microns to enable such a method.

7. Planetary Offense vs Planetary Defense - Proactive Mitigation

Sometimes the best defense is a good offense. This enters into an area of discussion related to passive vs
proactive control of our environment. It is almost certainly a controversial area, but one that should be
discussed. By proactive mitigation we refer to preemptively destroying the future threat before it becomes
a current threat. Many asteroid threats, such as Apophis, approach the Earth many times before an impact.
One option is to fragment such a threat on one of its close encounters. Destroying asteroids and even comets
that could be future threats is a conceivable long-term strategy that should be pondered, even if it is an
uncomfortable discussion. The analogy with biological threats is similar, but generally not controversial
(depending on the level of proactive response). Examples of such preemptive biological threat responses
include vaccination against or inoculation for or destruction of infected pathogens. Taking “control” of our
extraterrestrial threats by preemptively fragmenting asteroids and comets is a thought to be pondered.
Uncomfortable as it may be to have this discussion, a direct hit of a large asteroid or comet would be
significantly more uncomfortable, assuming anyone is left to discuss it afterwards.
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8. Asteroid — Earth Impact Physics

There have been numerous studies of the interaction physics of the high-speed Earth impacts of asteroids
and comets. To enable rapid computation of a large number of scenarios, we adopt the formalism of [40],
[41]. The goal of our mitigation strategy is to prevent ground impact by fragmenting the parent asteroid,
and thus we focus on the physics of air bursts. The maximum size of the fragment depends on the details of
its speed, angle of attack, density, and yield strength. For simplicity, we will model the fragments as being
homogeneous with uniform density and uniform yield strength. Real asteroids are likely far from
homogeneous. The maximum size to prevent a ground impact is roughly 100m for stony asteroids.
However, this is much too large as the goal is to prevent large scale destruction. In practical terms this
requires us to break up the parent asteroid into fragments whose maximum size is typically no larger than
10-15m in diameter for stony asteroids.

We use the six input parameters from [40], [41], but we do not allow ground impact and hence the last
parameter (Earth impact composition) is not used in our simulations as we only allow air bursting of the
disassembled fragments. While the general emphasis here is on asteroid fragmentation and their subsequent
air bursts, the same phenomenology can be used with comet fragmentation and their subsequent air bursts.
The term “ground zero” is used to refer to the point on the Earth’s surface directly beneath the fragment air
burst. We assume an isothermal atmosphere with scale height H (~ 7-8km). The basic destructive process
during atmospheric entry of the fragments occurs when the high speed “ram pressure” (or stagnation
pressure) eventually exceeds the yield strength of the asteroid. We refer to this point as “breakup”. After
breakup, the asteroid undergoes a plastic deformation and begins to “pancake” or flatten and expand in size.
With increased size, the drag due to the air will cause rapidly increasing flattening and expansion that will
ultimately result in a runaway process leading to detonation or “bursting” of the pancake fragment. This
typically happens when the flattened diameter exceeds about 7 times the original fragment diameter. Since
the asteroid is hypersonic upon entry, a shock wave is created along the entire entry track until the burst
phase at which point we assume all the remaining energy is dissipated into additional shock waves.

The fundamental channels of energy dissipation are:

1) Heating of the air due to friction with the asteroid

2) Heating of the asteroid due to air friction

3) Ablation of the asteroid and resulting fragments during entry (material-dependent — discussed later)

4) Production of acoustical shock waves

5) Radiation from the heated outer surface as well as from fragments ablated/removed

6) Production of light during the hypersonic interaction with the air — plasma — recombination emission

Parameter Chelyabinsk Tunguska Arroyomolinos de | Indian Ocean | Bering Sea | Qinghai,
Russia Russia Leon — Spain (Prince Kamchatka, | China
Feb 15, 2013 June 30, 1908 | Dec 8, 1932 Edward Isl) | Russia Dec 22, 2020

Aug 3, 1963 Dec 18, 2018

Exo- 0.55 ~10 0.19 0.26 0.173 0.01

atmospheric

Energy (MT)

Diameter (m) | 19.5 50-100 ~18 ~10 8

Density (g/cc) | 3.3 3

Speed (km/s) 19.2 20 13.6

Angle rel | 20 ~45

horizon (deg)

Yield Strength | 2 1

(MPa)

Table 1 — Recent larger asteroid strikes. Since 2005 when the JPL Fireball and Bolide report became active, > 500 airbursts have
been recorded with an average of about 35 significant events (>0.1 Kt) per year. Data prior to the use of atmospheric infrasound
detectors (1960’s) is generally sporadic.
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Of all the energy dissipation modes, the two most observable are the light production (optical signature)
from interaction with the atmosphere and the shock waves (acoustic signature). The light from meteorite
impacts, or “shooting stars,” are a common example of this for very small meteorites (typ. mm to cm sized)
with the acoustical signature not noticeable except by specialized atmospheric infrasonic acoustical sensors
that form a part of the network used in tracking of impacts (Fig 2). With a rough power law distribution in
size (more at smaller sizes), the transition between meteorite and asteroid is arbitrary. When the size of the
asteroid exceeds a few meters in size, the acoustic signature is noticeable with unaided human hearing near
ground zero, and for sizes around 10m (for stony asteroids) the optical and acoustical effects are very
apparent, though the damage is minimal in general. Once the size approaches 20m, the acoustical damage
(window damage) becomes significant, as was seen in the Chelyabinsk event.

Clearly this is a complex process whose details are very dependent on the actual and complex
structure of the asteroid fragment. To allow rapid approximate computation, we simplify this using the
phenomenology in [40], [41], as well as the measured nuclear and conventional weapons air burst data [2].
We note that the precision of the details is much less important to the success of our program than are the
qualitative conclusions. Any real asteroid interdiction scenario will have many unknowns as to the internal
structure of the asteroid, and thus precision metaphysics simulations are only as good as the knowledge of
the target asteroid, which is generally poor as to heterogeneity inside. However, over the very broad range
of assumptions we have explored, the conclusion remains that the fragmentation of asteroids and comets,
even relatively large ones on relatively short time intercept times scales (days for example), can result in
vast reduction of the threat and should be seriously considered. The data from the Chelyabinsk and Tunguska
events are the most comprehensive, allowing estimates of density, speed, angle of attack, and bolide material
yield strength. Our results are consistent with the measured damage from the Chelyabinsk event.

Limitations of the model — One of the primary limitations of the model is the ignoring of the ablation terms.
Depending on the size of the bolide, this can be very important as it is for small bolides, or negligible as it
is for large bolides. Ablation is also very composition- and structure-dependent. Complex issues such as
fracturing during atmospheric entry are also ignored as they are highly dependent on the internal structure
of the bolide. A precision simulation would require a priori detailed knowledge of the bolide, which we do
not have. In addition, most critically, we are not concerned with the precise details of any individual entry
as we want to design a defense system which is agnostic to the details of each bolide and concentrate on a
general-purpose system that is conservative in its design. For example, ablation will tend to reduce the mass
and thus the acoustical signature (lower peak pressure in the shock wave). Thus, ignoring ablation is a more
conservative approach. Ablation does affect the optical signature by reducing the outer skin temperature.
We come back to this later when we discuss the optical signature.

, ¥ W

Start of optical and Pancaking Airburst Burn-up
acoustic signatures 100 — 40 km 40 —30 km
~ 100 km

Figure 28 — Pancake model where atmospheric ram pressure causes plastic deformation of bolide until airburst detonation.
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Equations and Parametrization of Analytic Airburst Model
The input parameters to the model we use are as follows:

1) L, =diameter of fragment
2) p; = fragment density

3) V,=exo-atmospheric parent asteroid speed

4) @ = asteroid velocity vector angle relative to horizon
5) I =slant distance away from air burst

6) p, = Earth impact area target density - sedimentary, crystalline, marine — IF ground impact (we

fragment so that all fragments will air burst and no intact fragment can hit the ground so this
parameter is not relevant)

Secondary inputs and assumptions are:
1) H =atmospheric scale height (typ = 8 km)

a. p(2)= poe’Z/H where p(z)is the atmospheric air density at altitude z

2) C, =asteroid/ fragment drag coef (typ = 2)

3) Assume a relationship between mean asteroid density and cohesion (yield strength="Y;)
a. log,Y, =2.107+0.0624,/p, where Y, = asteroid yield strength (Pa)

4) Assume asteroid begins to breakup when stagnation pressure = asteroid yield strength
a. Y = p(z)V?(z.) where Z.=breakup altitude

From these inputs we calculate the following outputs:

1) Asteroid exo-atmospheric KE, density and mass

a. E= %mivg = %Pi L3v2  p; = asteroid density

b. m = %piLg:asteroid mass

2) Number of near-Earth asteroids with a diameter greater than L,
a. N(L)=~11481.2>

m
3) Recurrence interval in years versus the impact energy
a. Tee z109Ef,'|t78
4) Speed of the asteroid as a function of altitude z prior to breakup
3p(z)CDH]
4p,L,sind
5) Breakup altitude analytic approximation

a. V(z) =v,exp[-

a. z.=-H[In( Y 5)+1.308-0.3141, -1.303, 1-1,]
PoVi
C HY.
b. Where I, =4.07 ———1—
oLV sing
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6) Speed at breakup

3p(z.)CH

a. v(z.)=V, exp[—&] where Z. = 1-1,
4p.L,sIing

7) After breakup but prior to final burst the breakup fragment the fragment size (pancake diameter)
IS
a. L(z)=1L,
b. 1=1L,sing = “dispersion length”
b CDP( )

Cpp(z.)

LS m@j exp((z. —z) / H)L?(z)dz) = speed from breakup to burst

c. Vv(z)=v(z )exp(

8) The altitude at burst is:
_ 1 =
a. Zb = Z*—2H|n[l+§ fp —1]
b. fID ="pancake factor” = ratio of size of final “pancake” (at burst)/Lo

c. We will tyically use fp =7 at burst
9) The speed at burst is calculated using (in 7c)

a. f exp((z*—z)/H)Lz(z)dz:ga[8(3+a2)+3aﬁ(2+a2)]

burst

C. [“exp(z.-2)/ H)LZ

_H 3L€ 3[4+ (ﬁ)z]exp(z* I H) +6exp(2z./ H) —-16exp(3z./ 2H) —3(&)2 -2)

Dp(z) _ 2
d. Vv(z)= v(z)exp( 4 pLisin HI exp((z.—z)/ H)L (2)dz)

3 Cpp(z.) 2
N v(z,) = v(z.)exp(—— LOSIHH'[ exp((z.—z)/ H)L (2)dz)
—v(z)exp(— jcfs(li ; 2'4 o[8(3+a’ )+3a @2+a2)])
f. I=Lsing |—2 ="dispersionlength"
o Cop(z)

10) The energy that appears in the shock wave is computed from the energy lost between the initial
KE at exo-atmospheric entry and the KE at burst:
mv,> mv(z,)’
o = ) i v2,) 1))

2

E

=Y _ exo-atmopsheric KE

11) The peak overpressure p (r) at slant distance r due to the energy in the shock wave is claculated
using the measured nuclear weapons atmospheric tests as follows:
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p(r) = pressure (Pa) (peak overpressure) at distance r

p, = pressure for 1kt yield - near field= 3.11x10"(Pa)

a, = power law index for - near field=-2.95

p, = pressure for1kt yield - far field= 1.8x10" (Pa)

o, = power law index for - far field=-1.13

r, = distance from 1kt nuclear blast standard yield

r = distance from yield of arbitrary energy E given in kilotons TNT = E(kt) = E,,
r,(r) = scaled distance of 1 kt standard for detonation of yield E(kt) :r,(r)=r/E "
p(r) = p,r“ + p,r,”" (assume power laws)

For arbitrary yield the pressure at distance r is:

p(r) = p(r(r) = p,[rE " + p, [rE |

&2 —Traction of 1 kt standard weapon that goes into blast wave (typ 0.5)

Pressure p(r) for an asteroid that has energy (in kt) of E_, ,, in the blast wave is calculated from
the equivalent energy of a nuclear weapon withE, . =E_, ./ €

> P(N) = P, [ (B /) | 4P [ 1/ )]

The reason for this is that only a fraction ¢ of the nuclear weapon energy goes into the

blast wave while we are assuming all of the asteroid energy E, ,, calculated to be in the blast wave
is actually fully in the blast wave.

12) The peak wind speed u for the peak pressure p is calculated as:
u = wind speed, p, = sea level pressure (10° Pa), c, =sound speed
pc, _ 5pc,
+1 s Tp,(L 7p,)"°
7ot S pge TRUTORITR

u=

y =c¢,/c,=T7/5diatomic5DOF
13) The sound pressure level (SPL) for peak pressure p(Pa) is:

a. SPL(db)=20log(p(r)/0.00002)
b. 20 uPa corresponds to 0 db SPL by definition of the nominal human acoustic threshold

14) The shock wave acoustic flux I(w/m2) is: 1(r)(w/m?)=10"*[p(r)(Pa)/ 2x10°T* 1(w/m?)
+1 p(r

15) The shock speed is: U(r) = ¢, (1+7/2—&) =c,(1
0

speed and and rapdily decays asymtotically to the speed of sound (Mach 1).

6p(r
+%)°-5 This starts out at the fragment
0

dr

M ~r/co
u(r)

16) The shock wave arrival time at distance r is: T, = J'
0

17) The shock wave time evolution for pressure p(t) is assumed to be a Friedlander waveform.
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p(t) = pe " (L-t/t,)
Acoustic Flux (w/m?): I1(t) =1, [e‘”‘l (1—t/t1)}2
I0 = (pO / pref )2 Iref
P, =20uPa, |, =1pW / m*(sealevel)
p,(Pa) = p(t=0) = peak overpressure at t=0
I, = peak flux at t=0
t, = zero crossing time when p(t,), I (t,) =0 (ambient)
Integrated blast wave energy per area
-2t t

® _ T =ty T e ' OO_
[1mde=1,] [ @-t/t)] dt=1e {ml 4+21—I0t1/4

18) For N fragments the shock wave time evolution of pressure and flux at any observer position
is as follows where t=clock time that is the same (synchronized) at all location on Earth and in
space. In this case t=0 is arbitrary:
N =number of fragments
i = fragment number
X =0observer position
X =y, fragment positionat burst

v, = speed of sound(~ 340m/s)

Py, (X) = peak pressure from fragmentiat position X

I, (X) = peak flux from fragmentiat position X

t.(X) =arrival timeof blast from fragmentiat position X

t., (X.;) =bursttimeof fragmentiat position X ;

f (X)= t, (Yast,i )+ /Vs

t. (X) ="t," from Friedlander blast evolutioneq for fragmenti

at position X = zero crossing time for p(t, X), I (t,x) =0

(t,; (X)isslightly dependent on i and X duetoblast energy and atm freq dependent absorption)
N

PtR) =Y Py, () D[ (t~4,(X) /4, (X)]  fort2,(x)

I(t,X) = ZN: 1, (X) [ef(t—ti N/t (X) [(1_ t-t(X)/t, (X))]]Z fort >t;(X)

i=1
Lo, (X) = (Pg, (X)/ Pt ) 1t
P, =20uPa, I, =1pW /m? (sealevel)

Kops — Xast,i

ref

19) Optical Pulse Modeling — We adopt a simple gaussian distribution vs time model for the power
vs time coming from each fragment. The actual power vs time and distance along the bolide
atmospheric path is better approximated by a spatially and temporally varying line emitter but
the gausssian time varying point (at burst position) is a reasonable approximation with the
gaussian time dispersion (sigma) of order a second depending on the fragment size. The time
dispersion depends on the complex interaraction of each fragement with the atmosphere and will
vary with fragment size and composition, speed, angle of attack among other systmetics. Since
the dominant portion of the optical pulse occurs over a relatively short time scale with the power
being strongly peaked in time, the optical damage (fire, eye and skin) metric is the deposited
optical energy rather than the power. The time scale for cooling in the case of ignition is generally
much longer the optical pulse dispersion time. As discussed later we will make an extremely
conservative assumption about the effect of multiple fragment optical pulse ignition and assume
that the optical energy of ALL fragments as seen by any observer is simply the sum of the
optical energy of each pulse. This is uneccesarily conservative in general since the time
between fragment burts is generally much larger than the optical dispersion time of any given
fragment and the time between fragments can be long compared to the thermal cooling time scale
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that is relevant for ignition. Nonetheless, we start with this conservative assumption as it allows
us to rapidly compute the optical pulse damage threshold for ignition (typ 0.2 MJ/m? for dry
grass and loose paper). This is discussed in much greater detail later. We also assume that the
optical energy from a fragment is related to the acoustic energy as both result from interaction
of the high speed fragment with the atmosphere. We also discuss an analytic reltionship that is
often used between the exo-atm energy and optical energy. The conversion of the kinetic energy
into optical energy is highly dependent on the detailed fragment structure and internal cohesive
(binding) energy/ strength and is poorly understood in general. We model this in multiple ways
and the resort to measured optical data, primarily from DoD satellite observations of a small
number of relevant bolide sizes of interest to us (typ 1-15m diam). While some use a fraction of
the total exo-atmospheric energy to describe the optical energy, we also use a fraction of the total
shock wave energy. We have modeled this in both ways. Based on the limited data available and
the highly variable and complex nature of the optical pulse formation, we find a reasonable fit
to (admittedly limited) data that is consistent with about 10% of the shock wave energy appearing
as optical energy for some mesurements and about 10% of the exo-atm energy in other cases.
The errrors on this assumption are large but the overall effect on our conclusions is minimal with
the acoustic pulse causing the majority of the damage. This is discusssed in greater detail later
in this paper.

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. Since the
optical propagation is occuring at very close to the speed of light in vacuum (300 km/ms) and
since the relevant distance scale from the fragment to the observer are of order of tens to hundreds
of km the light propagation time scale is very short. With the speed of light being approxomately
10° time that of the acoustic propagation speed, the optical pulse can be well approximated as
happening nearly simultaneously at all observer points with the optical pulse arriving very
shortly after the fragment burst while the acoustic pulse (shock wave) arriving typically at least
100 sec after the arrival of the optical pulse from any given fragment.

N =number of fragments
i = fragment number

X =observer position
7 =1, fragment positionat burst

ast,i
. b(xast,) bursttimeof fragmentiatburst position X,
o, = optical power dispersiontimeof fragmenti

popt_ol = peak optical power from fragmenti

Popr, (t) = Optical power vstime from fragment i
Popr, (1) = poptfoie’“’t‘*"%""’z’za‘z (assumed gaussiantime distribution)

ast,i

ot power,i (X; 1) = Optical power flux (w/m?)atobs position X attimet from fragmenti
E,q; =total optical energy from fragmenti
- i-b (Xast i / o'l ’
Eoptl j popt (t)dt popt 0; I € (o )) ? dt - popt 0; O-
Eprast.i = total energy in blast wave from fragmenti
Eewo_am; = total exo—atm energy of fragmenti
Qi = fractionof exo—atm/ blast Waveenergy(modeldep)tooptlcal energy for fragmenti (0-1)
Eoptl = convi blasti - popt 0; ‘l O- - popt 0; = optl / V O- aconw blastl / “ O-
F opt— powerl(x t) aopt —trans (Xast i obs) popt O (t - h(xasn)) IZGI /(47[ obs astl ) (assumed ISOtrOpIC)

ot trans (Kast i Xops ) = Optical transmission fromburst for fragment itoobserver (0—1)
A resonable approximation (below) from fitting convolved BB source spectra is:
aopt trans (Xast i obs) a(r) be” N with r_|_obs _Yast,i

where a,b are determined from an atm model fit with a BB spectra (a,b fits shown later in paper)
A resonable approximation from fitting convolved BB source spectra is:

a(r) =be™ where a,b are determined from an atm model fit with a BB spectra
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Asteroid Yield Strength vs Density
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Figure 29— Functional form of asteroid yield strength vs density. This is
only an approximate relationship between density and cohesion (strength).

We have run a large number (thousands) of simulations to test various fragmentation scenarios and
summarize some of the saliant conclusions below. We have set two basic threat thresholds. The first is at a
peak over pressure of 1kPa, which is the lower threshold where ordinary residential windows crack, and the
second is at 10kPa, where wood frame and unreinforced brick residential building are threatened with
significant damage or collapse. There have been a large number of studies of damage thresholds for shock
waves, primarily in studies from the atmospheric nuclear tests of the 1940-1960’s, as well as numerous
conventional munition studies of shock wave hazards. As building damage thresholds are highly dependent
on the details of both the construction and reflection due to local geometries relative to the blast site, we use
conservative data from damage thresholds. In nuclear weapons tests, the typical threshold for standard
residential (large) window breakage was roughly 4kPa, but there is a range depending on the prior history
of the window, as well as the details of the size, mounting, acoustical resonant states excited, and local
acoustical reflection issues. In any real planetary defense scenario, there would be some public
notification prior to intercept that would allow the public to avoid being near windows, or even simple
measures such as using tape on the windows to miitigate potential damage. In general, our approach
is to minimize any significant damage by fragmenting the parent asteroids sufficienctly such that the
subsequent acoustical signature is small enough to avoid large scale damage of any kind.

Shock pressure time evolution — To model the time evolution of the shock wave, we use a Friedlander
functional form. This describes the time evolution with two free parameters which are the peak pressure and
a zero crossing time scale t1. 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 when the fragment bursts.
See Equation set 18) above for a generalized time t which can be a common “clock time” not tied to the
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arrival time of the shock wave.

t >t below
()= pe " (@-t/1)
2
1(t)=1,[ e " (1-t/t) ]
I0 = (pO / pref )2 Iref
P =20uPa, | =1pW /m? (sealevel)
p, = peak over pressure at t=0
|, = peak flux at t=0
t = time when crosses zero p(t,), I (t,) =0 (ambient)
Integrated blast wave pressure momentumimpulse flux fromt, tot, (N —s/m?)
p(t)dt = p, j e u(1-t/t)dt = p, [te‘“tl] = P, (te " —t e™h)
Posmve pressu re impulse :
p(t)dt =p.t /e
Negatlve pressureimpulse :

p(t)dt —pt, /e
Total pressurelmpulse

p(t)dt =
Total Integrated blast wave energy flux (J /m?)
] | 2t t]
_ t/y _ _ 2t/ I _
jo I(t)dt—lojo (et t/tl)] dt=1.e {ml st | =ld/4

0
For N fragmentsthe time"t"above is replaced (asin18aboveas):
t .(X) =arrival timeof blast from fragmentiat position X
t_, (X, ;) = bursttime of fragmentlat position X,

tl (X) - t|7b (Xast,l) +|X obs ast i /V
t(above) — (t -t (X))

ast,i
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Blast Over Pressure and Flux vs Time

Flux vs time ratio
0.8 ——— Pressure vs time ratio

0.6
P(O)y=Pe"(1-1/1)
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I(t)=1,[ e (1-1/1)]
I,= (f:n /Re[)zlro[
P, =20uPa, 1, =1pW /m’ (sealevel)
F, = peak over pressure at =0

1, = peak flux at t=0
t, = time when crosses zero P(t,),(t,) =0 (ambient)
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0.2 Time Ratio (/1)

Figure 30- Friedlander functional form of blast wave pressure and flux vs time where t; is
a parameter for the zero cross time when the pressure goes below ambient. The parameter t;
is dependent on the detonation specifics, atmospheric specifics, and distance to the observer.
None of our conclusions depend critically on t.

Shock wave Caustics — Caustics form when there is a high contrast caused by interfering phenomenon. This
does not require coherence in the normal sense. This is commonly seen in optical phenomenon. A relevant
example is the caustics seen in the bottom of a pool of water with small surface waves on the surface causing
changes in the refraction of the light which then causes the formation of a web of bright and dark regions which
are the caustics. Ultimately this can be visualized as a “time of flight” effect. Similar phenomenon can occur
in acoustics as well. A good analogy is the intersection when “blowing” bubbles. In this case the 3D
intersection of the expanding bubbles is a plane. The projection onto the Earth of the expanding bubbles is a
circle and the planar intersection is a line. The expanding bubbles in our case are the shock waves.

The caustics of interest are the pressure caustics caused by shock waves from multiple fragments that arrive at
an observing point at the same time. A key difference for us is that the acoustic shock waves are pulses. This
means the caustics will evolve spatially with time. In our case the shock waves from each fragment are emitted
at slightly different times due to the longitudinal dispersion of the fragment arrival times. This latter effect will
shift the caustic position on the surface of the Earth.

A simple way to visualize the acoustic caustic is to assume all of the fragments burst at the same time. For a
given “clock time” that starts when the fragments burst. Choose a length of string equal to the shock wave
travel time assuming the shock wave travels at the speed of sound (ignore the corrections from hypersonic to
sonic). Make the string diameter inversely proportional to its length to indicate the shock peak pressure scaling
roughly as 1/r where r=slant range=string length. As time increases the length of the string increases and the
diameter decreases. Attach a string to each fragment and “see where the strings overlap on the surface of the
Earth which can be assumed to be a plane for simplicity. Initially (with time) no strings overlap as the shock
wave has not arrived at the Earth’s surface. With increasing time and thus increasing string length and
decreasing diameter, the “pulled taut” sum of the strings will begin to overlap. At infinite time all of the strings
will evolve to a circle of infinite radius but with zero shock pressure (zero string diameter). Mathematically
as we discussed the total pressure vs time and position of the observer and the fragments is given by:
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o(t, ) = i p, (X)e HOME (A (t—t, (X)) /1,(X))] fort>t(X)

p(t,X) = ZN: p(X,t) fort>t(X)

i=1
Py, (X) = Peak blast pressure from fragmentiat position X
p (X,t) =Blast wave pressurevstime from fragmentiat position X attimet >t; (X)

p, (X,1) = py (X)e VO [A- (t-1(X)) / 1;(X))] fort=1,(X)
t.(X) =arrival timeof blast from fragmentiat position X

ti_, (X.t;) = bursttimeof fragmentiat position X
1:i (7) = ti—b (Yast,i) + |__0bs B Yast,i | / Vs . .
t. (X) ="t," from Friedlander blast evolutioneq for fragmenti

X =observer position
X, =l, fragment positionatburst

ast,i
The caustics form where multiple shock waves overlap in space and time. Caustics form a line in projection
onto a flat surface such as the ~locally flat Earth’s surface near ground zero for each fragment.

Dependence of Blast Time Scale with Blast Yield — The positive pressure shock wave duration or t1 in the
Friedlander parametrization of the shock wave time evolution is dependent on a number of complex issues
including blast yield, altitude of the blast source, distance from blast and atmospheric absorption vs frequency
decomposition (FFT) of the shock wave. A first order fit to both a visual analysis of nuclear weapons air burst

tests as well as chemical explosives gives t,(Sec) :O.BEKIM3 where Ek: is the total energy yield in kilotons.

Recall in the case of nuclear air bursts that about %2 of the total energy goes into the shock wave and related
atmospheric effects such as wind, and hence we roughly double the shock wave yield of an asteroid fragment
to get the equivalent nuclear yield that would produce the same shock wave. Factors of “2” here are largely
irrelevant to the larger conclusions. Much more detailed calculations of t1 are given below.

As an example, for a 10m diameter stony fragment with density 2.6 g/cc with a blast yield of about 25
Kt for an equivalent nuclear yield of 50 Kt (1/2 of this goes into the blast) giving t1 ~ 1.1s (assuming

t, (sec) =O.3EKt1’3 ). Note, in the nuclear airburst tests, the relevant distances for damage assessment
were typically in the near field (strong shock regime) where the pressures were much higher (for a given
yield) and thus the t; times were shorter and thus the measured relation of t (sec) =0.3E,,”® is an under

estimate for the far field weak shock regime of interest to us. We will see this in our calculations below. Our
simulations are not very sensitive to the value of t1 in assessing the conclusions of blast damage. Note
that this method (fitting to observed weapons tests is difficult to fully understand systematic errors from the
visual blast effects. This is particularly an issue since most of the visual effects data from nuclear and
conventional explosive tests is done in the “near field” which is not as relevant to our case which is typically
in the far field. We now compute the Friedlander equation time scale t: from a “first principles” point.
Shock wave Duration Time and Conservation of Energy — Scaling Laws

We can relate the integrated shock wave flux to the total blast energy vs distance to derive the shock wave
time constant t1, The vast majority of the total input energy yield however is NOT in the shock wave in the
far field but rather is mostly in the KE of the wind and umtimately dissipated as heat. In the near field the
situation can be quite different with a significant portion of the total input yield going into the shock wave
but we are not in the near field in our case as the ground effects are far from the detonation (typ>30km) as
our gragments are small (~10m). The dissipation of energy into a combination of shock wave, wind and
thermal dissipation yields a complex relationship of shock wave total energy vs distance and initial energy
input.

If we assume an isotropic shock wave we can integrate the total energy in the shock wave and compare this

to the initial energy input. The total shock wave energy fraction decreases significantly with distance as we

ast,i

54



will see, This will yield a scaling law for the shock wave duration time constant. Note that the following
“first principles” analysis yields a reasonable agreement with observed blast effects from visual analysis of

airburst weapons tests, thought it is somewhat larger. Below we get t,(sec) ~ 0.4E,.” in the beginning of the

far field whereas our visual fit to the weapons tests above was t,(Sec) :O.SEKt” 3 Remarkably they both

have precisely the same functional form in energy dependence though we had no preconceived functional
form in fitting the observed blast data. The positive pulse duration time t1 is important in the multiple
fragment shock wave acoustic caustic formation.

Measurements and Estimations of t; — From numerous nuclear airburst tests and from some measured
bolide shock wave pulse signatures, there are reasonable measurements of the positive pulse time scale (t1).
In the work of Glasstone and Dolan (1972) for the 1KT standard and scaling to larger yields and in Brode
(1964) for measurements of 1 MT class yields, there is some discrepancy though modest. Glasstone and

Dolan measure t,(sec) ~ 0.4E,”* at a 10 kPa pressure regime which would imply t,(sec) ~ 4EMt”3with Brode

gives the positive pulse time scale closer to 3s for a 1 MT yield @ 10kPa pressure. There are a wide range
of technical issues related to the detonation specifics (altitude etc) with vertical (beneath burst) vs horizontal
being slightly different. High altitude ( >20 km) data is limited. We have simulated various time scales
consistent with the different measurements and while higher order blast caustics can form with much larger
values of t1, we find the “bottom line” ground blast effects to be weakly dependent on reasonable values of
t1. Measured data show clear pulse spreading from the near to far field with the strong shock high pressure
regime being shorter t1 and the weak shock low pressure regime having longer ta.

p(t,r) = py(r)e™ (L-t/t)

Acoustic Power Flux (w/m?): I(t,r)= Io(r)[e’”11 (1—t/t1)}2

pam Frms -
=2 Py (p1p, ) =2500° p(pal)
pamp \/_’;rms
P =20uPa, 1 =1pW /m’ (sealevel)

p,(r) = peak over pressure at t=0 at distance r

I,(r) = peak flux at t=0 at distance r

t, = zero crossing time when p(t,,r), I (t,,r) =0 (ambient)

Eyq (N=fraction of equivalent weapon yield in blast wave measured at distance r (yield and pressure dependent)

Oy wans (1) = atmospheric transmission of blast wave intensity/energy (0-1) (integrated over full blast intensity (w/m?) pulse)
Wecaninclude @y, .. (1) in &, (r) for simplicity

Integrated blast waveenergy per area

y |t t]

tit 2/t R
j It r)dt=1, (r)j [ Q- t/tl)} =1,(r)e |:2t1 4+ZL =1,(nt /4
Atdistance r from the initial detonation this gives a total energy:

By (1) = 477 [ 1, 1)t =211},
t /77Ek1: ”rztip(r)z

gblast(r) = Eblastfwave(r) total-yield — E blast— wave( )/UE =xr lacousticfenergyfﬂux 1

) pshockvshocknEkl
1/3 -1/3

e 2r2p(r)? ) [ I‘E [I’E } }

blast -

- pshockvshockﬂEkt pshockvshockUEkt

— pshockvshockngblast(r)Ekt — pshockvshockﬂgblast (r)Ekt
h= ar’p(r)? o -1/37% e T

ar [pn [rE ] +p, [ }

p(0)=p,[E " +p, [rE ™" (nearand far field)

p(r) = p; [rEkl’mT' (far field —vg,, =v=c, =speed of sound, p,, = p, = ambient (sealevel) air density)

For our cases of small fragments"detonating™ in the atmosphere, the ground observer is in the far field
Far Field case:

2
2 g Ve “t }
8 (r) /t1 _ ”rZ P(r)2 — i |:pf |:r K :' t1 — pshcckvshcckngblast (r)Ekt — povn‘gblast(r)Ekt
blast ’
PVIE, PVNEE, ar*p(r)? o [rE, T T

IFar; ==1.0- p(r) ~1/1,t, ~E** = £, (N /1t ~ E " = £, () ~ indepof r & E
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Energy Fraction in Shock Wave - 1 KT Nuclear Standard Air Blast
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Figure 31 — Pressure and energy fraction in blast wave normalized to t; for various fits to p(r). Note that for
p(nN~1/r scaling in the far field then the energy fraction/t; is independent of distance and that if t; scales as Ey*
(which is normally assumed independent of P scaling with r, then the energy fraction is independent of r and E.
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t_1-Pressure-Shock Energy Fraction vs Distance from Detonation
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Figure 32 — Positive pressure time (t;), peak blast pressure and blast wave fractional energy of total NED yield
vs distance based on measured positive pressure time for nuclear weapon airburst tests. Note the pulse stretching
(t1 increases with distance from near to far field) The fraction of energy in the blast wave relative to the total
weapon yield assumes t; is the measured value for the 1 KT standard at a distance where the blast pressure is about
10 KPa or 1/10 of ambient pressure. This is the regime where far field behavior (relevant to us) begins. For this
regime t;(s) =0.42E.*3. We assume a best fit pressure scaling in the far field of as=-1.13. In the relevant fragment
energy regimes of 10-200 KT for fragments of order 3-15m for nominal closing speeds of 10-20 km/s with about
50% of the initial energy in the equivalent NED going into the initial (early near field) blast wave, the fraction of
blast wave energy in the relevant far field distance range of 30-800 km, is typically of order 1%. To convert from
bolide fragment total blast wave energy deposition (near field) Epolige-biast-wave 10 the equivalent NED vyield Eneq We
have Ened= Ebolide-blast-wave/Ened-initial-blast Where is the fraction of the NED vyield converted into the initial (very near
field) blast wave energy which is typically about gneg-initiai-blast=0.5 — ie the NED vyield is double the bolide fragment
total blast energy. For example, if the fragment has 20KT of energy put into the blast wave initially then the
equivalent NED yield for computing pressure, t1, energy fraction etc in far field corresponds to an initial equivalent
yield of Eneq =40 KT.

57




Shock Flux-Dynamic Flux-Shock and Wind Speed
Shock Pressure (Pa) for p,=10° Pa (1 atm)
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Figure 33 — Comparing the shock wave flux and speed to the blast dynamic (wind) flux and speed. For overpressure
> Pg (ambient pressure — strong shock regime) the dynamic (wind) flux is greater than the shock flux with most of the
energy going into the wind while at lower pressures (weak shock regime) the shock wave flux is generally much greater
than the dynamic (wind) flux with wind speeds being quite low at low pressure ratios (large distance).
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Shock Flux-Dynamic Flux-Shock and Wind Speed
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Figure 34 — Shock and Dynamic (Wind) Flux and Wind Density, Shock and Wind Speed and Wind Density vs range for
10KT and 1 MT equivalent NED yield. Note that the Wind flux (pink) is much less than the shock flux (orange) in the far
field but the wind flux exceeds the shock flux in the near field. Since our fragments all burst at altitudes above about 25km
(depending on size and density), we are essentially always in the far field.
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Far field — Forcing1/r scaling :

Pret
t, 2 (S) = N&yaq (NE —2
7Z-Iref pf—a

Areasonable fit for forcing p(r) ~1/r — p,_, =6x10° (Pa),a; =-1 p(r) ~1/rin far field)

—1,_.(s)=14.8¢,,, (r)E,” (noter dependence frome,, . (r) which may alsobe P(r)dependent)
General form—near and far field :

& r ? -(2a¢+ +2a
t.(S) =7 blast ( )pre; (e Z)Ektl 2,13 (

7Tl P
2

Pi_ - :

2

general form)

t1—a pffb

P (r) = p, [rEkt’m]a” + P, [rEkt’m]a' — P, [rEkt’m]a' (far field)

Nominal fit to nuclear test data with E,, = NED yield in kt

p,= 3.11x10"(Pa) (near field), e, = -2.95 (near field),

p, = 1.8x10"(Pa) (far field),a, =-1.13(far field)

& (N=fraction of weapon yield that goes into blast wave (distance dependent)

2
pref

ref

=5.33x10"

n =4.184x10%1J / kt, n

Friedlander Time Ratio t, /t, , vs Alpha-Distance-Yield
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Figure 35 — Ratio of positive pressure times (t1) for various far field fits from o =-1 (p(r)~1/r) to o =-1.13 (best fit).
Note that for af=-1, the time ratio is independent of yield energy, again for the far field. If the conversion efficiency (owiast)
is independent of distance in the far field then t; is also independent of r in the far field.
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Friedlander Time Far Field t_1 vs Detonation Energy
£=0.5 (initial very near field blast energy/yield)
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Figure 36 — Time scale (t;) for positive pressure phase of shock wave vs equivalent detonation energy
at a pressure of about 10 kPa (Glasstone and Dolan, Brode) . This time scale is known as the Friedlander
t1 parameter. The relationship is approximate and influenced by many factors including atmospheric
acoustic absorption of high frequency (short time scales). The equivalent asteroid diameter from 1.5 to
35m for a typical stony bolide (2.6 g/cc) is also shown. For a 10m asteroid the time scale is about one
second. Note that pulse stretching will introduce a t; term that is pressure and thus distance dependent.

Pulse Stretching — t1 Pressure-Distance and Yield Dependence — Extrapolation to lower over pressure
regime. As discussed above there is clear evidence from NED air-burst testing of the stretching (increase) of
the positive pressure time (t1) with increased distance and thus decreasing over-pressure. We have fit the data
from various NED tests as summarized in Glasstone and Dolan (1972 and earlier versions) and in Brode
(1964). We summarize the transition from strong shock (AP=p>Po) to the weak shock regime (AP=p<Po). In
both regimes there is a pressure dependence on t1 with the weak shock regime shock a clear trend of t:
increasing at lower over pressure. In particular, we show the data from Brode for a 1 MT vyield and focus on
the transition from strong to weak shock. We lack good data at low over-pressure, particularly in the regime
of 0.1 -10 kPa. We extrapolate the best fit from the regime from 10-100 kPa where there is good data and
assume the trend continues to lower over-pressures. We are in the process of running multiple different 3D
hydrocodes using CTH, ALE3D and others to check the validity of this. We feel the extrapolation is a
conservative one. Note that this does NOT affect the shock pressure but only the positive pressure regime and
thus is relevant to caustic formation. We have also run a number of simulations over various ti times relevant
to our yields and shock pressure regimes and find only modest final effect on the ground “damage”
assessment. Our extrapolation to longer t1 at greater ranger and lower pressure makes the caustic slightly larger
and thus leads to even more conservative conclusions with the bottom line being there is no significant
change to our conclusions.
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Figure 38 — Positive pressure time (t; )vs over—pressure for a IMT low altitude NED with fits to low pressure (weak shock)
and strong shock regimes. Note that the positive pressure time scales with both pressure and energy.
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Figure 37 — L: Fraction of energy in shock wave vs peak over-pressure using t; analytic extrapolation. Independent of
energy yield. R: Fraction of energy in shock wave vs slant range distance using t; analytic extrapolation
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Energy Fraction vs Pressure — Independent of Yield — For a given pressure, the energy fraction going into
the shock wave is independent of the yield energy as shown in the accompanying figure. This is due to the
assumed 1/3 power scaling with energy. As shown the figure, the energy fraction is a very mild function of
pressure. In the range of general interest to us for pressures from about 0.1-10 kPa the energy fraction is
about 3%.

zrép(r)’t,
pshock Vshocliln Ekt "
p(r) = p,[rE ] +p, [rE, " (nearand far field)

p(r) = p; [rEkt‘”e’]a‘ (far field —v,, = speed of sound ~ 340m/s)

t, =[-0.07755*In(p(Pa)) +1.051] E,** scaled from Brode1964

p, =3.11x10" @, =—2.95 p, =1.8x10" o, =-1.13

p(Pa), r(m)

For a given pressure P(r) and given p,, «,, p;, a,the product rE,. " is fixed.

Thus r scales as r ~ E,.”* This is the usual energy to the 1/3 power scaling.
If we also assume that t, scales as the 1/3 power of energy then &, ., (N)=¢,,. (P(r))is independent of energy.

7["'2 r 2t rz r 2t E 213 r 2E 13
b (= FURON ROt ESPO)E,
pshock Vshock n Ekt Ekt Ekt

gblast (r) =

oc p(r)? (independentof E,, inbothnearand far field)

Energy Fraction vs Distance — Scaling with Distance and Yield — For a given yield from 1-1000 Kt the energy
fraction going into the shock wave is a relatively mild function of both yield and distance with a typical energy
fraction of 2-3% from 10-1000 km distance and 1-1000 Kt yield

Shock Wave Surface and Local Topography Reflections — The shock wave time evolution that any observer
measures are influenced by a number of factors including surface reflections of the primary shock wave on the
Earth’s surface and the local land and building topography. Much like radio reception has nulls and peaks due
to the interference effects from local reflections, so too do acoustical shock waves have interference effects.
This has been noted in a number of conventional, nuclear and some measured asteroid acoustic measurements.
In general, the blast source we are interested in occurs at high altitude typically around 30 km and for typical
relevant distances away from “ground zero” from any fragment the observer is normally in Mach regime where
reflections are relevant. Constructive interference has been noted in the Chelyabinsk event where window
breakage appeared correlated with possible multiple reflections yielding constructive interference in some
cases and destructive interference in other cases. This is a site-specific issue (local topography, multiple
buildings etc) and this not one that we can take account of in general.

Scaling Relations — It is useful to understand the scaling of the slant rang (r), shock wave peak pressure P,
shock wave duration (t1), equivalent detonation energy (Ext) and bolide diameter (d).

t1 oC (Ekt)1/3 oC (d 3)1/3 — d

IF we approximatel/ r scaling for p(r)in far field (notthebest fit)then:
— p(r,E)cr*(E )" cd/r — p(r,E,)oct /1

As we showed above a better fit fort, involves pressurecorrections:

t, =[-0.07755*In(p(Pa)) +1.051] E,*°

with p(r) = p, [rEktf”?’]af p, =1.8x10" &, =-1.13thoughthisiscloseto p(r) «c 1/ r scaling
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Breakup - Burst Altitude - Overpressure - Blast Yield
Density = 2.6g/cc, 17km/s, 45 deg
Distance away from ground zero
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Figure 39— Summary of our modeled breakup and burst altitude as well as the blast wave peak pressure and
flux and total blast wave energy vs asteroid/fragment diameter for 17 km/s entry, as well as horizontal
distance from ground zero (point on the Earth directly below the final burst) for diameters from 1 to 100m.
Beyond ~100m diameter, the asteroid will hit the ground, resulting in massive local damage. The curves are
shown for a density 2.6g/cc (stony) asteroid at 17km/s and 45-degree impact (horizon angle). The lines for
common residential and commercial building glass breakage and the beginning of serious residential
structural damage are shown in grey dashed and solid lines, respectively. Breakup altitude is virtually
independent of diameter, while burst altitude is critically dependent on diameter. As is seen, if we can keep
the fragment size below 10m diameter for rocky asteroid (~ 5m for higher density “iron rich” asteroids) then
the damage even directly below the burst (1km distances from ground zero, for example) is below the glass
breakage threshold (~ 1kPa). This is a critical take away from this plot. Fragmentation into reasonably
small fragments prevents serious damage. The fragmentation maximum diameter to be allowed does
depend strongly on the asteroid density and angle of attack and weakly on the speed. The latter weak
dependence on speed is not obvious, but is due to high altitude breakup at high speed and energy
dissipation into modes other than shock waves.
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Asteroid Impact - Airburst and Ground
p=2.6 g/cc, 17 km/s, incident angle=45°
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Figure 40- Frequency of impacts, exo-atmospheric energy, and air burst/ground impact energies for asteroids from 1 to
1000m diameter — density 2.6. Below ~90m diameter the asteroid will air burst, and above 100m the asteroid will
impact the ground. The energies in Mt (TNT) are shown for incoming, air burst (shock wave), and ground impact
energies. Preventing ground impact is critical.
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Mass of atmosphere traversed by bolide prior to burst — We compute the air mass a spherical bolide
traverse’s through before it air bursts and compare this to the mass of the bolide. This air mass is the mass
of the column of air the bolide goes through prior to bursting. We treat the bolide as a sphere and the air
column as a cylinder with diameter equal to the diameter of the bolide. Atmosphere is modeled as an
isothermal self-gravitating sphere with scale height H ~ 8km.

Breakup and Burst Altitude
Mass Ratio (Atmosphere Traversed / Bolide)
vs Diameter
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Figure 41 — Ratio of mass of atmosphere traversed before burst over bolide mass for case of 17 km/s, 4 g/cc
bolide with about 1 MPa yield strength and attack angle of 45 degrees. Also shown are breakup and burst altitude.

Pressure p(z) at altitude z for isothermal atmosphere with scale height H (~8km):
P(2)/ Py =p(2)] py =€ ™"

Atmosphere mass/area (2(z)) above height z:

¥(z)=P(z)/g=2,e" where 3, =P,/g~10'kg/m?’

Mass of atm m that bolide of diameter d traverses above altitude z:

. dZZ e—Z/H
= (7d? 1 4)2(2) Isin(@) = ==
atm—bol (72— ) ( ) ( ) 4S|n(9)

atm—bol

m where @ =attack angle rel horizon

m. = mass fragi= %,oid3

320e—Z/H
Metm—pol / m; = -
2d p, sin(9)
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Breakup and Air Burst Altitude vs Yield Strength
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Figure 42— Breakup and burst altitude vs asteroid yield strength for our model. Air density at breakup and burst is
also shown. Comparison to various common material yield strengths is also shown. While there are no known bolides
with large scale yield strength, we include high strengths for completeness. While some fragments may have high
yield strength, our simulations show these can be fragmented sufficiently small as to be of little concern.
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Figure 43 — Breakup altitude vs yield strength for 2,4 and 10m diam fragments. Note that slow
very high yield strength fragments can penetrate the atmosphere.
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Figure 44 — Burst altitude vs yield strength for 2,4 and 10m diam fragments. Note that slow very
hiah vield strenath fraaments can penetrate the atmosphere due to low atmospheric ram pressure.
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Peak Pressure under Fragment
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Figure 45 — Peak pressure directly under fragment (ground zero) vs yield strength, diameter and speed. Note
the strong dependence of the peak pressure vs diameter and yield strength (which approximately correlates
with density) as expected. Various common material yield strengths are shown for reference. The peak blast
pressure is a function of both the fragment energy (speed and density dependent) but also the burst altitude
above the ground with higher yield strength fragments penetrating deeper in the Earth’s atmosphere but also
related to exo-atmospheric fragment speed with a complicated relationship between speed, penetration depth
and yield strength. Slower fragments can penetrate more deeply due to their smaller drag and smaller ram
pressure. High yield strength slower fragments can penetrate very deeply which can cause higher peak
pressures as they can burst closer to the ground. This is seen clearly for very high strength low speed
fragments. Some very high strength slow speed fragments, which cause relatively little damage, can penetrate
all the way to the ground. An example of this is the Hoba nickel-iron meteorite which is about 3x3x1m that
is estimated to have hit the ground at about 300m/s having slowed down greatly in the Earth atmosphere and
not having burst due to it high yield strength and apparently relatively low entry speed giving insufficient
ram pressure for fragmentation to occur. For reference, both the 2013 Chelyabinsk and 1908 Tunguska events
are estimated to have had yield strengths of approximately 1 MPa with less confidence for Tunguska.
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Intercept Safety Decision Logic — In running the simulations we implement a logic flow to test
whether a simulation meets a safety metric that is based on an “acceptable level of ground level
damage”. We set this “safety metric” primarily based on two observables for all locations on
the Earth’s surface. These observables are discussed in more detail in the many sections below
but they are summarized as:
1) Keeping the peak acoustical shock wave pressure below a level that breaks nominal
residential size and thickness windows. We will assume an allowed peak pressure of ~2
kPa at all observers. Note that while preventing the breakage of glass is desirable, we
consider a reasonable trade space to allow for some glass breakage.
2) Keeping the optical energy flux below the level that could start a fire from dry
combustibles such as dry grass or loose paper. We will assume a maximum time
integrated optical energy flux from ALL fragments summed of 0.2 MJ/m? at all
observers. This is extremely conservative as we assume the optical energy from ALL
fragments arriving from all entry times and all direction to be simply summed. We do
compute the optical atmospheric absorption for every observer path and every fragment.

Both of these are very conservative safety metrics. In both cases we propagate the acoustic
and optical signature through the atmosphere and include atmospheric absorption for
every fragment and every observer position. In the optical case we assume there is no
cooling time between optical pulses (worst case).

We proceed in the decision-making process for any given threat as follows:

1) Threat Detection and Trajectory Analysis — Determine if threat mitigation is warranted.
Determine threat parameters

Parent Threat Parameters

2) LO’mo’Vo1<p>

3) Parent Bolide - Impact Date, Time, Latitude, Longitude, Attack Angle

Intercept Parameters

7 (Time between intercept and impact)
v,.. (Average frag dispersal speed)
L. (Largest fragment Diam Accepted)

N (# fragments) = (L, / L, )’

4)
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5)

6)

7)

Fragment Properties
v, =speed frag cloud atimpact —assumeall frag same longitudinal speed
X.«i = Iy, frag positionincl burstalt z,
6, =1, fragattack angle
L, =i, fragdiam
p, =1, frag density
t. =i, fragbursttime
E, =1, fragentry KE
E

E

frag acoustic energy release
i_optical = Iy, frag optical energy release

Pressure from Acoustical Pulse (Blast Wave) and Optical Pulse at Observer
=1, frag positionatburstz =z,

i—acoustic — Ith

X

ast i

X = observer position
T = (X, — X) = slant vector from iy, frag bursttoobserver

r

slant—i rslant—i

=|Fui| = Slant dist from from iy, frag bursttoobserver

P, (X, X, ;) = peak pressureatobserver fromiy, fragincluding atmacoustic absorption

Eopticat (Xs Xo1) = Peak optical energy fluxat observer fromi,, frag including atmoptical absorption
t.(X) =arrival timeof blast from fragment i at observer position X

t_, (X.;) = bursttimeof fragmentiat position X,

ast,i

ti (Y) = ti—b (Yast,i) + ‘Y - Xast,i

A'A

t, (X) ="t," from Friedlander blast evolutioneq for fragmenti

at position X = zero crossing time for p(t, X), 1 (t,X) =0

(t; (x)isslightly dependent on i and X duetoblast energy and atm freq dependent absorption)

N
p(t,X) =D P, (X)e M@ (t—t, (X)) /t,(X))] fort=t,(X)
i=1
p(t, X) = sumof all blast waves at observer (X) —includes decorrelation fromtime evolution

N
Eopt_sum = Z E gptica (Xons» Xast.i) = SUMof optical energy flux from ALL fragments (worst case)
i=1

Check if intercept time before impact t and intercept parameters (dispersion speed, number of
penetrators, fragment size etc) allows all observers (all position on Earth surface) to be safe

e Check peak acoustic pressure Po at observer from each fragment is less than acceptable
damage threshold (~ 2 KPa)

e Check total pressure from all fragments (P(t,x)) including time evolution decorrelation is less
than acceptable damage threshold (~2-3KPa) for peak pressure

e Check Eopt-sum sSummed peak optical energy flux at observer from ALL fragments is less than
acceptable damage threshold 0.2 MJ/m?)
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Decision — if peak pressure (P(t,x)) or sum of peak optical energy flux is not acceptable at any
observer then increase t*vavg (make intercept earlier and/or dispersal speed larger) and repeat
process until converged

Intercept time — Dispersal Speed product and Dispersal energy dependence — For a given mitigation
outcome in terms of the Earth surface affects, it is the product of the intercept time prior to impact t
and the dispersal speed vayg that determines the damage outcome to first order. This is due to the fact
that the fragment cloud radius Rcioud=T*Vavg iS What determines both the acoustic and optical damage to first
order with larger radius being desirable. We can increase the fragment could radius by either increasing the
time t and/or increasing the dispersal speed vavg. Since the dispersal kinetic energy scales as Vavg?® there is a
dispersal energy penalty for increasing vavg While increasing t requires us to launch earlier or go faster to
the target. There is a trade space here that is target and situation dependent.

Threat detection and
trajectory analysis

L, m, v, (p)

Impact date, time,

Determine pressure

_ . De.-tem'nne parent from fragment
latitude, longitude, object parameters acoustical pulses

h A

and angle of attack

Y A 4

Determine optimal Determine optical
intercept parameters pulse from each
fragment

Y

Determine fragment
properties

acoustic pressure

acoustic pressure

Increase T x v

avg

optical energy flux

Conclude analysis

Figure 46— Threat Mitigation Decision Diagram from threat detection to successful mitigation with a threat metric being
both acoustic and optical signature thresholds.
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Smaller Fragment Size is Better — Due to the strong connection between fragment size and the peak blast
pressure at “ground zero” (directly below the fragment burst), the minimum damage on the ground for a
given parent bolide is when the fragments are as small as possible. There is a practical trade-off between
achieving small fragment size, the disruption strategy, and the energy required. Our approach in this paper
is to adopt a conservative strategy. We have run a large number of simulations over a wide range of
fragmentation strategies and generally adopt a very conservative mean fragment diameter of 10m for stony
bolides, which yields an acceptable mitigation strategy. We show this vividly below where we compare a
5m and 10m mean fragment size with sigma indicated. In these histograms, the blast pressure is the
maximum pressure right under the fragment (ground zero — worst case). This is a “zero time” intercept
with no spatial spread, and thus it represents the worst case possible as the observer is always directly
under each fragment. Even so, in this case the peak blast pressure is below 2kPa for all fragments. At
2kPa peak pressure, some residential windows may break, but large-scale blast damage is avoided. If we
fragment to a 5m mean diameter instead of 10m mean diameter, then the peak blast pressure is less than
1kPa everywhere, and thus virtually no window breakage should occur. However, as ground and building
reflections of the acoustical wave do occur, there are some limited sites where constructive
interference may cause window breakage.

Ground Zero Blast Pressure Histogram
Zero Intercept Time - 1000 Fragments
20 km/s-2.6 g/cc

10 m mean fragment diam, 64,,,,=2.5m o,,,,=0.3g/cc
Observer at ground zero for every fragment

Ground Zero Blast Pressure Histogram
Zero Intercept Time - 1000 Fragments
20 km/s-2.6 g/cc

5 m mean fragment diam, o,,,=2.5m c,,=0.3g/cc
Observer at ground zero for every fragment
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Figure 47 — Histogram of ground zero peak pressure for
1000 fragments with mean diameter of 5m at 20km/s. The
blast wave is below 1kPa for all fragments thus mitigating any
serious damage. Angle of attack is 45 deg unless specified.

Figure 48 — Histogram of ground zero peak pressure for
1000 fragments with mean diameter of 10m at 20km/s. The
blast wave is below 2kPa for all fragments mitigating any
serious damage though some windows may break.
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Shock wave pressure and travel time vs observer position — In preparation for the computation of multiple
fragment shock waves, we first compute the shock wave and travel time for any position on the ground. In
the example below, we compute the maximum blast pressure and travel time for a 10m diameter fragment
with density 2.6g/cc and an angle of attack of 45 degrees, for an observer grid of £100km in x and y. The
asteroid/fragment bursts at approximately 33km altitude at x=y=0. Entry speed is 17 km/s.

Blast Transit Time to Observer Blast Max Over Pressure
Asteroid diam=10m, 2.6 g/cc, 17 km/s Asteroid diam=10m, 2.6 g/cc, 17 km/s
Min=100s and Max=440s Min=104, Max = 551 Pa
Asteroid Burst at x=y=1km, z~ 33km Asteroid Burst at x=y=1km, z~33km
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. . Figure 49- Shock wave max pressure vs observer position
Figure 50 — Shock wave transit time from burst to observer on a 200x200km ground grid for a 10m diameter

vs observer position on a 200x200km ground grid for a 10m asteroid/fragment at 17km/s and density 2.6g/cc.
diameter asteroid/fragment at 17km/s and density 2.6g/cc.
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Target Interception Distance and Fragment Cloud Spread vs Intercept time prior to Impact —\We compute
the intercept distance vs time of intercept prior to impact for bolides of various speeds from 10 to 60km/s.
We then compute the fragment cloud diameter upon arrival at the Earth for fragment dispersal speeds of 1,
3, and 10m/s. The fragment dispersal is key to the success of the program.

Intercept Distance vs Time Prior to Impact Fragment Cloud Diameter vs Intercept Time
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' Intercept Time Prior to Impact (days) assuming the fragments have a 1m/s average speed relative
to the parent asteroid center of mass.
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Figure 51- Distance to intercept vs intercept time prior to
impact.

Mitigation of 100m diameter Bolides — A 100m diameter asteroid would cause significant damage to a
populated area if struck. In general, a 100m diameter asteroid that was intact would hit the ground and cause
a very large area of destruction. At a typical 20km/s, the energy of such a bolide would be of order 100Mt.
For comparison, the largest thermonuclear weapon ever tested was the Czar Bomba, with a yield of around
50Mt. We show the results of a number of simulations using our method to fragment the parent bolide into
1000 fragments, each of which has an average diameter of 10m. The results below show one of these
simulations where we have taken an extreme short warning time with an intercept of 100ksec (1.2 day) prior
to Earth impact. The simulation extends out £180km in x and y, where the origin is where the asteroid would
have struck if it were not mitigated. We can place the observer at any position, but for this simulation we
placed the ground observer in the worst position, namely right under the fragment “ring” at x=100km,
y=0km. In this simulation, we assume a nominal incoming speed of 20km/s, a mean density of 2.6g/cc, and
a mean fragment dispersal speed of 1m/s. We model a heterogeneous target by introducing density variations
with 6=0.3g/cc. We also allow for a large range of fragments with s=5m around a mean of 10m, truncated
on the “small side” at 2m. We also introduce dispersion in the fragment speed with =0.3m/s. All of these
are free parameters allowing us to rapidly run any reasonable scenario. The plots below show the fragment
cloud distribution in space upon entry into the Earth’s atmosphere, the distribution in fragment diameters,
blast wave pressure vs arrival time distribution for all 1000 fragments, and the blast wave pressure vs time
for the first five blast waves to arrive at the observer. We chose a simulation to show a relatively rare event
in overlapping blast waves from different fragments, as is seen in the first two blast waves to “hit” the
observer. Note that even in this relatively extreme mitigation of 1.2 days prior to impact, there is virtually
no damage as very few of the blast waves at the observer are above 1kPa where residential glass breakage
begins. When we include blast wave caustic formation we find some small fraction of cases with overlapping
2 point caustics” with pressures that are about 2x higher in these small fraction of spatial locations.
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Fragment Diameter vs Position
100m diam parent, 1000 Fragments
100K Sec (1.2 day) Intercept, 20km/s, 2.6g/cc, 1m/s

Sgiam=10M, G5q.,=0.3M/3, 65,4, =0.3M/s, o;,,=0.3g/cc

180
140
100

60

20

Fragment Y Position (km)

-100

-140 L IR T

-180

-100 60 -20 20 60 100
Fragment X Position (km)

-180 -140

140 180

Figure 53— Fragment positions and diameters for a 100m
diameter parent asteroid fragmented into 1000 pieces (10m
diam. avg.) traveling at 20km/s intercepted 100ksec (1.2
days) prior impact. Fragments have a 1m/s average speed
relative to the parent asteroid center of mass.

Blast Wave Pressure vs Time
100K sec Intercept Time, 100m Parent Asteroid
20 km/s-2.6 g/cc -1m/s Disruption-100km radius ring
Giam=2M, Oaq.,~0.3M/s, cs,ong_v=0,3mfs, one=1g/cc
1000 Fragments-Observer at x=100km, y=0
Observer right under ring edge
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Figure 54— Fragment shock wave pressure vs time for a
100m diameter parent asteroid fragmented into 1000 pieces
(10m diam. avg.) 100ksec (1.2 days) prior to impact.
Fragments have a 1m/s average speed relative to the parent
asteroid center of mass. First five waves shown. Worst case
with observer right under ring.

Fragment Diameter vs Position
100m diam parent, 1000 Fragments
100K Sec (1.2 day) Intercept, 20km/s, 2.6g/cc, 1m/s
Ciam=9M, Graq.,=0.3M/S, 0}, =0.3M/s, o, =1g/cc
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Figure 55— Fragment diameters and positions for a 100m
diameter parent asteroid fragmented into 1000 pieces (10m
diam. avg.) traveling at 20km/s intercepted 100ksec (1.2
days) prior to impact. Fragments have a 1m/s average speed
relative to the parent asteroid center of mass.

Blast Wave Peak Pressure vs Arrival Time
1 Day Intercept Time, 100m Parent Asteroid
20 km/s-2.6 g/cc -1m/s Disruption
Giam=2-5M, Gpgq.,=0.3M/$, G1q.,=0.3M/s, o,,,=0.3g/cc
1000 Fragments (10m ave diam) - Observer at x=100km, y=0
Observer Right Under Ring (worst position)
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Figure 56— Fragment shock wave pressure distribution vs
blast arrival time for a 100m diameter parent asteroid
fragmented into 1000 pieces (10m diam. avg.) 1 day prior to
impact. Fragments have a 1m/s average speed relative to the
parent asteroid center of mass. Worst case with observer
right under ring.
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Mitigation of Apophis — We chose the specific case of Apophis as it is a potential Earth hazard. Apophis
has an orbital period of about 0.9 years and frequently comes close to the Earth. The next “near miss” of
Apophis is expected to be Friday April 13, 2029. It is estimated to come within 31,000km of the Earth’s
surface, which is closer than the geosynchronous satellite belt. This is truly a close call. Other encounters in
2036 and 2068 will miss the Earth. Apophis (99942) has an estimated mean diameter of 330-370m and a
density of approximately 2.6-3.2g/cc and an estimated mass of m=6x10%kg . The equivalent diameter d for
a solid sphere is d=(6m/rp)Y® or 350m for a density of 2.6g/cc if we use the estimated mass of 6x10*°kg.
We assume a conservative 350m diameter with density 2/6g/cc in general when we use the term “Apophis”.
We should gain much more information about Apophis this decade when it passes close by. The kinetic
energy of Apophis depends on the particular pass it makes. A reasonable estimate is to assume about 20km/s
which gives a KE of about 3Gt. For reference, the Earth’s total arsenal of nuclear weapons is approximately
7Gt, so a direct hit by Apophis would be a “bad day”. We show the results below of an extreme case of a 1
day prior to impact mitigation, as well as a 10 day prior to impact with the same basic parameters as for the
100m case, but we break Apophis into 30,000 fragments with a mean size of 12m diameter. We also
introduce parameter perturbations in density, fragment speed, and fragment size to give a more realistic
simulation. A one day prior to impact strategy is a really bad idea here, though the blast wave distribution
shows relatively minor damage, but the optical signature discussed in later sections could be a hazard. The
case for 10 and 30 days prior to impact are acceptable in both blast wave and optical signature mitigation
with 30 days or longer being preferred for an object like Apophis. What is truly remarkable about these
results is that even large asteroids like Apophis could be mitigated by PI with relatively short intercept times
(10 day for the Apophis example). In addition, as discussed below, frequent Earth-crossing asteroids provide
ample “target practice” for testing the system. It is best to start with smaller targets first, however!
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Apophis Fragment Position and Diameter
370m diam parent with 30,000 Fragments
Intercept 10 Day Before Impact, 20km/s, 1m/s
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Figure 60- Fragment positions and diameters for Apophis
fragmented into 30,000 pieces (12m diam. avg.). 20km/s
intercepted 10 days prior to impact. Fragments have a 1m/s
average speed relative to the parent asteroid center of mass.

Apophis Fragment Position and Diameter
370m diam parent with 30,000 Fragments
Intercept 1 Day Before Impact, 20km/s, 2.6g/cc, 1m/s
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Figure 58— Fragment positions and diameters for Apophis
fragmented into 30,000 pieces (12m diam. avg.), 20km/s
intercepted 1 day prior to impact. Fragments have a 1m/s
average speed relative to the parent asteroid center of mass.

Apophis - Blast Wave Peak Pressure vs Arrival Time
10 Day Intercept Time, 370m Parent Asteroid
4.1 GT exo-atmosphere impact energy - Approx world nuclear arsenal
20 km/s-2.6 g/cc -1m/s Disruption
Ogiam=4M, Gpa0.,~0.3M/S, G504, =0.3m/s, o,;,=0.3g/cc
30000 Fragments (12m ave diam) -Observer at x=1000km, y=0
Observer Right Under Fragment Ring (worst place)
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Figure 59- Fragment blast wave pressure distribution vs
blast arrival time for Apophis fragmented into 30,000 pieces
(12m diam. avg.) 10 day prior to impact. Fragments have a
1m/s average speed relative to center of mass.

Apophis - Blast Wave Peak Pressure vs Arrival Time
1 Day Intercept Time, 370m Parent Asteroid
4.1 GT exo-atmosphere impact energy - Approx world nuclear arsenal
20 km/s-2.6 g/cc -1m/s Disruption
Ciam=4M, Gaq.,=0.3M/S, G, =0.3M/s, 5,,,=0.3g/cc
30000 Fragments (12m ave diam) -Observer at x=100km, y=0
Observer Right Under Fragment Ring (worst place)
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Figure 57- Fragment blast wave pressure distribution vs
blast arrival time for Apophis fragmented into 30,000 pieces
(12m diam. avg.) 1 day prior to impact. Fragments have a
1m/s average speed relative to center of mass.
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Apophis
Blast Wave Peak Pressure at Observer for Each Fragment
10 day Intercept Time, 370m Parent Asteroid
20 km/s-2.6 g/cc -1m/s Disruption-1000km radius ring

Ogiam=2-5M, Oaq.,~0.3M/8, 615, =0.3MV/s, o4,=0.3g/cc
30000 Fragments (12m ave diam) -Observer at x=1000km, y=0
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Figure 63 — 10-day intercept of Apophis in 30,000
fragments. Histogram of peak pressure from each of the
fragments at the observer which is under the fragment cloud
ring (worst position) at x=1000km. 30,000 fragments with
12m diam. avg. and 20km/s. Fragments have a 1m/s average
speed relative to the Apophis center of mass. The blast waves
at the observer are generally very small due to the large
spread of the fraament cloud for a 10-dav intercent.

Apophis
Blast Wave Peak Pressure Underneath Each Fragment

10 day Intercept Time, 370m Parent Asteroid
20 km/s-2.6 g/cc -1m/s Disruption
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Figure 62— 10-day intercept of Apophis in 30,000
fragments. Histogram of peak pressure underneath each of
the fragments (worst place). 30,000 fragments with 12m
diam. avg. and 20km/s. Fragments have a 1m/s average
speed relative to the Apophis center of mass. Effectively this
shows what 30,000 observers, each directly under each
fragment, would experience from “their fragment”/.
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Figure 64— 10-day intercept of Apophis in 30,000
fragments. Histogram of fragment diameters.
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Figure 61- 10-day intercept of Apophis in 30,000
fragments. Histogram of fragment exo-atm. Kinetic energy.




9. Coupling of penetrator energy to disassembly energy

The coupling between the penetrator KE and the fragment KE is a key part of the implementation of this
program. We compute the mass of the penetrator required to deliver the needed disassembly KE for a 1m/s
fragment speed for different intercept speeds, as well as the conversion efficiency of penetrator KE to
disassembly KE for a possible future 100 ton delivered penetrator array capability. A 100-ton delivery
capability of an interceptor array is possible with upcoming heavy lift options such as the Space X Starship

Penetrator Mass Required for Disassembly
Includes Grav Binding Energy which is Minimal Here

p=2.6g/cc

3
~— 3 __ . -2 =
> 10 3 Fragment Energy Including Grav Binding / E 10 8

c - 2 . -
g ] E=Gd/*Fr219x0" g -
E - Intercept (closing) KE Speedv,, ,’ = S
2 ’ -
my, e
R i S o = 10° 8
S E 2 ’ / - a
> 1 E =E->m=E/(v,}/2) - N - 2
(e)) ] imp int ’ | @
E 1 4 | - E
- | o
w 10" < — 10 _5
<3 : ¢
- | -2
s | ~ S
x I 8
o 10° 3 = 10° E
8 3 ! -
= )/ | ¥
8 i ‘ | B =
o . -g
E 10-1 T T T T T TTT I T T I T LU 1076 3
) [}
o 10 100 1,000 &
a

Diameter(m)

----- 1 m/s - 10km/s closing Chelyabinsk (19.5m, 0.55 Kt))
1 m/s - 20km/s closing = = = = = Tunguska (50-100m, 3-30 Mt)
— .+ =— 1m/s-30km/s closing =— =— - Apophis (350m, 3-4 Gt)

Figure 65 — Penetrator mass required to disassemble asteroid with 1 m/s
residual average fragment speed relative to the center of mass. . Mass assuming
unity conversion efficiency of penetrator KE to fragment KE as well as
fractional conversion efficiency for 100 ton delivered penetrator load (e.g.
Starship).

and two NASA SLS launchers. The
required efficiency is very low
(<1%) even up to Apophis-class
asteroids at 20km/s. This is very
encouraging. The specific nature
and workings of the interceptor to
achieve this efficiency requires
detailed design, simulations, and
ground testing of both passive and
explosive-filled penetrators. While
the addition of explosives to the
penetrator does not add significantly
to their overall energy, it may add
significant to their efficiency of
scattering the fragments. Other
options to explore include slowing
the penetrator using ablation and
“front side” staged explosives, as
well as filling the penetrator with
fluids/solids that will vaporize and
“push” the fragments away. Earth
testing of various configurations is
critical in iterating the design.
Testing of designs on actual smaller
asteroid that come close to the Earth
will allow for iterations on a variety
of real targets.

Mass of Penetrators vs Mass of
Bolide — Assuming unity coupling
of the KE of the penetrator in the
frame of reference of the bolide to
the KE of the fragments allows us to
compare the ratio of penetrator mass

Mp to bolide mass M.
. : . . 2 GM?

Bolide mass M, disperal energy incl grav Binding E, = Ey¢ . + Ege = Mvy,," /2+3/5

Penetrator mass m, intercept (closing) speed v, E_ =mv, */2

Assuming unity coupling > E, =E
= [(Vdisp /Vim)2 + (3/5)(Vesc /Vim)z]
V,, =v2GM /R

EX:Vy,, =Im/s, v, =20km/s —>m/M ~ 2.5x10°°

disp
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Energy per mass — The energy per fragment mass to achieve speed v relative to the asteroid CM (ignoring
gravitational binding) is: V> /2=1/2J Im(kg)—(m/s)* =1.2x10"kgTNT /m(kg) —(m/s)* as 1kg TNT is

1010

Impactor Kinetic Energy (J/kg)
1 IIllIlIl 1 lIIIIII|

1 ]IIIII|

Penetrator KE per Mass vs Closing Speed

KE per mass
Chelyabinsk (19.2 km/s)

107

10

T T T T T T T T

Closing Speed (km/s)

-
(=]
o

=)
ton TNT/ton))

-
o
)

Impactor Kinetic Energy (kg TNT/kg

-
Q

Figure 66 — Passive (no explosives) penetrator energy per unit mass vs
closing speed onto asteroid. Due to the high closing speed, the amount of
kinetic energy per unit penetrator mass is far greater that the equivalent
energy of explosives. For a Chelyabinsk-like event with a speed of
19.2km/s, the KE is about 44 times higher than the equivalent mass of TNT.
As an example, if the delivered penetrator mass is 100 ton (Starship) then
the total energy would be 4.4kt or equal to a tactical nuclear weapon.
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Figure 67 — Comparison of energy per unit mass, speed and equivalent
temperature of Si. Relevant for comparison of chemical, kinetic penetrators,
and nuclear explosives.

4.2MJ, or 1g is 4.2kJ. Testing the

coupling  efficiency of  energy
deposition, whether via passive
penetrators  or  via  explosive

penetrators, is critical to assess and
design the system. Conventional and
nuclear explosives deliver a significant
fraction of their energy into the blast
wave via gas coupling for terrestrial
detonations. Airbags in cars are another
example of this. Designing an efficient
energy conversion system for Pl will be
a critical step in its success. Ground
testing in a large vacuum chamber, if
necessary, could be done. To put this in
perspective, imagine two 5000kg
railcars that are oriented back-to-back
with an explosive charge between them
of 1g of TNT. This would achieve a
speed of each car of

v=(2E/m)"*=0.92m/s

E =4184J (1gTNT), m=10,000kg
This is essentially identical to the speed
we have been simulating for fragment
dispersion IF all of the energy of
detonation could be coupled into the
Kinetic energy of the motion of the
railcars. Some of the detonation energy
will clearly go into heating of the
railcars, which is not a useful form of
energy for us. Coupling the detonation
energy efficiently into kinetic energy
will be a critical element of the design.
This can be ground-tested by using a
small rail or air table suspension
system. This allows very practical
testing and optimization to rapidly
proceed at low cost. The testing of
passive Kinetic penetrators is similar,
though more complex in nature.
Unfortunately, there are no ground
assets that allow 20km/s testing at
appropriate  scales. Lower speed
ground testing to cross check our

hypervelocity penetrator simulations codes is one option we are exploring.

10. Penetrator Physics and Depth
We model the penetration depth for a hypervelocity penetrator by assuming a model in the strong shock
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limit where the speed of the penetrator greatly exceeds the sound speed in the material being penetrated, as
well as in many cases of the speed of sound “inside” the penetrator. We also assume that the speeds of
impact are sufficient to compress and vaporize the material ahead of the penetrator. This is similar to the
Earth-penetrating devices used to mitigate underground targets or bunkers [42]. Note that the speeds of the
penetrators we are considering for asteroid mitigation (typ. > Mach 60) are far in excess of those used in
“Earth-penetrating munitions” (typ. ~ Mach 1-3), and thus the basic physics will need to be refined to give
accurate results. We use the existing work on Earth-penetrating munitions as a guide and focus on the
approximate penetration depths and leave open the use of chemical, nuclear, or no (kinetic only) additional
energy deposition. The penetrator will generally have a length L to diameter d ratio L/d>>1 —i.e. a “rod”.
We follow the approach of [42] in computing the penetration depth for a given penetrator design. Comparing
experimental penetration depths to the theoretical depths shows that the theoretical depths are typically an
over-estimate of the actual measured depths by a factor of a few. More realistic simulations are needed, but
the theoretical estimates give us a good starting point. The yield strength of the penetrator material will be
a critical area of work to optimize. Various high strength alloys (steels, W, Ti, for example) can have
compressive yield strengths of about 1GPa, while some ceramics and glasses can exceed 4GPa (Al20s, for
example). However, high yield strength must also be accompanied by the ability to survive fracturing.

Penetrator strategy for asteroid fragmentation — Numerous high-fidelity simulations are needed to
determine optimized fragmentation strategies. Currently, we feel an “onion peeling” strategy is appealing
in that the asteroid outer layers are removed first and then successive penetrators work inwardly. This also
greatly reduces the penetration depth needed for the outer penetrators, and hence a heterogeneous penetrator
array optimized for this strategy may be helpful.

Similarity to Asteroid Penetration of the Earth’s Atmosphere — The asteroid penetrators for disruption
have similarities to the penetration of the Earth’s atmosphere by low strength asteroids (the majority), where
the asteroid begins to break up at high altitude when the yield stresses are exceeded and then continues to
lower altitudes before detonation. This is an example of objects going far beyond their yield point and still
carrying significant energy and momentum.

Similarity to Explosively Formed Penetrator (EFP) — The penetrator rods can be designed to form an
explosively formed penetrator (EFP) using internal explosives to liquefy a metal penetrator that may
increase penetration depth.

Explosive tipped penetrators — One option for increased penetration has been to use explosive or shaped
charge tipped penetrators. This may be an option, but one serious problem is that the detonation speed of
explosives (max 10km/s) is slower than the asteroid speeds of interest (>10km/s) and hence a conventional
explosive or shaped charge tipped penetrator would not generally work as it does for terrestrial applications.
Having multiple penetrators that follow each other in so that the initial entry “clears the way” for the
subsequent penetrators may be an option if needed.

Low Yield Strength Asteroid — Low density asteroids may be quite low yield strength, particularly on larger
macroscopic levels where cohesion is extremely low. For example, it appears that low density stony
asteroids have macroscopic yield strengths under 1MPa. We have a very limited dataset to go from on this
and much more work in characterizing them is needed. One strategy is to design “smart” penetrators that
can measure the penetration length vs time since entry and then detonate if needed before exiting.

Realistic Asteroid Composition — A realistic asteroid is generally thought to be significantly heterogeneous,
and thus complex in nature. This will complicate our efforts in some ways, but may also make asteroids
easier to break apart in other ways. Preliminary missions to probe a variety of asteroids using penetrators
would give us a great amount of structural information. Measurements of asteroids using penetrators as
probes would be an extremely interesting mission space. Interior structural information could, in theory, be
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obtained from a smart penetrator that was instrumented with accelerometers that could record and relay
acceleration vs time at high cadence (MHz rates, for example) to give sub-meter structural resolution.

Heterogeneous Penetrators — There are a wide variety of options in designing penetrators for maximum
“pulverization” of the asteroid being targeted. Since the impact speed of the penetrator ensures pressures
above the structural strength of known materials, structural failure is virtually assured. This is analogous to
the case of the asteroid impacting the Earth’s atmosphere that then fragments due to structural failure. Just
as the asteroid in the Earth’s atmosphere undergoes catastrophic detonation, so too could the catastrophic
failure of the penetrator be useful in fragmenting the asteroid. Penetrators specifically designed to fail and
release either explosive charges, or a load of ceramic, or other type of sub-penetrators could be extremely
useful in transferring momentum and disassembly energy into the asteroid. A type of “compressively formed
penetrator’” analogous to EFP’s could be useful in this regard. Heterogeneous penetrators with hardened tips
and explosive interiors with clusters of internal penetrators and explosives is another option.

Explosive Optimization — Part of the problem in optimizing the conversion of chemical or passive
hypervelocity penetrators into useful kinetic energy for fragment dispersion is the large mismatch in speeds.
Chemical detonations occur at speed of approximately 3-10km/s, while the passive penetrator closing speed
on the asteroid is 10-40km/s. The desired speed of the fragments relative to the asteroid CM is of order
1m/s. The ratio of the detonation (whether chemical or passive impact) speed to the desired fragment speed
is of order 10*. It is this “impedance” mismatch that requires optimization. It is not as much an energy
problem, but rather a momentum transfer problem. Another way to ponder the problem is to consider a
completely inelastic collision between the penetrator/explosive and the fragment. The ratio of the

momentum (useful work) to energy input is P/E=mv/(mv?/2)=2/v where v is the penetrator or

chemical explosive speed. The higher the speed v, the lower the momentum (per energy) transfer for an
inelastic ~ collision. ~ For ~ v=10km/s,  this  inelastic =~ momentum  per unit  energy

P/E=2x10"*N-s/J (orN/w). This is the same relationship of P/E as for a rocket engine of specific
impulse 1, where v,,, =gl and P/E=2/v,, =2/gl . Ina very real sense, an explosive denotation, or

a penetrator with speed v for an inelastic collision, is equivalent to a rocket engine with the equivalent energy
in fuel. In precise analogy to a rocket, the way to get higher momentum transfer P for the same fuel energy
E is to use the fuel in a more efficient cycle (such as a Stirling or Carnot engine cycle, both of which use
gas as the “momentum extraction working fluid”) to extract more mechanically useful energy.

Optimized detonation speed for pure inelastic collision - Since momentum/energy P/E=2/v, we can
model the final momentum in a fully inelastic collision as a simple model. If we assume a desired fragment

speed Vy,, then only input particles from the detonation moving at speed V=V, can do useful work on

the fragment as slower detonation particles cannot catch up to the fragment and thus are not useful, while
particles that move faster than the fragment “waste energy” in the inelastic collision as the excess energy is
converted to heat. Thus, the optimum detonation speed is to match the speed of the fragment. If the collision
is not inelastic and there is a way to store the “propulsion energy” in a mechanism such a spring (gas for
example), then the detonation speed can be very fast compared to the final fragment speed as the spring is
“slowly released” to push on the fragment, and thus efficiently transfer the detonation energy into fragment
momentum.

Another complication is that part of the total energy of the penetrator/explosive is generated as heat,
which is not generally useful for our purposes UNLESS we can use the heat to cause gas expansion, such
as in an airbag or a confined (tamped) explosive. We can do much better if we effectively introduce a
“spring” into the system where much of the energy is used to rapidly compress the spring and then the spring
is slowly expanded to “push” the fragments away. In a sense, this is precisely what happens in a conventional
or nuclear detonation where the initial explosive speeds for chemical explosives are ~ 10km/s, and for
nuclear weapons they are of order 100-1000km/s. In the resultant air burst blast wave, the “spring” is the

frag
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air itself when it is rapidly (adiabatically) compressed and then slowly expanded as the shock wave
propagates ultimately at about 0.3km/s (speed of sound in air) far from the explosion. To efficiently couple
the energy from the penetrator, we need this “spring”. In both the passive penetrator and the explosively
loaded penetrator, there is gas generated that can be useful in this. For the passive penetrator the gas/plasma
comes from the vaporization of the asteroid/penetrator during created during penetration, while for the
chemical explosive penetrator there is also the gas generated by the chemical explosive decomposition. The
“ideal explosive” for our application would be one with a detonation speed of order 1m/s. While no such
explosive exists, conventional explosives coupled to mechanical (gas, for example) systems do exist. This
area has strong overlap with the mining and explosive construction industry. This is an area ripe for creative
and testable designs with an emphasis on rapidly testable designs.

Testing Paths — High fidelity ground and then space testing can be accomplished by a series of steps
including:

e Ground-based tests using hypervelocity projectiles into custom designed and fabricated targets. One
of the advantages of the approach we take is that robust ground testing is feasible and can be done
at relatively low cost using many of the assets already in place such as railguns, gas guns, rocket
assisted artillery shells, etc. This allows a rapid design, testing, and iteration program with both
passive and explosive filled penetrators. The critical steps of optimizing the coupling of the large
penetrator KE for passive penetrators and the option of explosive filled penetrators and possible “gas
inflated” penetration options should be explored. There are numerous opportunities for space-based
testing, though this may be politically complex, due to the large number of “flyby” asteroids that
come close to the Earth. Proving out the system in actual intercept and fragmentation missions would
give us confidence that we would be ready for “the real one” when needed.

o Building parts of scaled heterogeneous targets that can be simulated.

o Using hypervelocity rail gun or gas gun and EFP projectiles with and without explosives.

o Building parts of full-scale targets (longitudinal slices) to test penetrators.

e Ground testing coupling efficiency of explosives on targets from 1kg to beyond 1000 tons (~ 10m).

o Goal is to understand coupling efficiency of various explosive configurations.

o Testing simulating zero gee by using horizontal (air table) rails to measure speed (stiction).

o Testing simulating zero gee by using floating targets to measure acceleration (no stiction).

o Test 1kg to 1000 ton targets with explosives from grams to multiple kg.

o Feed explosive test data into explosive penetrator modeling and iterate.

e Lunar and space intercept tests.

o Using the moon as a “target” where real-time sensor data (acceleration) could be monitored
on the moon or on Earth would provide a wealth of data and build confidence. This data
could also be used to probe the local interior of the lunar surface to compare with acoustic
measurements.

o Interception of small asteroids that come close to the Earth would provide numerous
opportunities to test the system as it is developed.

Penetrator Physics — We calculate the penetration depth of a high-speed penetrator below. The physics here
is not valid above 2km/s [43]-[47].
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Penetrator depth model for low speed (<2 km/s) entry
D = penetration depth
L = impactor length

V,_ it = iNitial impactor speed

\'

. . 1
o_final = TiNal" impactor speed when the ram pressure > psvpfﬁna,2 =Y,

Note that actual "final" impactor speed is 0 when if come to rest.

v is the impactor speed when the impactor can no longer "break™ the target cohesion

p-final
p, = density of impactor

P, = mean density of target

P, = density of shocked target material ahead of impactor

Y, = compressive yield strength of impactor

Y, = compressive yield strength of target

For targets that are not "bulk molecularly bound or cohesionless or granular"

the range of is typically 0.01 to 1 MPa while well bound materials have ranges of 10-1000MPa
y = polytropic index of vaporized shocked material ahead of impactor

(typically vaporized material is monatomic gas — y =5/3)

+1 .
s =pty—1—>ps =4p,(ify =5/3)

v

p—final —

> Vo final = 2 L(if7/=5/3)
\/ps \ 25,

D/L=2r [Py
P\ 2Y,

V.o
—>D/L:&{ /&vpm—l/Z}: Lol Tt 179 |(ify =5/3)
pt 2Yt pt 2vp—final

Note that for the speed of our impactors relative to the asteroid v, g, <<V

e 1
="final" impactor speed when the ram pressure > AP

\Y

p—init p—final)

p—init
\V2
Sp/L-2e [Py P e i, 53
P 2Yt Py 2V

Destruction of impactor

p—final

The impactor speed impose a severe constraint on the maximum impactor speed
Since the ram pressure on the impactor at very high speeds will cause deformation
and ultimately impactor failure when the ram pressure exceeds the impactor yield strength

1 2Y
Replacing v, ;,, with v _ . we get:

\'
D/ L~ & &Vp—init :& ﬂVp*max :&ﬂ (If7/ :5/3)
£\ 2Y, P \l 2Y, P 2V final
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Example: Y, =1GPa, p, =2000kg / m® (~ stony asteroid),Y, =1MPa, p, =8000kg / m®

f2Y
Vo max = =1km/s
Vo final = /ZY / (|f;/ 5/3)~22m/s

Replacing v, ; with Vp—max we getv, ..,V >>V

p—init? ¥ p—max p—final:
vV .. Vv
D/L:fﬂ“pt - 1/2} Po) oinit_qyp |~ Fo Zome (it _5/3)~ 90
o |\ 2Y, P 2Vp—ﬁnal P 2Vp—final

This is an extremely large penetration to impactor ratio and it is not clear how
realistic this would be given measured penetration is often a factor of a few times less.
As discussed with v >>V . ingeneral this would mean distortion and

p—max p—final
ultimately structural failure of the penetrator which is not necessarily bad.

Comparison to testing of B61-11 NED penetrator in frozen soil where the measured penetration was a
maximum of 8 meters (D/L~3) when the drop was from 8000 feet (2.4km) with max impact speed (ignore
air resistance) of (2gh)%°~ 220m/s. Choose ice and two frozen soil examples as the target:

Example: Y =1GPa, p, =1000kg / m?® (ice),Y, = 25MPa, p, =8000kg /md,v =220m/s

Vo_final = & = L (ify=5/3)~110m/s
\/ps \/2pt
V.o
D/L:&{ ,&Vp—init_1/2:|: ) W _1/2 | (ify=5/3)=4
Py 2Yt P 2Vp—final

p—init

Example: Y, =1GPa, p, = 2000kg / m® (~ frozensoil),Y, =10MPa, p, =8000kg / m*,v,_ . =220m/s
Vo final fZY ’ (|f;/ 5/3)~50m/s
D/L= —{p—‘ 1/2} (ify=5/3)=6.8
pt Vp—final
Example: Y, =1GPa, p, = 2000kg /m® (~ frozensoil),Y, =5MPa, p, =8000kg / m*,v, . =220m/s

(|f;/ 5/3)~35m/s

2Y
Vp final —

D/L—'O—L”" 1/2] (ify=5/3)~11
p|2v

This calculated D/L is in reasonable agreement with the measured penetration, though there is a lot of
uncertainty as to the soil compressive yield strength for the B61-11 penetrator tests in Alaska frozen soil.

p— final
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Penetrator Depth/ Penetrator Length Ratio
Penetrator density = 8g/cc - Target density = 2.6g/cc
1 MPa (soil, Chelyabinsk), 5 MPa (coal), 50 MPa (iron ore)
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Asteroid Yield Strength (Mpa)
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Figure 68 — Estimated penetrator depth-to-length ratio for asteroid yield strength vs penetrator
speed. This is a rough estimate based on relatively low speed penetrator physics. The physics for
relevant speeds of 10°s km/s requires the inclusion of penetrator vaporization and plasma effects that
are not included here. It is encouraging that at low km/s speeds the penetration depths are potentially
extremelv larae for modest vield strenaths aoprooriate for stonv asteroids.

11. Optical and Thermal signature

Air burst asteroids/fragments have an optical signature due to the extreme heating of the outer surface of
the bolide as well as the air. As discussed above, the effective temperature of the impacting air molecules
for typical impactors speeds of 10-60km/s is in the millions of degree range. However, there are a number
of physical processes that will limit the actual physical temperature of both the outer skin of the bolide as
well as the air. In many respects, this is analogous to the re-entry of spacecraft where the heat shield is the
equivalent to the outer skin of the bolide and the plasma layer around the heat shield is similar to the extreme
heating of the air around the bolide. This is also seen in the many “dash cam” videos of the Chelyabinsk
event and the common “shooting star” optical trails of meteors. In meteor communications, the ionized trail
of the meteor acts as a plasma mirror and reflects radio waves, much like the Earth’s ionosphere.

Atmospheric absorption - We can ignore atmospheric absorption in order to get a worst-case analysis. In
reality, the atmosphere will significantly scatter and absorb the radiation. UV and some IR will be rapidly
attenuated. Realistic models will need to take into account weather conditions as well as humidity,
particulates, etc. The numbers below ignore all atmospheric absorption and are thus truly a worst case. Our
actual simulation does include atmospheric absorption for every fragment and observer.
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Ablation Limited Temperature of Asteroid Skin — The extreme speed of the air molecules heats the outer
surface of the asteroid until the asteroid begins to ablate, at which point there is an energy balance between
air bombardment heating and ablation and radiation cooling. The ablation rate, and hence the cooling flux,
is exponentially dependent on the temperature, and hence the temperature rises rapidly and then stabilizes.
This is similar to boiling water [18], [34]-[36].

The air heating flux can be approximated as

Al,O, Ablation
20 km;'sz- 336' 50 km altitude Fair heated ablation (W/mz) = paieroIide3/2. The
Air density = 0.02, 0.001 kg/m?3 impinging air mass flux is pairVboiide (Kg/s-m2).

Note that this is related to the stagnation pressure
Pstag = pair Violide? We calculated above by Fair
heated ablation= 1/2 Vbolide Pstag. The real situation is
far more complex due to the air/ plasma flow
around the bolide. For the typical altitudes of the
asteroid fragment size where burnup occurs (typ.
30-50km altitude), pair ~ 0.02-0.001kg/m3. For
Vbolide=20km/s, this gives an air bombardment
flux of about Fair heated ablation(W/mz) ~ 4-
40GW/m? with a stagnation pressure Pstag = 0.4-
8MPa. While extremely high, this is within the
range of laser ablation experiments. We have
studied this for a variety of materials as a part of
our previous laser ablation planetary defense
| ’ program [18], [19], [34]-[36]. There are some

3000 4030 t (?800 6000 significant differences, however, between laser
emperature . . . .
I ——— P S ———— ablation and atmospheric impact ablation. The
—— Ablation Flux (w/m*2)-50km —— Ratio Evap Flux to Rad Flux-50km - . - -
- - - Ablation Flux (Wm*2)-30km - — - Ratio Evap Flux to Rad Flux-30km area of ablation is highly material- and structure-
—— Vapor Presssure (Pa)-indep alt  —— Mass Ejection (kg/s-m"2)-50km dependent and is thus often unique to each case.
Radiation Flux (w/m"2)-indep alt - - - Mass Ejection (kg/s-m”2)-30km We can make an approximation USing some Of

Figure 69 — Ablation rate, total flux including radiation and | OUr previous studies in Fhis area. We show an
other related parameters vs temperature for an example | example of Al203, which at 6000K has an

compound (AI203). Modeled for 20km/s asteroid (indep. size) | extrapolated vapor pressure of 580MPa and an
at 30 and 5(_)km_ altitude. Includes ram pressure suppression of | an|ation rate of 3.3x10° kg/S-mZ. For a 10m
ablation which is clear at lower temperatures. diameter asteroid with density 2.6g/cc, the mass
is 1.4x10° kg. The projected effective front surface area is 79m?, and this gives a mass loss rate of 2.6x10’
kg/s, which would imply the asteroid would not last long (<1s). Since the total ablation mass loss (kg/s) is
dependent on the asteroid surface area, it scales as r2, while the asteroid mass scales as r3, where r is the
asteroid radius. For a constant ablation flux, this gives dr/dt=constant, and thus a finite time to complete
evaporation. For the example above, the time to complete evaporation would be 0.16 seconds from the
analysis below, assuming a constant ablation flux.

r, =initial asteroid radius, p = density,  =time to evaporate, T'(kg/s—m?) = ablation flux

m :p%Z r* dm/dt=4zor’(dr/dt)=Tzr* (zr’is projected area) —>dr/dt=T/4p > 7= drr;dt = 41/2r°

In reality, it is much more complex as there are competing effects of slowing down the asteroid, slowed
ablation rate from high density plume (back scattering), and atmospheric pressure [36]. The physics
becomes quite complex due to the extreme air bombardment suppressing ablation (like in a halogen
lightbulb), and thus the ablation cooling is suppressed allowing the temperature to rise even higher than
shown. Based on the color spectrum of observed objects, we will nominally assume an equivalent
temperature of 6000K blackbody, but note that the effective temperature is time dependent since the bolide
is slowing down and fracturing, as well as material dependent and greatly increased effective surface area
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during the atmospheric breakup. This makes a first principles analysis only an approximation. We also
analyze the cases of cooler 2000K and 3000K systems. We compare to measured data from satellites for a
select case below.

We assume a blackbody flux with Foiacksody(W/m?) = 6T# ( 6=5.67x10®) which for

e T=6000K gives a bolometric flux (integrated over all wavelengths) of Folacknody(W/m?) = 74MW/m?
or about 12GW for a 10m diameter asteroid/fragment assuming the forward half is glowing.

e T=3000K gives a bolometric flux (integrated over all wavelengths) of Folacknody(W/m?) = 4.6MW/m?
or about 0.72GW for a 10m diameter asteroid/fragment assuming the forward half is glowing.

e T=2000K gives a bolometric flux (integrated over all wavelengths) of Foiackbody(W/m?) =
0.91MW/m? or about 0.14 W for a 10m diameter asteroid/fragment assuming the forward half is
glowing.

For a 6000K blackbody, the spectrum peak wavelength is about 0.5 micron, or in the peak of the human eye
response. The visible portion is 38% of the total emission in the 0.4 to 0.7 micron visible band. For a 3000K
blackbody, the spectrum peak wavelength is about 1 micron or in the near IR. The visible portion is 8% of
the total emission in the 0.4 to 0.7 micron visible band. For a 2000K blackbody, the spectrum peak
wavelength is about 1.5 micron or in the near IR. The visible portion is 1.7% of the total emission in the 0.4
to 0.7 micron visible band.

We model the optical radiation emitted power P from the fragment as that of a hemisphere (front section of
spherical bolide) radiating into the forward 2.

L,, = fragmentdiameter

I, =distance to observer

_ 4
Fblackbody =oT

2 T
Pumitted = Fotackbosy 277('—0i /2) = By I—oiZO'T4
LOiZO_T4
Fobserver = F>emitted /272'[}2 = 4".2

The minimum distance to the observer is the distance from the burst altitude to the ground, which is
typically about 30km for the cases we design the system for (typ. 10m fragment size for stony asteroids)
and also calculate the emitted power and observed flux for the 7x pancake at burst.

As an example, if we assume:

2 T4
Fosoer = Poes / 2787 = L°'4 ?

Ex: L, =10m, T =6000K, r, =30km — F. ... =2.4W /m*P, ., =12GW

Ex:7x pancake L, =7x10m, T =6000K, r, =30km — F,. ... =120W / m? P, ... =600GW
Ex: L, =10m, T =3000K, r, =30km — F,.,.. =0.15W /m? P, .., = 0.75GW

Ex:7x pancake L, =7x10m, T =3000K, r, =30km — F. ... =7.4W Im? P, ... =37GW
Ex:L, =10m, T =2000K, r, =30km — F ... =0.03W /m* P, =0.15GW

Ex:7x pancake L, =7x10m, T =2000K, r, =30km — F . =1.5W IM? P, ieq = 7-4GW

All of these are an extremely small flux compared to sunlight (~ 2000W/m?), but is similar to a modestly

illuminated room. For reference, full moonlight flux on the Earth’s surface is about 7mwW/m?, while the
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thermal emission flux from the Moon on the Earth is only about 25mW/m?.

Even the extreme case of 30,000 fragments for the Apophis case where ALL of the fragments were in the
same location right above the observer, the flux would be 72x solar flux for T=6000K, 4.5x solar flux for
T=3000K ablation, or 0.9 solar flux for T=2000K. Note that IF we allow the “pancake 7x diameter
expansion” then these ratios would increase by 49x (or 3500x solar flux) for T=6000K, 220x solar flux for
T=3000K ablation, or 44x solar flux for T=2000K. We would never allow the scenario of all 30,000
fragments for the Apophis case to be directly overhead as they would be dispersed depending on the
interdiction time. See the sheet model below for the distributed fragment case.

The bottom line is that the danger from the optical/thermal IR flux from a large number of spatially spread
fragments is low relative to the blast wave. The optical illumination is also very brief (typ. ~ several
seconds). The damage from the blast wave is vastly larger and more dangerous than the optical burst in
general. In addition, people can be warned to stay inside or be covered when the event occurs.

Scaling due to fragmentation — As the bolide is fragmented to finer and fine scales, the total surface area
of the fragments increases, though only as the 1/3 power of the fragmentation number. This increased
fragmentation is offset by the increased altitude of the burnup of the finer fragments and hence increased
distance from the optical flash to the observer.

L, = fragmentdiameter = L,/ N**

2
Nz| L 4 T\ U3 2 4
Ptotal—emitted = NPone—fragment—emitted = 5 | N3 ol"==N LO ol
2 N 2
N1/3 L020_T4
— 2 _
Ftotal—observer - I%otal—emitted /27”‘| - T

I
Plastic deformation and burst light increase — There are two other effects, though they are not dramatic.
e Increase in surface area as the asteroid/fragment plastically deforms and increases in area prior to
burst. This increases the light yield as the forward surface area increases.
e Additional fragmentation upon breakup and final burst — both of these will also increase the effective
surface area and thus can increase the light output.

Heated Air Optical Signature — The optical signature of extremely hot air depends on the density of the air
and the ionization state. For non-ionized air, the photon cross section is so low that the effective emissivity
of the air is very low, and thus very little emission is observed. For highly ionized air, the optical depth can
be quite small (think of turning on a Neon sign or a high-pressure Hg or Xe gas bulb). Thus, an optical
signature can be significant. In addition, the ablating asteroid material can “seed” the heated air and thus
provide a higher effective emissivity.

Comparison to Chelyabinsk — The optical and the acoustical signatures have been analyzed for the
Chelyabinsk event. While calibration of the optical signature in and near Chelyabinsk is difficult to do
precisely, there are numerous reports of an intense flash of light with estimates being a peak flux of 30x
solar with a thermal signature “felt” by people nearby, and there were are also reports of UV “sunburn”
effects some 20 miles away, as well as some retina burns [1], [48], [49]. The UV burns would favor a higher
effective blackbody temperature or UV line emission or short wavelength emission from the created plasma.

Modifying the above analysis of the 10m diameter to a 20m diameter for Chelyabinsk we get:
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L0i20_T4

Fooserver = Poniea [ 2771 = ar

Ex: L, =20m, T =6000K, r, =30km — Fy,\., =10W /m* P, .., =46GW
Ex: L, =20m, T =3000K, r, =30km — F,\., =0.6W /m* P, ..., = 2.9GW
Ex: L, =20m, T =2000K, r, =30km — F,. . =0.12W /m* P, ., =0.57GW

None of these cases agree with optical signature observed (even if weakly calibrated) of 30x sun (30,000
W/m?) at peak. Even the 6000K case at 10W/m? is far too low to agree with 30x sun for the assumptions.

Plastic Deformation and Increased Brightness - Our model assumes that the parent asteroid/fragment
deforms due to the extreme atmospheric ram pressure with a “pancake diameter” limit of 7x
asteroid/fragment diameter. This would give an increase in area of the forward surface by of order 72=49
with an increase in both total power and received flux of ~ 50x. This gives:

2 4
I 277" = Lol 02T
4r,

2 I
Punitied = Fotackbody 2”( Ly, / 2) =5 LoiZO'T4

F

observer

=P

emitted

Ex:L, =7x20m, T =6000K, r, =30km — F .. =500W Im?(L/2sun) P,y = 2.3TW
Ex:L, =7x20m, T =3000K, r, =30km — F,.... =30W /m* (1/30sun)P, ., =140GW
Ex: L, =7x20m, T = 2000K, r, =30km — F,_ ... =6W /m? (1/170sun) P, ..., = 28GW
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Figure 70 — Pancake model diameter, power emitted assuming a 2 Pi radiating 6000K flat surface and ground flux directly
under bolide vs altitude during entry at an exo-atmospheric speed of 20 km/s, 45 degree angle of attack and 2.6g/cc. The
breakup (plastic deformation) begins at about 62km and the burst (7x expansion) occurs at about 34 km for 10m and 24 km
for 20m diam. A 2 Pi radiating hemispherical surface would have 2x the total power and 2x the flux. A 4 Pi radiating flat
surface would have 2x the total power and the same surface flux while a 4 Pi radiating spherical surface would have 4x the
total power and 2x surface flux. Comparing to the space measured case below (~10m — 4Pi) is reasonable given bolide
unknowns, thouah there may be a laraer radiatina area possibly caused by fraamentation into small pieces durina burst.
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These number calculated are for the closest point directly under the burst. This still is far away (60x) from
the ~ 30x sun (30,000W/m?) reportedly “observed,” but the 500W/m? would be felt as a mild thermal
signature (1/2 sun). If the 30x is to be literally interpreted, then we are still a factor of 60x too small even
for the T=6000K case. Possible resolutions of the calculated BB optical signature and Chelyabinsk
estimation for the optical signal are:

e Our calculations are based on a static model. A real event may have short time scale flux peaks.

e Additional debris area generated at the burst which briefly glow brighter due to larger surface area.

e Line emission from the shocked and super-heated air/plasma

e The “30x sun” is qualitative and could be too high. However, the UV and some retinal burns need

to be factored into a comparison.

Comparison of Optical and Acoustical Signature — Correlation vs De-Correlated Signatures — The
comparison between the optical and acoustical signatures is the key as to why our mitigation technique
works. The speed of the optical signal (3x108 m/s) compared to the acoustical signature (3x10? m/s) means
that the optical signal arrives one million times faster than the acoustical signal. To calculate the correlation
lengths that are appropriate, we need to look at the two relevant distance scales.

o Spatial scale of production — asteroid size and maximum “pancake deformation” before burst. These
are small with the asteroid fragments of interest being about 10m diameter and the maximum pancake ratio
being about 7 for a pancake diameter of 70m. The optical light crossing time for these production scales is
of over 0.1 microsecond while the acoustical cross time is of order 0.1s.

o Spatial scale of line of sight varies from a minimum of about 30km (typ. burst height) to the horizon
scale for a 30km burst, which is about 600km.

o Time scale of production is of order 1 second — ablation heating time and acoustical shock wave

production time, both set by the speed of the bolide in the atmosphere (~ 10-20km/s) and the atmospheric
traversal distance during the critical production of the optical and acoustical signatures.
Comparing the optical and acoustical propagation time scales to the production time scale immediately
shows that the optical signatures from all the fragments (out to the horizon) are correlated (differential travel
times less than production time) while the acoustical signatures are de-correlated (differential travel times
much greater than production time). This observation, as mentioned previously in a slightly different
context, is why this program works. The acoustical signatures are de-correlated over the various travel paths
and hence peak pressures, and the acoustical fluxes do not add while the optical flux is correlated in time
and does add.
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Comparing Optical and Acoustical Flux at Observer — There are some well measured observations of the
optical signature from a bolide. An example is the June 6, 2002 event shown in the figure below. It reached
a peak optical power of about 9TW (4x) with a FWHM time of about ¥ second. If the effective temperature
of this object was 6000K, which has
Bolide Emitted Optical Power and Energy an object surface flux of 74MW/m?,
June 6, 2002 event - estimated bolide total energy 26 kt . . . .-
this would imply an effective radiating
surface area of about 1.2x10° m?. This
implies an  effective  spherical
radiating diameter of about 200m.
This is clearly not the physical size of
the bolide, but rather represents an
equivalent diameter of a sphere whose
surface area would radiate 9TW if the
spherical shell were at 6000K. This is
very sensitive to the source effective
temperature, which we do not know
well. As shown above, the optical flux
from a 10m diameter
asteroid/fragment moving at 20km/s is
only about 2.4W/m? at “ground zero”
(shortest path) for  T=6000K,
150mwW/m?  for T=3000K, and
30mW/m? for T=2000K, while for the
7x diameter pancake at burst the flux
at ground zero is 120W/m? for

T=6000K, 7.4 W/m? for T=3000K,
Figure 71 — Optical signature measured from satellite observations foran | and 1.5W/m?2 for T=2000K. The peak
event on June 6, 2002. With an estimated total yield of 26kt the optical ; ; 2

integrated fraction is about 4% (1.1Kt). This is roughly consistent with a 7x acoustical flux is about 15.OOW/.m at
diameter expansion pancake model and a 6000K pancake temperature. The ground_zero. Fora 10m_b0|'de W'th_ no
optical output fraction will vary depending on many parameters including | Pancaking, the acoustical to optical
composition. The 26kt yield is comparable to a 10m diameter bolide. FWHM | flux ratio is about 600x for T=6000K,
is about ¥ sec. Time is relative to 04:28:20 UTC. Fitted Gaussians shown. | 10,000x for T=3000K, and 50,000x
Note significant energy outside (before, after main pulse). Two fits shown. for T=2000K. For a 7x pancake

diameter, the acoustical to optical flux ratio is about 13x for T=6000K, 200x for T=3000K, and 1000x for
T=2000K. It is important to keep in mind that the acoustical flux (and pressure) is rapidly evolving
due to the blast wave time evolution (Friedlander function), while the optical flux may be more
slowing evolving. Each pulse is unique to the fragment’s parameters (speed, composition, attack angle...)

A simple global estimate comparison of the acoustical to optical ratio is that blast energy from 10m
diameter asteroid/fragment with 2.6g/cc density, 20km/s exo-atmospheric speed, and 45-degree attack angle
is about 48kt, or 200TJ. With a nominal 1 second atmospheric traversal time, this gives an average acoustical
power of about 200TW. Compare this to the optical power for the “7x pancake” of order 140GW (for
T=3000K) or 2.3TW (for T=6000K) during this same ~ 1 second production time. The average acoustical
power is about 1400 times larger than the optical power in this example for T=3000K and 90 times larger
than the optical power for T=6000K. The ratio of acoustical to optical power and energy depends on the
specifics of the asteroid/fragment size, density, speed, angle of attack, and material thermal/physical
properties, but the general conclusion for all asteroids/fragments of relevance here is that the acoustical
component is significantly larger and more dangerous. For comparison, in observations of smaller objects
[1], [3], there is about a 10x ratio of total asteroid KE to optical energy noted with significant variation.
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Chelyabinsk event comparison - There are significant systematic errors in the measurements (both optical
and acoustical) with 17% conversion from total exo-atmospheric energy to optical being reported from the
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Chelyabinsk event [48]. In this same paper, the estimated total optical yield is 375TJ with a peak optical
power of 340TW. The total exo-atmospheric energy of this event is estimated to be approximately 450 -
550kt with 90kt being estimated to having gone into the optical signature (about 16-20% of exo-atmospheric
energy). The peak over pressure is estimated to be 3.2+0.6kPa, which is in reasonable agreement with our
estimation of the blast wave for the Chelyabinsk event assuming a single bolide of 19.5m diameter, 19.2
km/s speed, 20 degrees above the horizon attack angle, and density about 3.3g/cc. The density is not well
known, but the yield strength is estimated to be about 0.7MPa at first breakup and then rising to about 4MPa
at burst. It is possible that the outer layers were of lower density than the inner portion or that the bolide
was heterogeneous enough to have a wide range of yield strengths. The bolide path came within about 40km
(south) of the town of Chelyabinsk. The peak pressure estimates of 3.2kPa is for the town of Chelyabinsk
which is about 40km North of the closet asteroid ground track. The comparison to the Chelyabinsk event is
discussed further below [49]. Ground and building blast wave reflections were likely significant.

Ground zero optical flux from June 6, 2002 Event — Another comparison is to use the June 6, 2002 event,
which had a peak optical power of approximately 9TW with about 1.1kt going into the optical signature and
an estimated total yield of 26kt. The 26kt total yield is subject to significant error. If we assume the 26kt
total energy is correct, this would give a 4% conversion of total KE to light which is significantly lower
than that measured for Chelyabinsk. This is not unexpected as the optical yield is dependent on the bolide
composition and details of the breakup. The flux at ground zero (assuming a 30km altitude burst) for
the June 6, 2002 event is 0.8kW/m?2. This is about 7x larger than the 120W/m? for T=6000K 7x pancake
for a 10m fragment calculated above.

Assumed conversion of blast wave energy to optical energy — Given the many uncertainties we assume a
nominal 10-20% conversion of the energy in the acoustical signature (blast wave) to the energy in the
optical signature as well as an analytic relationship between exo-atm KE and Eopt. The overall conclusions
of this paper do NOT depend on the details of the conversion of the acoustical to optical signature.

Comparing Optical and Acoustical Flux at Observer for Large Fragment Clouds — Since the optical
signatures are time correlated while the acoustical one are de-correlated, we need to consider the cases where
we create a very large number of fragments for very large asteroids. In the case of Apophis, for example,
we split the parent asteroid into roughly 30,000 fragments, but the fragment cloud is spatially spread out.
Hence, while the optical signatures are time correlated, the optical signature from each fragment that is
distant is much lower in flux (1/r? dependence) and thus the overall optical flux is still very low. Once the
fragment cloud is spread out, the acoustic signature is vastly mitigated as we showed in great detail earlier.

Uniform Light Sheet Model — For the case of a large spread in fragments, a simple optical model is to use
a uniform light sheet. If we assume the fragments are spread over a region that is large compared to the burst
altitude (typ ~ 30km), then a first order assumption for optical emission is to model this as a uniform sheet
of light with optical power per area (flux) of Fsheet (W/m?) illuminating both up and down. The observed
optical flux on the ground is independent of the position on the ground for a large light sheet and it is also
independent of the distance to the burst altitude (assuming the sheet is large compared to the burst altitude).
This is the precise analogy to a uniformly charged dielectric with the electric field being o/2¢0 independent
of the position of the observer, where o is the total charge per unit area. In our case, the observed ground
flux on is simply Fobs (W/M?)= Fsheet (W/M?)/2, where Fsheet is the total optical flux (both sides).

Light Sheet Model and Horizon - Curvature of Earth — We have assumed a “flat Earth model” for
simplicity. One justification in addition to simplicity is that the horizon scale for a typical 30km burst is
approximately 600km (radius). This is 20 times larger than the 30km burst altitude. There are two additional
effects that aid us.
e With the Earth’s curvature there is an additional time delay for the fragments entering the
atmosphere. This helps to de-correlate the optical pulse.
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e The line-of-sight path from observer to any fragment is longer and traverses more atmosphere and
hence has more absorption and scattering of the optical pulse.

e Fragments beyond the horizon for an observer will have the optical pulse blocked by the Earth.

e While local fragments near the observer are the largest contribution, the above effects do mitigate
the total optical flux.

The Optical Case for a 100m Diameter Asteroid — Assume a nearly worst-case scenario of intercepting a
100m diameter asteroid 1, 10, and 30 days prior to impact with a 1m/s fragment spread speed and breaking
it into 1000 fragments. The 1000 fragments will be spread out over an approximately 200, 2000, 6000km
diameter (sheet) for the 1, 10, 30 day cases, respectively. If we assume a peak power similar to the June
2002, 26kt case (close to a 10m fragment) shown in the previous figure, with a maximum power of 10TW
optical for each fragment, the total power for the 1000 fragments (assuming they all arrived within one
second of each other) would be 10PW.

e 1 day intercept — fragment cloud is approx. 200km diameter with a peak sheet flux of
10PW/(200km)? = 250kW/m? = 250x sun assuming no time spread. The ground flux is ¥ this or ~
125x sun. Even though the peak optical flash is less than 1 sec it is still very dangerous.

o Optical time spread for 1 day intercept is about 10 sec for a 20km/s bolide with 1m/s
fragments. This time spread helps reduce the total peak optical flux as the fragment optical
pulses become de-correlated on time scale of order 1s.

e 10 day intercept — fragment cloud is approx. 2000km diameter with a peak sheet flux of
10PW/(2000km)? = 2.5kW/m? = 2.5x sun assuming no time spread. The ground flux is ¥z this or ~
1.3x sun.

o Optical time spread for 10 day intercept is about 100 sec for a 20km/s bolide with 1m/s
fragments. This time further reduce the total peak optical flux as the fragment optical pulses
become de-correlated on time scale of order 1s.

e 30 day intercept — fragment cloud is approx. 6000km diameter with a peak sheet flux of
10PW/(3000km)? = 280W/m? = 1/4x sun assuming no time spread The ground flux is ¥ this or ~
1/8x sun. Acceptable.

o Optical time spread for 30 day intercept is about 300 sec for a 20km/s bolide with 1m/s
fragments. This time spread significantly reduces the total peak optical flux as the fragment
optical pulses become de-correlated on time scale of order 1s.

The Optical Case for Apophis — Assume a nearly worst-case scenario of intercepting Apophis 1, 10 and 30
days prior to impact with a 1m/s fragment spread speed and breaking it into 30,000 fragments. The 30,000
fragments will be spread out over an approximately 200, 2000, 6000km diameter (sheet) for the 1, 10, 30
day cases, respectively. If we assume a peak power similar to the June 2002, 26kt case (close to a 10m
fragment) shown in the previous figure with a maximum power of 10TW optical for each fragment, the total
power for the 30,000 fragments (assuming they all arrived within one second of each other) would be
300PW. A formidable number!

e 1 day intercept — fragment cloud is approx. 200km diameter with a peak sheet flux of
300PW/(200km)? = 7.5MW/m?= 7500x sun assuming no time spread. The ground flux is ¥z this or
~ 3750x sun. Even though the peak optical flash is less than 1 sec it is still very dangerous.

o Optical time spread for 1 day is about 10 sec for a 20km/s bolide with 1m/s fragments. This
time spread helps reduce the total peak optical flux as the fragment optical pulses become
de-correlated on time scale of order 1s.

e 10 day intercept — fragment cloud is approx. 2000km diameter with a peak sheet flux of
300PW/(2000km)? = 75kW/m? = 75x sun assuming no time spread. The ground flux is % this or ~
38x sun. This is of concern though the short time pulse and time spread help.

o Optical time spread for 10 days is about 100 sec for a 20km/s bolide with 1m/s fragments.
This time further reduce the total peak optical flux as the fragment optical pulses become de-
correlated on time scale of order 1s.
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e 30 day intercept — fragment cloud is approx. 6000km diameter with a peak sheet flux of
300PW/(3000km)? = 8.3kW/m? = 8.3x sun assuming no time spread The ground flux is ¥ this or ~
4x sun. For a short flash this is acceptable.

o Optical time spread for 30 days is about 300 sec for a 20km/s bolide with 1m/s fragments.
This time spread significantly reduces the total peak optical flux as the fragment optical
pulses become de-correlated on time scale of order 1s.

The real ground illumination pattern will be closer to larger flux directly under a fragment and smaller in
between fragments. The sheet model is a crude approximation to the complex fragment distribution. We do
more detailed simulations that include various parent diameters, speeds, compositions and attack angles.

Energy vs Power Flux — Optical Flash and Combustion — The total energy flux, peak power, and time
profile are all important for understanding the effect of the optical signature on the ground. For short optical
pulses, the total energy flux is typically the most important metric for calculating the danger of combustion.
This is a well-studied area from nuclear testing. Typical energy fluxes for ignition are given in cal/cm? [2]
with ground values of 5 cal/cm? ~ 0.2 MJ/m? being sufficient to ignite easily combustible materials
such as leaves and paper.

Apophis Optical Flash Comparison to Total Energy — Calculating the total average optical energy flux by
calculating the exo-atmospheric yield and then making a “reasonable assumption” about the optical coupling
fraction helps put this into perspective. Assuming Apophis has an exo-atmospheric energy of 4Gt ~
1.6x10'%J, we calculate the energy flux (3/m) for the 1, 10, and 30 day intercepts. We parametrize the 4n
optical fraction of the total yield as gopt

e 1 day intercept — fragment cloud is approx. 200km diameter with 4Gt gives a ground energy flux
of gopt *1.6x10%° J /(200km)? = Y% gopt *400 MJ/m2 = 1000 eopt x “combustion limit” of 0.2MJ/m?.
Even for eopt =0.01 giving 10x “combustion limit”, this is still extremely dangerous.

o Time spread for 1 day is about 10 sec for a 20km/s bolide with 1m/s fragments. This time
spread helps reduce the total peak optical flux as the fragment optical pulses become de-
correlated on time scale of order 1s and may allow even the one-day case to be reasonable.
More simulations are needed.

e 10 day intercept — fragment cloud is approx. 2000km diameter with 4Gt gives an energy flux of eopt
*1.6x10%° J /(2000km)? =5 gopt *4 MJ/M2 = 10 €opt X “‘combustion limit” of 0.2MJ/m?. This is small
for reasonable values of eopt.

o Time spread for 10 days is about 100 sec for a 20km/s bolide with 1m/s fragments. This time
spread significantly reduces the total energy flux as the fragment optical pulses become de-
correlated on time scale of order 1s.

e 30 day intercept — fragment cloud is approx. 6000km diameter with 4Gt gives an energy flux of =
gopt *1.6x10%° J /(6000km)2 = Y% gopt *0.4 MJI/M2 = 1 gopt *x “combustion limit” of 0.2MJ/m? This
is small for reasonable values of eopt.

o Time spread for 30 days is about 300 sec for a 20km/s bolide with 1m/s fragments. This time
spread significantly reduces the total energy flux as the fragment optical pulses become de-
correlated on time scale of order 1s.

100m diam Asteroid Optical Flash Comparison to Total Energy — Using the same analysis as the Apophis
case, but noting that the total exo-atmospheric energy of a 100m diameter asteroid (x3.5 smaller diameter
and ~ 40x less energy for the same speed and density), allows using the same numbers for the optical energy
flux, but divided by 40. The conclusion is that even a 1-day intercept for the 100m diameter asteroid is
acceptable in terms of the optical term. We also showed the blast wave distribution was acceptable for 1-
day intercept with the same assumptions of 1m/s fragment spread.
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Atmospheric Attenuation and Blackbody Source — There is significant atmospheric attenuation that varies
with the complex and time varying nature of the atmosphere. It is also highly wavelength-dependent due to
the many absorption lines. The observed flux depends on the source spectral energy distribution (SED) that
is wavelength-

Blackbody Source Brightness dependent, as
Atmospheric Transmission to Observer well as the
30km alt fragment - 23km rural visibility atmospheric
10° attenuation.
Just as we
calculated the
attenuation vs

acoustic
frequency for
the blast wave,
we now model
in detail the
atmospheric
absorption  of
the optical
signature  vs
wavelength.
We model the
atmosphere
using
MODTRAN 6
{ a— under various
1073 ’. T I I | I I I — conditions. We

assume a
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Figure 72 - Blgckbody source (fragment) brightness vs wavelength and temperature. Several slant include
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stratosphere
aerosols as well as all relevant molecular line absorption. We do a full analysis including the curvature of
the Earth’s atmosphere, as well as nominal atmospheric pressure and temperature vs altitude. For this we
use the 1976 atmospheric model. To calculate the attenuation of the (wavelength integrated — bolometric)
optical signature we assume a blackbody spectrum of the source and have produced models from 3000-
7000K under numerous atmospheric conditions. We summarize a few here as well as parametrize the
attenuation to allow inclusion into our fragmentation model, allowing an integrated optical signature
solution for both a vertical and horizontal plane at the observer. Our model allows placing the observer at
any location. We calculation the optical absorption from 0.3um (UV) to 5um (mid IR) with high resolution
(typ ~ 0.1 cm™ in wavenumber or an equivalent resolution R= A/AL ~10° ). We can propagate the optical
solution from any altitude, but focus here on the breakup altitude of (typ.) 60km and the burst altitude of
(typ.) 30km. We propagate the optical emission from every fragment to the observer to get a total energy
flux at the observer. The observed spectrum is modified from a blackbody due to the wavelength dependence
transmission of the atmosphere. We convolve the atmospheric attenuation with the assumed blackbody
spectrum to show the observed spectrum for a 200km slant path as an example.
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6000K Blackbody Source Brightness

Atmos Transmission - 200km Slant Convolved
30km alt fragment - 23km rural visibility
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Figure 73 — The observed spectrum for an assumed 6000K source spectrum at a slant range of 200km after
passing through the atmosphere. The observed spectrum (magenta) is significantly reddened much like
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B(A)(w/m? —m) = source brightness (power per area per unit wavelength)
P(A4)(w/m)= _[ B(A)dA =B(1)A,,,.. source power per wavelength

sourcearea

Assuming B(1) is constant over source area

7(A) = transmision over path between source and observer
r = distance from source to observer

Kpuyuma

F(r)(w/m?) = > =flux at observer assuming an isotropic source
r

Define the ratio between flux with and without atmospheric absorption:
e F )1y ()= OO, DO
jo P(1)dA jo B(1)dA
We then apply this as a correction factor to the "no atmosphere” case.
Note that « depends on the source brightness and not just the atmospheric transmission function
F(r)(w/m?) =aF, ()
For a blackbody source:
B(1)dA = B(v)dv
For both polarizations
B(v)(W/m? — Hz) = %CpZ Z”C_t;‘/B[ehv/kT _1}—1 _ ZZ—EICI:ethkT _1}—1
27hc?
15

B(A)(W/m? —m) = B(v)dv/dA = —% B(V) = E —1]‘1(ignore minus)

3 277k®

~ h'c?
x = hv /KT =hc / AKT =1.44x10* (2(zm)T (K))™
B(A)W/m? — um)=10"B(2)(w/m’ —m) = 6.028x10 °T*x*[*~1]

Tox[e~1] = 6.028x10 7T [ 1]

B(1) peak A, when dB(4)/dA=0—d(x’ [ex—l]'l) /dx=0—>51-e")=X—> X~ 4.965
— A, (um)T (K) ~ 2900m - K

S(v)(W/m?® —st—Hz) = ic,o _1 B(v)(w/m? —Hz)
4 V4

S(A)WIM? — st — um)= = B(2)(wim? - um) =1.92x10 T % [e*-1]
T

O () jo I?;(/i)r(/I)d;t _ jo /100- [ 1] T_fz)dﬂ
jo B(1)dA jo A1) dA

A resonable approximation (below) from fitting convolved BB source spectra is:

a(r) =be™ where a,b are determined from an atm model fit with a BB spectra
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Transmission Asteroid Fragment to Ground
30km alt fragment - 23km rural visibility
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Figure 76 — Atmospheric transmission vs wavelength from
0.3 to 2 microns vs slant range for 30km alt. bolide.
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Figure 74 — Alpha parameter (BB convolved with
atmosphere) vs slant range for 30km alt. bolide.
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Figure 77 — Atmospheric transmission vs wavelength from
0.3 to 2 microns vs slant range for 60km alt. bolide.
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Alpha Parameter vs Slant Range to Ground
Integrated from 0.3 to 5 microns wavelength
60km alt fragment - 23km rural visibility
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Figure 75 — Alpha parameter (BB convolved with
atmosphere) vs slant range for 30km alt. bolide.
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Optical Signature Measurements from Orbital and Ground Based Assets — There are ground based and
orbital assets equipped with optical sensors that are useful in measuring the optical signatures of impacting
bolides. While much of the orbital data is not publically released, there is a public compilation maintained by
NASA-JPL Center for Near Earth Object Studies (CNEOS Fireballs) that contained recently updated light
curves. In this dataset are the measured bolometric total optical radiance (J) (over a limited pass band
normalized to a 6000K blackbody) as well as the optical power (w/st) vs time, the latter being the “light-
curves”. Ideally we would have independent measurements of the bolide exo-atmospheric energy, total blast
wave energy emitted as well as the measured optical energy and light-curve. In some instances, this data exists,
while in others one parameter is inferred from the other rather than being independently measured. For
example, the CNEOS Fireballs compilations infers the exo-atmospheric energy from the measured optical
signature. In the case of Chelyabinsk, we have multiple datasets to cross compare including infrasound

Optical Energy vs Impact Energy

10° — — 0.5
E E(total — kt) = 8.2508 E(optical — kt)"**
| E(optical - kt) =[ E(total — k) /8.2508] ™ i
’ 014 | E(optical —kt)/ E(total —kt) = 04
[E(total —kt)/8.2508] ™
= E‘ 10" — E(total — kt) B
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Figure 78 — Analytic relationship that is often used to relate the measured total optical energy in an
atmospheric “fireball” to the inferred exo-atmospheric total kinetic energy. Note that the
measurement is the total optical radiance integrated over the filter band with an inferred total optical
signature assuming a T=6000K blackbody. The “total energy (exo-atm) is inferred analytically. The
total energy is NOT measured but is inferred. In the range of most interest to us in this paper the
inferred total exo-atm energy from 10-100 KT implies a conversion (from total to optical) of about
12-15%. This is about 3x higher than our typical simulation which assumes 10% of the blast wave
energy into optical energy. We have run simulations that bound both lower and higher estimates of
conversion into optical energy and they have little effect on the conclusions as we are already
extremely conservative in assuming ALL the light from ALL the fragments arrive instantaneously at
the observer as discussed below. There is a wide scatter of the limited observed conversion of
estimated exo-atm energy into optical energy as the process of conversion is highly dependent on the
composition, internal structure, speed, impact angle etc. Our overall conclusions are not dependent
on these details.

E (total — kt) = 8.2508E (optical —kt)***, E(optical —kt) =[E (total —kt) /8.2508

[ E(total —kt) /8.2508
E (total —kt)

]l. 130

]1.130

Energy fractioninoptical : E(optical —kt) / E(total —kt) =
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acoustics,  optical
data from  Dboth
orbital assets as well
as semi quantitative
ground cameras
(generally
uncalibrated) as well
as observed blast
damage from broken
windows and
structural damage.
In the case of the
CNEOS measured
optical signature the
assumed
relationship used to
infer the exo-atm
energy is shown
below.
What is needed is to
compare the
measured acoustical
data to the measured
optical data to get a
better understanding
of the variability of
the KE to optical
conversion. Our
conclusions do not
require this but it
would be extremely
useful to the field to
have this data. It is
not currently
available
unfortunately.



Single vs Spatially and Temporally Distributed Optical Sources — The various optical impulse data relevant
to ignition are virtually all assume a single source with a relatively short pulse time. In above ground nuclear
testing for example, there is a single compact source that is a sudden local energy injection whose pulse width
scales roughly as the energy injection to the 1/3 power (t~EY® as we have discussed in detail in other parts of
this paper). In our case of spatially and temporally distributed fragments the power flux (w/m?) at a given
observer from each fragment arrives at different times, with varying pulse profiles and from different
directions. The integrated observed energy flux (J/m?) from each fragment arrives at different times, with
different pulse duration and from different directions. These distributed source effects tend to greatly lessen
the overall effect on ignition at the observer. In our analysis we take an extremely (and excessively)
conservative view in that we simply add all the integrated energy flux from all fragments, after correctly for
the atmospheric absorption for each optical path from fragment to observer. Since the fragment cloud is a 3
dimensional distribution on a curved (Earth) surface, there is a distribution of arrival times of each fragment
over a time scale from the mean bottom to the mean top of the fragment cloud that is approximately given by
the diameter of the fragment cloud when it hits the Earth’s atmosphere divided by the closing speed:

Fragment Cloud Radius =7,

- 22-intercept—time— prio—to—impactvdisruption

=10days, Vygupion =1M/ S,V

intercept—time— prio—to—impactvdisruption

/v

Tfragment—arrival —time—dispersion

Ex:z,

intercept—time— prio—to—impact

EX : Tintercept—time— prio—to—impact = 1day’ Vd = 1m / S,V

Depending on the ignition target (dry grass, trees etc), there is cooling between each pulse arrival driven by
heating from the pulse (typically from convection and radiation rather than conduction). Over the period of the
example above for a 10 day intercept (Apophis example). 1m/s disruption and 20km/s closing speed (40s over
the fragment pulses arrival times) there will be considerable cooling so that the effective ignition danger will
be vastly less that than implied by the simple sum of all optical pulse energy fluxes. For the extremely case of
a 100m asteroid with 1 m/s disruption speed and 20 km/s closing speed intercepted 1 day prior to impact the
fragment time dispersion is about 8s. There will be modest cooling over 8 seconds and thus this is a relatively
extremely case for such a large threat. Even with this extreme case (100m, 1day intercept) the maximum energy
flux anywhere in the 200x200km ground patch, centered at ground zero, is only slightly higher than our goal
of staying below 200KJ/m? (4.8 cal/cm?) at every point on the ground. In this case assuming the analytic
connection between the exo-atm energy and the total optical radiation as described above, with atmospheric
attenuation included and assuming no cooling between pulses, there are some ground points slightly greater
than 200KJ/m? while for our assumed connection between the optical pulse and the total blast wave energy we
are slightly lower than 200KJ/m? . In all cases we have studied we do not achieve any significant ignition
danger. Our cases are designed with the criteria of “keep both the acoustic and optical signature low enough
to not cause any serious threat™. If we were to take into account, the realism of the spatially distributed source
of radiators (each fragment) with temporal arrival time variations and some realistic cooling then we stay well
below any ignition even with the most extremely mitigation cases such as the 100m diam threat closing at 20
km/s and intercepted 1 day prior.

To do a high fidelity ignition estimate would require detailed knowledge of the target material, nearby structure
that might shade different directions, detailed cooling channel physics that depends on the target structure and
surroundings etc. None of this is realistic in general so we do a worst case analysis of a simple sum. While we
have computed projection effects for horizontal and vertical surfaces at the target for each fragment, we assume
a worst case of full isotropic absorption. Hence our “summed energy flux ignition” limit for shredded paper/
loose dry grass of 200KJ/m? should be considered extremely conservative.

parent—bolide

= 20km / S— Tfragment—arrival—time—dispersion - 805

parent—bolide

= 20km / S— Tfragment—arrival—time—dispersion - 85

isruption parent—bolide
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Acoustic and Optical Horizons — Shadowing — Sky Glow

There are a variety of phenomena that arise from the horizon effects. Most of these effects are sub-dominant
to the primary line of sight acoustic and optical signature, but are worth noting.

Primary line of sight horizon — As discussed previously, there is a line-of-sight horizon due to the altitude
of the breakup and subsequent burst that affects both the acoustic and optical signatures. For the typical
breakup altitude of 50km and burst altitude of 30km, the horizons due to the Earth’s radius are about 800
and 600km slant range for the breakup and burst altitude, respectively. Both the acoustic and optical
signature are greatly attenuated beyond the burst horizon. Secondary effects due to acoustic diffraction and
atmospheric “ducting” allow some small over-the-horizon acoustic signature to remain, while the optical
signature is severely attenuated with only minimal atmospheric scattering (“sunset effect”) for ranges
beyond the horizon.

Acoustic and optical horizon propagation time scales — For a typical 600km burst altitude horizon, the
acoustic propagation time is about 180 seconds, while the optical propagation time is about 2ms.

Earth forward hemisphere fragment interaction for very large fragment clouds — For very large fragment
cloud scenarios from early time interdictions that may be required for very large bolides, the entire forward
hemisphere of the Earth relative to the bolide position is subject to fragment bombardment. Virtually all of
this is beyond the local horizon due to the Earth’s curvature. There is a slight increase beyond the forward
2m hemisphere due to the altitude of the fragment breakup and burst, but this is a small effect. The arc length
at the edge of the forward hemisphere is (7/2)* Re or about 10,000km giving an “over horizon” arc acoustic
propagation of about 30,000 seconds and an optical propagation time of 33ms for an observer at the center
of the ring (parent bolide velocity vector Earth intercept point), or twice the arc distance and propagation
time for the “equator-to-equator” case. In this latter case. the arc length is n/Re or about 20,000km, giving
an “over horizon” arc acoustic propagation of about 60,000 seconds and an optical propagation time of
66ms. This can be seen in some of the plots for blast wave peak pressure vs arrival time where the fragment
cloud diameter is comparable to the diameter of the Earth,

Past large explosions such as the Krakatoa eruption and large nuclear tests as well as infrasound
measurements of bolide strikes have shown acoustic signature with multiple Earth ‘“acoustic
circumnavigations”. These effects would be measurable, though of minor consequence in our case. Another
effect is caused by the fragment speed causing a time delay between the time difference of the observer
“overhead” fragment atmospheric interaction and the fragment interaction in the atmosphere at the “equator
relative to the observer,” where there is a fragment traversal distance of Re resulting in a time difference of
1=REe/vo Where Vo is the parent bolide speed relative to the Earth. For a typical 20km/s bolide, this would be
about t=Re/vo =320 sec.

Sunset and twilight atmospheric scattering effect on the optical signature

Over the horizon optical signatures due to scattering in the atmosphere are a common occurrence every day
at sunset and sunrise as well as in previous nuclear testing. In the case of large fragment cloud mitigation
bombardment, this would be seen as a “spectacular light show” over a period of about t1=Re/vo =320 sec
between the first fragments overhead and the last fragments at the “observer Earth horizon” for a 20km/s
bolide. These would be seen as faint atmospheric glow from the many fragment hits. Just as in the
atmospheric scattering sky glow past sunset, this effect becomes extremely dim (and reddened) for
fragments that are interacting far below the local horizon. This is further diminished by the extremely long
atmospheric path length that greatly diminishes the optical signature. A similar effect happens to the acoustic
signature, though the atmospheric absorption is vastly less for very low frequency acoustic waves.
Monitoring both the optical and acoustic signatures from multiple ground stations and the optical signature
from space would be useful in post-strike analysis.
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Optical Signature Simulations — We have simulated a large parameter space of parent asteroids and
intercept scenarios and present a few summaries here. In all cases, we fragment the parent asteroid and then
follow each fragment from intercept to atmospheric entry through breakup and burst and through the optical
signature phase, and then propagate the optical signature through the atmosphere to the observer. We err
on the conservative side and assume there is no cooling between optical pulses, and thus the energy
flux adds. This is clearly excessively conservative, but allows us to access a worst-case scenario. We
treat the atmosphere as being “a clear day with no clouds,” which is also a worst-case scenario. We look at
two large asteroids in detail, a 100m diameter and Apophis (assumed to be 350m diameter). Each is treated
as having a density of 2.6 /cc and an attack angle of 45-degrees. We cut the optical signature when the
fragment is beyond the visible horizon for each case. The bottom line is that even a one-day intercept of
a 100m asteroid is acceptable, as is a 10-day intercept of Apophis. These are both remarkably short
terminal defense intercepts for such large potential threats.

Optical Energy Flux at Observer vs Arrival Time Optical Energy Flux at Observer vs Arrival Time
1 day Intercept Time, 100m Parent Asteroid 10 day Intercept Time, 100m Parent Asteroid
20 km/s-2.6 g/cc -1m/s Disruption-100km radius ring 20 km/s-2.6 glcc -1m/s Disruption-1000km radius ring
Ogiam=2-5M, Gyaq.,=0.3M/S, Gjgnq,=0.3M/s, &p,,=0.3g/cC Ogiam=2-5M, Opaq.,=0.3M/S, 0y4g.,=0.3M/s, o,,,=0.3g/cc
1000 Fragments-Observer at x=100km, y=0 1000 Fragments-Observer at x=1000km, y=0
With atm attenuation - Observer right under ring edge With atm attenuation - Observezr right under ring edge
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Optical Arrival Time (s) Figure 80 — Optical energy flux (3/m?) at observer vs
optical pulse arrival time for 10 day intercept of 100m

Figure 79 — Optical energy flux (J/m?) at observer vs optical bolide in 1000 fragments.

pulse arrival time for 1 day intercept of 100m bolide in 1000
fragments.
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Observer Fragment Optical Energy Flux vs 0, ¢

1 day Intercept Time, 100m parent

20 km/s-2.6 g/cc -1m/s Disruption
=2.5M, 6,,4.,~0.3M/s, c,ong_v=0.3m.’s, 0,,=0.3g/cc

1000 Fragments-Observer at x=100km, y=0

Atmos Included-Observer right under ring - 600 km horizon range cut

Integrated Optical Energy Flux at Obs (No proj)= 77 KJ/m?@10% Blast Conversion
0
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Figure 82 — Observed fragment theta, phi for 1 day intercept
of 100m bolide. Observer under edge of ring.

Observer Fragment Optical Energy Flux vs 0, ¢
10 day Intercept Time, 100m parent
20 km/s-2.6 g/cc -1m/s Disruption
Ciam=2-9M, Gygq.,=0.3M/S, 61504, =0.3M/s, 64,,=0.3g/cc
1000 Fragments-Observer at x=1000km, y=0
Atmos Included-Observer right under ring - 600 km horizon range cut
Integrated Optical Energy Flux at Obs (No proj)= 0.5 KJ/m?@10% Blast Conversion
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Figure 81 — Observed fragment theta, phi for 10 day
intercept of 100m bolide. Observer under edge of ring.

Optical Energy Flux at Observer vs Arrival Time
5 day Intercept Time, Apophis Parent Asteroid
20 km/s-2.6 g/cc -1m/s Disruption-500km radius ring
=2.5m, 0,4.,~0.3M/s, oy,,g.,=0.3M/s, o,,,,=0.3g/cc
30000 Fragments-Observer at x=500km, y=0
Atmos included - Observer right under ring edge
Integrated Optical Energy Flux at Obs= 0.15 MJ/m? @ 10% Blast Conversion
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Figure 83 — Optical energy flux (J/m?) at observer vs optical
pulse arrival time for 5 day intercept of Apophis in 30000
fragments.

Optical Energy Flux at Observer vs Arrival Time
10 day Intercept Time, Apophis
20 km/s-2.6 g/cc -1m/s Disruption
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30000 Fragments-Observer at x=3000km, y=0
Atmos Included - Observer right under ring edge
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Figure 84 — Optical energy flux (J/m?) at observer vs
optical pulse arrival time for 10 day intercept of Apophis in
30000 fragments.
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Observer Fragment Optical Energy Flux vs 6, ¢
10 day Intercept Time, Apophis
20 km/s-2.6 glcc -1m/s Disruption
Cgiam=2-5M, Oy54.,=0.3M/s, oy, =0.3M/s, o, =0.3g/cc
30,000 Fragments-Observer at x=0, y=0
Atmos Included-Observer in center of ring - 600 km horizon range cut
Integrated Optical Energy Flux at Obs (No proj)= 3.4 KJ/m?@10% Blast Conversion
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Figure 85 — Observed fragment theta, phi for 10 day intercept
of Apophis. Observer center of ring.

Observer Fragment Optical Energy Flux vs 0, ¢
10 day Intercept Time, Apophis
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Figure 86 — Observed fragment theta, phi for 10
intercept of Apophis. Observer under edge of ring.
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500m diameter Bolide Mitigation — Bennu

The asteroid 101955 Bennu, with an equivalent diameter of 490m, is an object that poses a potential large-
scale threat to Earth much like Apophis, with a yield, depending on the specific impact orbit. Its energy yield
is ~ 4Gt at 20km/s, were it to hit Earth, is comparable to all the world’s nuclear arsenal combined. With a
period of 1.1955 years, it is nearly identical to Earth. It was discovered relatively recently in September 1999
and was visited by the OSIRIS-Rex mission, which reached it in December 2018, landed in October 2020, and
will return samples to Earth in 2023. It is a carbonaceous asteroid with a relatively low average density of
1.26g/cc and a mass of ~ 7.8x10'°%kg. Note we generally use a density of 2.6g/cc for “rocky asteroids”. Bennu
has about Y2 the density we normally use for asteroids of this type. It is considered one of the two most
hazardous asteroids in the solar system, the other being 1950DA. Bennu has the highest cumulative rating on
the Palermo Impact Hazard scale. It is currently estimated to have a probability of impact through the year
2300 of about 1/1750, which will be refined with further observations. The next close approaches of less than
0.09 au will be September 30, 2054, and then September 23, 2060. We have explored numerous mitigations
scenarios and have found that fragmenting into 10° fragments 20 days prior to impact with 1m/s disruption is
sufficient as shown below. Like Apophis, we are able to mitigate very real large-scale threats (like Bennu)
with extremely short notice, though in general we will have significant advance notice of large threats.

1km diameter Bolide Mitigation — Using the same analysis techniques, we have shown that a 1km bolide
can be mitigated using our approach. We explored 10°, 5x10° and 10° fragment disruption for the 1km
diameter case with mean fragment size of about 21.6, 12.7, and 10m diameter respectively. The case of
5x10° fragments at 60 days and 1m/s disruption
allows for a successful mitigation with minimal
damage, though some broken windows in residential
buildings close to ground zero for some of the larger
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fragments, while for the 10° case the damage is even less, with pressures less than 1kPa virtually everywhere
on the ground. Allowing for a 60-day intercept allows the fragment cloud to expand to nearly the size of the
Earth. Even longer-term intercepts would allow virtually all of the fragments to miss the Earth entirely. This
event would be an extremely large and catastrophic bolide if not mitigated. With a total exo-atmospheric
energy of about 100Gt, it greatly exceeds the Earth’s nuclear arsenal and would cause extensive damage to
humanity if not mitigated. For a 1km diameter bolide disruption, an array of NED penetrators may be
preferred to conventional penetrators. Note that the peak pressure scales (on average over the ensemble of
fragments) approximately as 1/t where t is the blast arrival time. This is consistent with our scaling of the
peak blast pressure with slant range as (r_slant)%,

Optical Energy Flux at Observer vs Arrival Time
60 day Intercept Time, 1km Parent Asteroid
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the large optical arrival time range. This range will greatly
reduce the effect of the optical pulse from each fragment. Note
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Figure 91 - Fragment blast wave pressure distribution vs
blast arrival time for a 1km bolide fragmented into 500,000
pieces (12.7m diam. avg.) 60 day prior to impact. Fragments
have a 1 m/s average speed relative to center of mass. The
observer is right under the right (worst place) at 6000km
from center of fragment ring The radar horizon at 600km is
shown as an acoustical propagation time of approx. 2000
sec. We allow “over the horizon” acoustical signatures to
propagate but their effect at the observer is minimal. Note
the similarity to the 100,000 fragment case above, but with
a smaller mean fragment size due to the 5x increased
number of fragments.
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Existential threats — very large bolides — 10km case
Truly existential threats to humanity can come in many forms. Extraterrestrial ones include impacts from

Asteroid Disassembly Energy vs Diameter and Disassembly Speed

Includes Grav Binding Energy which is Significant Here
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bolides has very significant gravitational binding energy. Note that
above 40km diameter there is not sufficient explosive energy in the
world current arsenal to even gravitationally de-bind the bolide.

large asteroids and comets with diameter of
order 10km or larger. The biological and
geological records indicate a number of
mass extinction events, such as the death of
the dinosaurs some 65Myr’s ago. As
mentioned, this event is consistent with a
10km diameter stony asteroid due to the
observed Ir layer and shocked quartz. Some
have speculated this extinction may have
also be a comet strike or even a grazing
comet. How the Ir layer would have formed
from a typical comet is unknown, though
some have also speculated that significant
volcanic activity may have also been a part
of this extinction period. While there is no
known threat in the foreseeable future from
such a large asteroid or comet, it is useful
to ponder the question of whether or not our
proposed technique could mitigate such an
existential threat. Due to the d° dependence
of the gravitational binding energy and the
d® dependence of the disassembly kinetic
energy on diameter, as shown, the
gravitational binding energy now begins to
dominate the disassembly energy budget
for a 1m/s disruption. For example, with a
1m/s disruption and a 10km diameter,

2.6g/cc bolide, the total energy required is roughly 5Mt,
while for a 1km diameter the energy is only about 0.2kt. The
mitigation for the 10km diameter case calls for a nuclear
disruption, which is possible, but the details become critical
to understand. As discussed previously, NED penetrators
using modern thermonuclear penetrators such as the B61-11
are highly problematic due to the extremely high “gee”
loading on penetration, while pure fission NED’s may be
feasible, particularly those with a nuclear artillery heritage.
The problem currently is partly political in that development
is possible, but testing is not due to the CTBT that bans all
nuclear weapons tests that have nuclear yield. This could
always change, but currently this would limit NED options
to the existing stockpile or to the development, but not
testing, of NED’s that do not require additional testing to
ensure their performance. In any realistic scenario of an
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existential threat, presumable logic would prevail, at least one would hope. If we are confined to the existing
stockpile or new untested devices which are “guaranteed” to work in full speed penetrators, then pure fission
devices are possible. If we use the (cancelled) W82 pure fission NED (2kt yield 30kg bare NED mass) as a
conservative example, this gives a yield per mass of 70t(TNT)/kg. Note that this is far less (~ 90x) than the
Taylor limit for thermonuclear devices of 6kt/kg. Thermonuclear devices are far more mass efficient.

At 70t(TNT)/kg for the W82, we would still have about 1400x larger energy than purely kinetic impactors
of the same mass for a 20km/s closing speed. If we could couple all of the W82 energy into disruption of
the 10km bolide (5Mt minimum needed for 1m/s disruption including gravitational binding), we would
require at least 2500 W82 NED’s with a total mass of 75 tons. This mass is above the limit of a single SLS
and at the limit of a flight-refueled Starship capability and we are already assuming unity coupling efficiency
of NED vyield into gravitation de-binding and KE of the fragments which is unreasonably optimistic. Pure
fission devices for existential threats do not seem reasonable with thermonuclear devices such as a B61-11
“physics package” ~ 350 kt yield @ 4 kt/kg (physics) being preferred though not high “gee” rated.
Sequential penetrators may allow this option. Note that above 40km diameter, even the entire world’s
current nuclear arsenal is not able to even gravitationally de-bind the bolide at unity coupling

Intercept Times for Very Large Bolides — While we have focused on the ability to fragment and de-bind
the large bolides, it is interesting to note that for early interception where the fragment cloud diameter
exceeds the Earth’s diameter, then the threat becomes much less even if the fragments are larger. For
example, simply splitting the threat in “half” and separating the “halves” by a distance significantly larger
than the Earth’s diameter avoids the problem of fragments in the atmosphere altogether. This statement is
true of any threat. For 1m/s disruption speeds, intercept time of greater than 75-150 (depending on ground
zero position) days or larger avoids any significant damage as the fragments miss the Earth. The specific
fragment trajectories and the interaction with the Earth’s gravity is of course relevant, though the bolide
speed is generally much larger than the Earth escape speed, so the impact parameter is only modest.

Smaller asteroid intercepts - While we have focused on large scale threats with 100m and Apophis as

- - examples, we now discuss relevant impacts in

B'asé,o‘g";‘g‘-‘.,,'?:f;;t?{rﬁ:g‘ggep‘;?ef:'g’;:;?;ic? ime the last century, namely the 20m diameter 2013
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50m diameter asteroid — The 1908 Tunguska event was an approximately 50m diameter asteroid, or
possibly a comet fragment, with an exo-atmospheric energy estimated to be about 10Mt, similar to that of
the largest US strategic thermonuclear weapons tested. It is assumed to have been an airburst as it blew
down more than ~2000km? of trees. This class of event is expected about once every several hundred years
and would cause significant loss of life if the bolide were over a densely populated area. If we use the same
strategy, we have outlined and fragment the asteroid into 100 pieces, we can intercept with short time
scales. For example, with a 5 hour prior to impact and a 1m/s disruption, the threat is effectively
mitigated though larger time intercepts are always preferred.
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Eye safety from optical signature (pulse)

The optical signature can be bright enough from a single fragment to be of concern for retinal safety. The
maximum permissible exposure (MPE) can be characterized in both a power and energy flux. The general
conclusion is that energy fluxes in excess of 10J/m? are of concern with the need to avoid looking at the
optical pulse from fragments without special glasses (welding glasses). The pulsed MPE assumes a worst
case of a point source being fully imaged onto the retina, though at very short (<400nm) and long wavelength
(>1.3 microns) the light is greatly attenuated in the cornea, retina, or other parts of the eye before reaching
the retina. Recall that the combustion threshold is 0.2MJ/m? or vastly (20,000x) above the MPE. Just as we
do not stare at the sun without special glasses, the same is true here. We should not stare at the optical pulse
of the fragments without special glasses. The simplest solution is simply to stay indoors during an
asteroid/comet strike or at least to close your eyes. For reference, during the Chelyabinsk event nearly 200
people reported “eye pain” with some diagnosed with mild retinal burns after having “stared” at the bolide.
Approximately 70 people reported “flash blindness” [1], [48].

Optical Eye Safety - CW MPE . Optical Eye Safety - Pulsed MPE .
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Figure 98- Left: CW MPE vs exposure time in power flux (W/m?). Right: Pulsed MPE vs wavelength in energy flux (3/m?).
With a typical bolide optical pulse of about % sec a conservative estimate of the Pulsed MPE is 10 J/m?.

Effects on exposed skin — UV and thermal burns

The optical signature can cause “sunburn-like” skin damage. This is dependent on the optical spectrum and
exposure time just as it is for sunburn. For near UV (UVA) in the 315-400nm range, the permissible
exposure limits are 1J/cm? = 10*)/m? for exposures less than 1000s (our case), or ImW/cm? =10W/m? for
longer exposures (>1000s, which is not our case). Note that this is NOT the integrated optical spectrum, but
rather the UVA portion of the spectrum. As we showed in the detailed calculation, we do include the
atmospheric absorption for the light from each fragment which tends to “redden” the spectrum and block
the UV portion of the spectrum. To be conservative we adopt a 10kJ/m? integrated optical exposure as a
suggested upper limit to minimize “sunburn”. Recall that the combustion limit is 20 times higher, or
200kJ/m? and this limit is the full spectrum limit and not the UV limit. For reference, during the Chelyabinsk
event, 20 people subsequently were diagnosed with mild to moderate sunburn from the optical signature,
likely from the UV and enhanced by snow reflection.

Thermal burns to exposed skin are a related issue, but are largely a temperature effect where the outer
layers of the skin are suddenly heated to excess levels causing a “burn”. First, second, and third degree burns
from thermal optical flash events are 10, 20, 32 J/cm? = 100, 200, 320 kJ/m? respectively. Note that these
are approximately that of combustion, 200kJ/m?, and that the second degree burn level is equal to the
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combustion limit for dry leaves/paper. Flash burns are extremely serious and can be life threatening for large
exposure fractions of the body. In the previous analysis of the optical signature, we keep the total thermal
flash (optical signature) well below the combustion level of 200kJ/m? which allows us to avoid thermal
flash burns in general, but it is critical to keep the UV exposure to a much lower level which we have set to
be 10kJ/m? to avoid UVA “sunburn”. As is the case for retinal effects, a simple course of action is to stay
indoors during an event or if outside then seek shelter to shade the body and avoid exposed skin exposure.

Chelyabinsk Comparison and Mitigation - In a detailed analysis of the Chelyabinsk event [48], the
estimated total optical yield is 375TJ with a peak optical power of 340TW. The total exo-atmospheric energy
of this event is estimated to be approximately 450 -550kt with 90kt being estimated to having gone into the
optical signature (about 16-20% of exo-atmospheric energy). The peak optical ground flux at ground zero
(under 30km burst) is 30kW/m? (30 sun) while the peak flux at 40km surface range is 11kW/m? (11 sun).
The peak over pressure is estimated to be 3.2+0.6kPa, diameter of about 19.5m, an exo-atmospheric speed
of 19.2km/s, 20 degrees above the horizon attack angle, and density about 3.3g/cc. The density is not well
known, but the yield strength is estimated to be about 0.7MPa at first breakup and then rising to about 4-
5MPa at burst. It is possible that the outer layers were of lower density than the inner portion if the bolide
was heterogeneous enough to have a wide range of yield strengths. The bolide path came within about 40km
(south) of the center of the town of Chelyabinsk. At these short distances, ground reflections of the blast
wave can significantly enhance the its amplitude and to what extent this was an issue is unknown as the
peak pressure is estimated based on a variety of inputs including (importantly) the breakage of glass and
building damage in and around the town.

We have modeled a variety of simulations for Chelyabinsk with both a single bolide and a very
short-term fragmentation mitigation at 0.01 day (864 sec <15 min@1m/s disruption) by breaking the parent
bolide into 20 fragments with average diameter of about 7m. It is also possible to mitigate with a 100s
intercept @10m/s disruption due to longitudinal dispersion in the burst altitude allowing blast wave de-
correlation. These are extremely short mitigation times!

As measured - Not Mitigated - Single bolide case

At ground zero under the burst, we compute a peak pressure of 1.7kPa and a blast yield of 328kt (1.4PJ)
with a total exo-atmospheric KE of 564kt. We get an estimate for the optical pulse of 140TJ with 10% blast-
to-optical conversion and 240TJ with 17% blast to optical conversion. Both are in reasonable agreement
with the “measured” total optical signature of 375TJ. The optical energy flux at the ground zero observer is
approximately 6.7kJ/m? including atmospheric absorption. The optical energy flux is large enough to cause
retinal burns and some UV “sun burn” consistent with what was observed.

At a distance of 40km, we get a peak pressure of 1.1kPa. Note that this is less than the estimated
3.2kPa from observed window damage in the town. A ground reflection could easily double this pressure,
which our simulation does not include, nor local topography. Even so, the numbers are close enough for our
simulations to be reasonably consistent with the “measured” values. The optical energy flux at 40km from
ground zero is approximately 3.3kJ/m? including atmospheric absorption. The optical energy flux is large
enough to cause retinal burns and some UV “sun burn” consistent with what was observed but far below
the combustion limit.

Mitigation case (20m, 20 fragments @ 864 sec intercept)

With an intercept case below of 0.01 day = 864 seconds (<15 min) and a breakup speed of 10m/s, we
intercept about 17,000km from the Earth’s surface which is well inside the GEO orbit distance. We fragment
the Chelyabinsk bolide into 20 fragments. The fragments breakup at an altitude of about 55km and burst at
about 30km. The mitigation is sufficient to de-correlate the blast waves and significantly reduce ground
damage as seen in the plot of all 20 fragment blast waves vs time. Even for this extremely short intercept
time, the blast damaged is reduced by a factor of 3x. Longer time scale intercepts greatly reduce the blast
wave even further. As mentioned above if we model longitudinal dispersion in the burst altitude allowing
blast wave de-correlation even a 100 s mitigation is possible. In this case “zero-time mitigation” also works.
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Blast Wave Pressure vs Time
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Figure 102 — Time evolution of each of the 20 blast waves
from the fragmented Chelyabinsk bolide at 40km surface
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Figure 99 — Time evolution of each of the 20 blast waves from
the fraamented Chelvabinsk bolide at around zero.

Blast Wave Peak Pressure vs Arrival Time
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Figure 101 — Peak pressure and arrival time of the 20 blast
waves from the fragmented Chelyabinsk bolide at ground zero.
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Figure 100 — Peak pressure and arrival time of the 20 blast

waves from the fragmented Chelyabinsk bolide at 40km surface
distance from ground zero.
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Scaling of intercept time and disruption energy

The effects of the fragments bombarding the Earth are related to fragment cloud size upon entry into the
Earth’s atmosphere. The size of the fragment cloud is proportional to the intercept time and the mean

disruption speed: [l o =7 . This allows us to trade the intercept time and disruption speed so

interceptvdisrupt
that shorter intercept times can be accomplished with the larger disruption speed. In this analysis, we need
to consider both the blast wave and the optical signatures in deciding what is the minimum fragment cloud
size. For smaller bolides (<50m), the optical signatures are small enough that the cloud radius is set by blast
wave considerations and not optical considerations. This is both a practical question of intercept capability
and the disruption energetics, the required disruption energy (ignoring the gravitational binding energy)
being proportional to the square of the disruption speed and hence inversely proportional to the square of
the intercept time. We have presented numerous scenarios with most of the detailed effects for a 1m/s mean
disruption speed. If we were to use a 3m/s disruption speed, requiring about 10x larger disruption energy,
we could lower the intercept time by 3x. At 10m/s disruption speed, we could achieve 10x lower intercept
time, etc. This is an important trade space to consider. The disruption energy scales as the parent bolide
mass, which scales as the cube of the bolide diameter (d), which allows us to have very short time intercepts
for smaller bolides, which are more numerous.
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In a threat mitigation analysis of a given bolide, our previous calculations allow us to set the minimum
fragment cloud radius for an acceptable effect level. For small threats, the fragment cloud radius is smaller
and hence the actual minimum intercept time is an even stronger function of the threat diameter.

Part of any serious planetary defense system would focus on layers of preparations for various
scenarios, including fast reaction to smaller bolides. As we have shown, for stony bolides that are 10m and
smaller in diameter, no action is required. In an operational interceptor system, we would need to have “at
the ready” a strategy to handle a reasonably wide level of threats with a focus on the smaller threats (<100m)
due to their increased rate. If we fix the maximum disruption energy capability of an interceptor, we can
then calculate the minimum intercept time for a given threat. This is important in determining the overall
system capability. This would allow us to design an overall system considering threat size detection
capability and threat mitigation intercept time. Since we can ignore small bolides (<15m), this allows us to
potentially have extremely short response times to smaller bolides. For example, the 20m class bolides
(Chelyabinsk) that are difficult to detect at long range, could be mitigated with sub-hour interception if we
have already designed the capability of the interceptor to mitigate 100m class bolides with a ~1-day intercept
time. As a specific example, an interceptor that can impart a 1m/s disruption speed to a 100m diameter
bolide could be capable of a disruption speed of (100/20)*? ~11x larger, or 11m/s for a 20m threat. IF we
wanted the SAME fragment cloud radius as for the 100m threat, then the intercept time could be 11x smaller
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for the 20m threat, BUT this is not correct as the fragment cloud radius for the 20m threat can be much
smaller. For example, a 10km fragment cloud radius should be sufficient for a 20m stony bolide threat with
an incoming speed of 20km/s. A 10m/s disruption speed for the 20m threat gives an intercept time
capability of 15 minutes with an intercept distance of 18,000km, or INSIDE the geosynchronous
satellite belt. This would require a disruption energy of 170kg TNT equivalent. This is within reach
of rapid launch interceptors. If we add the longitudinal dispersion of burst altitude with fragment
size then a 100s intercept at 2000km altitude becomes possible, well within rapid launch interceptors.

Zero-time intercept

Can small asteroids (~20m like Chelyabinsk) be intercepted and mitigated immediately prior to impact?
This would be a “zero time intercept”. At the extreme end of fragmentation, we could imagine a very fine
granularity where the fragments are taken to the molecular level, which would be effectively vaporization
of the threat. In theory this could be done, though it is not practical due to the large energy input required.
At a somewhat coarser level,

Breakup - Burst Altitude - Overpressure - Blast Yield ; ; «
Density = 2.6/cc, 17kmys, 45 deg Imagine we fragment to the _dust
Observer at ground zero - right under burst grain level” of 1-100 micron
10° diameter. At very small fragment

sizes, the interaction physics
between the hypersonic grain

%10“ fragments and the atmosphere
8 become very different than the
s macroscopic level (meter-scale)
3 10° we have been focusing on. The
- generation of both the acoustic
E and optical signatures would be
@ 02 very different. While not the
@ focus of this paper, we note that
g in  theory, extremely short
= intercept times are possible for
< any size threat, though the
ramifications both in practical
10° terms of energy requirements and
understanding the details of the
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Figure 103 — Breakup and burst altitude as well as peak pressure and acoustic | scale of 2m  fragments. We

flux at ground zero (under fragment) for fragment diameters from 2 to 20m. The | compute the breakup and burst

peak pressure and acoustic flux are well fit by power laws, as shown. Blast wave altitude, the peak blast pressure,

flux per unit of blast yield is also shown. It is fairly constant over this fragment | and acoustic flux at ground zero

range. Blast wave pressure is shown at 1km ground distance from ground zero .

which is essentially equivalent to being at ground zero (right under fragment (directly beneath the fragmen_t)
and the energy of the fragment in

the accompanying figure. From 2-20m diameter fragments, both the peak pressure and acoustic flux
are well modeled by power law fits, as shown. It is still critical to de-correlate the blast waves at the
observer to prevent correlated collective effects. This is key to mitigation, as we have shown. There is a
trade space between the energy requirements of higher speed fragment ejection to allow larger fragment
spatial spread and hence temporal de-correlation of the arriving blast waves. As we have shown, there is
significant advantage to reducing the fragment size where feasible. The case of the 20m diameter threat
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(~Chelyabinsk) where we break the bolide into 20 fragments with a mean size of 7.4m allows for a 1000s
intercept with a 1m/s disruption speed and 100s intercept with a 10m/s disruption speed. These are very
short intercept times. If we shatter the 20m bolide into 1000 fragments with a 2m mean diameter, we can do
even better, but the limit becomes the spatial spread of the fragments to allow sufficient de-correlation of
the blast wave. To get even shorter intercept times, we increase the fragment speed which then becomes a
disruption energy issue. To first order, the product of the intercept time and fragment speed, which then sets

the fragment spatial scale, is a constant for a given bolide.

Variation of burst altitude with diameter — longitudinal dispersion - implications for zero-time intercept
Smaller fragments burst at higher altitudes, which then gives longer blast wave propagation times for these
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Figure 104 — Breakup and burst altitude and blast wave arrival time at ground zero
(directly under fragment) vs fragment diameter. This shows the large spread in arrival
time caused by the range of burst altitudes for different fragment sizes. Smaller fragments
burst at high altitudes and have shock waves that arrive later compared to larger
fragments that burst at lower altitudes

smaller fragments. The time
delay is significant enough
to assist in de-correlating
the various fragment blast
wave arrival times at the
observer even for zero-time
intercepts. In our mitigation
scenario, fragments come
off in different sizes and
hence burst at different
altitudes leading to varying
propagation times, as shown
in the accompanying figure.
For example, the time
difference fora2mvsa 10m
or a 5m vs a 15m fragment
is roughly 50 seconds. This
longitudinal dispersion is
largely independent of the
interception time and is
another source of blast
wave de-correlation. For
zero-time interceptions, this
becomes the dominant time
dispersion mechanism. As
the intercept time increases,
the transverse dispersion

from the lateral dispersal of the fragments eventually becomes the dominant mechanism for blast wave time

de-correlation.
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Fragment and Blast Wave Self Shielding in Short Time Intercepts

In very short time intercepts, the fragments do not have time to disperse very far in the transverse dimension
and thus the potential for self-shielding of fragments with each other and their interference of their blast
waves with each other becomes a concern. This interaction among fragments that are overlapping in
projections would be a complex mixture of supersonic blast waves interacting with each other and with
fragment breakup and may trigger an “acoustic cavitation” due to the partial vacuum creating behind the
supersonic fragments. For example, at a 20km/s exo-atmospheric entry this corresponds to Mach #~ 60.
With the fragment speeds being of such high Mach # upon entry, there will a significant vacuum created
behind each fragment. The physics of the vacuum column behind the fragments is complex, but it can be
simplified as a cylindrical volume collapsing at roughly the sound speed (~ 340m/s). The ratio of the vacuum
column length | to diameter d can be approximated as roughly 1/d=0.5M#, where the factor of 0.5 is from
the radial inflow of the gas filling the vacuum column. In reality, the situation is much more complex due
to turbulence and supersonic shock wave generation from the fragment. For a 20km/s bolide, this gives
M#~60, which gives 1/d~30. Thus, for a d=10m fragment, the length of the column is only about
I=0.5d*M#~300m. This is small compared to the transit distance through the atmosphere, and hence the
self-shielding of fragments along the longitudinal direction should be relatively small. To be conservative,
we use a metric where f<<1 for breakup AND for burst even with pancake factor y=7. We see this in the
calculations below where we choose as an example a 20m parent bolide fragmented into N=20 pieces. For
an extremely short intercept time of 100 seconds, we choose a 10m/s disruption rather than a 1m/s disruption

for this purpose. The alternative is to choose a longer intercept time of (say) 1000 sec, and then a 1m/s
disruption is acceptable in terms of self-shielding concerns.
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7 = time between intercept and impact

L, =i, fragment diameter

N =# fragments

y=fragment effective diameter multiplier (typ =1 at breakup and y=7 at burst)
V,.. = average transverse disruption speed

f =fractional overlap of fragments (self shielding fractor)

N $ il
' {ZW L) 4}/ [y =5

Ex:

L, =20m,N =20,v,, =10m/s,z =100s
Assumeall fragments arethe same size
L =L /N"?=271-L=737m

ave

ZEIZLF N 7°L?
T A,

=2.7x10" y =1@ breakup

=1.3x10° y =7@burst

We conclude that the self-shielding fraction is very small for this case (~ 1%) at burst

and negligible at breakup. Note that had we used v,, =1m/ swith the same intercept time of 100s

then f would be 100x larger yielding:

f =2.7x10% y =1@ breakup

f =13 y=7@hburst

Thisimplies small overlap at breakup but severe overlap at burst.

=2.7x107 »?

Since the disruption energy scales as Vvave’ there is a premium on earlier detection to allow longer intercept
times if possible. We have already shown, however, that very short time scale intercepts (less than 1 hour)
are very viable for smaller diameter late intercept bolides (<30m diameter) and that close to zero-time
intercepts (t~ few minutes) are feasible with 20m bolides. Obviously, we would prefer not to intercept at
such short times if we could avoid it, but it is reassuring that it is possible if necessary.
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Optical flux vs acoustical flux

The two key observables are the acoustic blast wave signature and the optical signature. We compute this
below for the example of a 100m diameter parent bolide broken into 1000 fragments. We show simulations
of intercept times of 0.01, 1, and 5

Optical Energy Flux over Acoustic Blast Flux at Observer days with the observer at the center
100m Parent Asteroid - 1000 Fragments - Observer at center of ring d d he ri h |
20 km/s-2.6 g/cc -1m/s Disruption and under the rmg- T € genera
Giam=4M, Craq.,=0.3Ms, G50 ,=0.3m/s, o,,,;=0.3g/cc trend of larger optical signature per
With atm attenuation - No cooling Assumed Between Optical Pulses acoustic signature (J/w) favors
= : :
10% Conversion of Blast to Optical Energy Assumed smaller fragments to lessen the
1 optical signature. Smaller

B3¢ fragments also lessen the acoustic
signature, so smaller is better. The
range of fragments is 2 to 24m,
with the vast majority being
smaller than 15m. The dispersion
IS due to the simulated
i fragmentation distribution and the
atmospheric absorption for the
5 larger fragment cloud (larger
‘3;" e ° intercept times), where many of
° © .

the fragments are near the horizon.
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Se The 0.01-day intercept has
® o ® i
@ Optigal/ Blast Ratio - Obs at Center-0.01 day Vlrtua”y, all of the fragments
& ©® @ Optical/ Blast Ratio - Obs at Center-1 day nearly directly over the observer.
® ® @ Optical/ Blast Ratio - Obs at Center-5 day The 0.01-day intercept case
® ® @ Optical/ Blast Ratio - Obs at 500km (under ring)-5 day provides relevant data to genera|
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Figure 107 — Ratio of integrated optical flux to peak acoustical (blast wave) have a value of about 0.2-0.3J/W,
flux. Specific case is for 100m diameter in 1000 fragments with observer at 10m diameter having a value of
center of fragment cloud but ratio is generally indicative for a variety of about 0.5J/W, and 15m diameter

scenarios.
with a value of about 0.7J/W, with
a generally increasing trend. Part of the scatter is also due to the atmospheric absorption for fragments that
are low on the horizon relative to the observer.

Dust production from asteroid ablation and burst

There is dust production from the asteroid fragments “burning up” in the atmosphere at high altitudes (typ.
30-60km). The finer the final particle size from burn up, the higher the effective surface area of the combined
effect of all the dust grains. Like the injection of dust and debris from volcanoes, the stratospheric dust can
persist for years and potentially cause a “nuclear winter” scenario. Is this a significant issue with our
mitigation strategy? There is a tradeoff between forming dust at extremely small sizes (compared to the
relevant wavelength of light from our Sun) and the effective cross section for light blockage and the larger
grain sizes, where the cross section is essentially geometric, but there are fewer total grains. Since physical
area of the sum of all the dust grains scales as 1/d, where d is the dust grain diameter, it would seem that the
total area diverges as d approaches zero. This scaling comes from the surface area of a grain scaling as d?
and the volume (mass) of the grain scaling as d® and hence the sum of all the areas of the grains is At~ Nd?
where N is the total number of grains with N~(Lo/d)3~d"3 and At~ Nd?~(Lo)%/d. Of course, we are stopped at
the molecular sizes of orderlnm. However, there is another important effect when d<i where A is the typical
wavelength of sunlight, namely A~0.5um. For d<}, the effective cross section scale as (d/A)* and hence
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extremely small grains are largely ineffective in blocking sunlight, even though there are more of them. The
optimal grain size for blocking sunlight is roughly d=A. We will assume an optimal (worst case) grain size
of d=1um. Consider the case of a 100m diameter asteroid. If we convert this asteroid into optimal sunlight
blocking grains of d=1um we get 10?* dust grains with a total surface area of 102 m?. This is equivalent to
a 1000x1000km sun shade! The Earth’s surface area is about 5x108 km? and hence this 1000x1000km sun
shade would block 0.2% of sunlight. However, this is an absolutely worst-case analysis as grains at d=1um
would still have significant diffraction and thus the actual blockage would be significantly less. Of course,
reducing ALL of a 100m diameter asteroid into 1um dust grains is not reasonable for any ablation scenario.

As a comparison, note that the Krakatoa volcanic eruption of August 1883 is estimated to have
hurled approximately 45km? of debris into the stratosphere. This caused significant decreases (~1deg C) in
global temperatures for about 5 years and did produce a measurable climate change (nuclear winter). In
addition to the dust and debris, there was a significant amount of SOz formed in the stratosphere. By
comparison, the volume of our 100m asteroid is about 45,000 times less material. There does not appear to
be a significant “nuclear winter” event that would be caused by asteroids up to 1km using our mitigation
method [50], [51].

EM signature — EMP

High altitude detonations of nuclear devices can cause severe EM signatures known as an EMP
(Electromagnetic Pulse). This is causes by the high energy gamma rays from the nuclear reactions
(primarily fission reactions) causing electrons to be ejected by air molecules via Compton scattering and the
subsequent interaction of the high energy electrons and the Earth’s magnetic field. This has been seen in
numerous high-altitude tests (typ. >30km altitude) where the mean free path (MFP) is large enough to allow
a very large electric field to be generated. The electric fields generated are typically up to 50kV/m. The
phenomenon is a partially coherent effect due to the low frequencies involved. Detonations at low altitude
cause relatively little EMP due to the short MFP.

Bolide impacts do not generate high energy photons and thus cannot generate the classic nuclear
EMP. However, the air around the bolide is ionized and there can be small EM effects, similar to lightning.
While related effects such as meteor trail communications due to the ionized trail have been long observed
and utilized, there is little experience with large fragment bombardment. The physics of EM generation from
hypersonic fragments is strongly against coherent and collective EM effects and thus very little damage is
expected from fragmented bolides. For example, in the Chelyabinsk event, no significant EMP was noted.
There is one Canadian event in January 2000 near Whitehorse in the Yukon region, where a 5m bolide is
reported to have “knocked out” the power grid, but this event is not verified to have actually caused the
power outage and there is significant skepticism as to its veracity, particularly since telecommunication
equipment continued to function.

Intercept time for mitigation vs target size

We summarize the acceptable intercept times for mitigation where we keep both the acoustic and optical
signatures at values low enough to avoid any large-scale damage. There is a trade space for any target as to
what is an acceptable level of acoustic and optical signatures that we are willing to live with. Note that a
20km/s bolide with density that of stony asteroid (~ 2.6g/cc) whose exo-atmospheric energy roughly equals
the total world nuclear arsenal, corresponds to a diameter of about 500m (Bennu) or not much larger than
Apophis. This is a somber reminder that extra-terrestrial threats from asteroids and comets are at a scale that
can far exceed current human weaponry, and yet we are now able to mitigate these threats using our current
technology. This would truly be a remarkable achievement for humanity to be able to actualize planetary
defense.

For comparison to our detailed simulations, we can make a simple analytic model for the minimum
intercept time. The analytic model computes the intercept time based on the need to de-correlate the blast
waves. To accomplish de-correlation, we need to ensure that there is acceptably small blast wave temporal
overlap. As the intercept time increases, the fragment cloud spreads out further until it exceeds the local
horizon for the observer, which greatly mitigates the blast wave and optical signature. With further increases
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in the intercept time, eventually the fragment cloud radius will exceed the Earth’s radius with fragments no
longer impacting the Earth.
The overall logic in fragmentation is as follows:

1) Choose the maximum fragment size Lmax SO that the max blast pressure Po at ground zero is
acceptably small to prevent significant damage. Typically, this gives Lmax~10m for Po~1kPa at
ground zero.

2) LmaxYield the number of fragment N for a given parent bolide diameter Lo where N=( Lo/ Lmax)*.

3) Choose the average fragment speed vave depending on the interceptor capability.

4) For agiven vave and N, we then need to ensure that the fragment blast waves at the observer are de-
correlated. See equations below. This will then give the needed cloud spread radius aave.

5) Once the cloud radius is determined, this then gives the intercept time T where t=aave/Vave.

6) Check that optical signature at observer is acceptable.

7) Note the intercept time can always be made smaller by increasing the mean disruption speed Vave

7 = intercept time

t, = Friedlander blast time scale (0.1-1 sec)
v, = Sound speed

vave Ave fragment disruption speed

z, = burst altitude

L. = Ave fragment diam desired (typ 5-10m)

L, = Bolide diam

a =7V, =7(v,, +0V;) =1, fragment transverse distance

vi =1, fragment transverse disruption speed

ot =(r,—z,)/v, =1, blast wave arrival time at observer compared to burst directly overhead observer

r=i, fragment slant range to observer=(a,> +z,%)"*
aave =1V, =average fragment transverse distance
ave = average fragment slant range distance=(a,,,* +2,°)"*

=(r,. —Z,)/ v, =1, blast wave arrival time at observer minus burst directly overhead observer
ot =(ry — b) / vs > aNt, / 2 = condition to de-correlate blast waves arring at observer

N =total number of fragments = (L, /L, )3 a = de-correlation multiplier (~typ 3-10)

v, =a, >r=a,/V, (r 2 _ ) Iv. ocl/v

ave ave ave ave
— 7 Ccan always be shortened by maklng v, larger BUT this requires more energy ( oc v, )
(fye —2,)/V,=aNt /2 —>r, =aNtyv, /2+z,
1/2

r:aave/vave:(ravez—z2)1/2/v :((aNtlv/2+zb)2—zb2)l/2/vave:((a(LolLmax)3tlv5/2+zb)2—zb2) /v

1/2
T= (rave2 _sz) Vae = [( ave b)( ae T Zb)] Vae

r.=atv, /v, r,=21/v,, Notethat r,~300 sec while z, ~ 30,000 sec forv,,=1m/s
1/2

3
T(aave <<Zb - raV b) [( ave —Z )22 ]1/2 = [aNtlstb ]1/2 /Vave B {a[ LLO ] tlvszb] /Vave
L,

3

v v :

7(a,, >z, >r,>>2z)=aNt ——=a t, —— oc L,* oc m, (total bolide mass)
2v L e 2v

ave ma ave
12

3 2 2 12
7= 1artlvs L +z, | =22 | v, =1, 1+ﬂi -1
2 Lo 2 1,

(N7, << 7, short range intercept) = \/Nz_z,
(N7, >> 7, long range intercept) = Nz, /2
As shown in the figure, comparing the simulations we see that the analytic model is reasonably consistent.
The intercept time for the smaller diameters (<40m) is dominated by the dispersion in the burst altitude (z),

ave
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while the very large diameters (>300m) are dominated by the finite size of the Earth. In both extremes (small
and large), the intercept time is expected to be lower than the analytical solution, consistent with the
accompanying plot. Note that zero-time intercepts are possible for bolides less than 30m due to the shock
wave arrival time dispersion from the burst altitude dispersion dominating over the lateral dispersion. In
general, we take a more conservative approach and do not use true zero-time intercepts, though these
are possible.

Table 2 — Summary of Short Time Intercepts that meet both Shock wave and Optical Pulse Limits

Lo T (days) N L frag % Obs Max Max Observed
(m) (m) (m/s), (km) P at | overpressure Optical
o(m/s) Obs under Energy
(Pa) fragment (J/m)
(Pa) @10%
conversion
15 107 (865) 20 5.5 10, 3 0 629 900 1866
20 107 (86s) 20 74 10,3 0 746 953 4979
30 107 (864s) | 100 | 6.5 1,03 0 739 1002 11923
40 0.03 100 |86 1,03 0 1142 | 1197 33375
(43min)
50 02(&8hr) |100 |108 |1,03 17 1193 | 1555 57205
100 1 100 |10 1,03 100 999 1738 75437
0
370 10 30, 11.9 1,03 1000 1625 2894 94746
000
500 20 100 10.8 1,03 2000 775 3004 43207
,00
0
1000 60 500 12.6 1,03 6000 1111 3889 43422
,00
0

N= number of fragments, observer is directly under fragment ring — worst place. Lirag = mean fragment size.
v=disruption speed relative to center of mass. Density =2.6g/cc with 30% dispersion (low end clipped
Gaussian distribution) for fragment size, disruption speed and density. Attack angle relative to horizon is 45
deg. The maximum pressure under any fragment is shown (an observer under every fragment for this). The
“Obs” is the chosen worst case observer distance from “ground zero” for maximum damage. The observer
position is chosen to be conservative and calculate damage threshold for worst case. The “Max P under
fragment” column is the maximum blast wave pressure directly under ANY fragment. This is an extremely
small region on the ground. This can be further mitigated if needed by going to small fragment size (for
example limiting fragments to be less than 10m or smaller diameter).
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Intercept Time - Blast Wave - Optical Pulse vs Diameter
20 km/s-2.6 g/cc -10m/s Disruption for 15 & 20m diam - 1 m/s for all other cases
Gdiam=2'5m1 Grad—v=0'3vrad’ c"Iong—v=0'E"\"'Iong ’ O-rho=1g/CC
Optical Pulse Assumes 10% Conversion from Blast to Optical - Obs under Ring
Increasing the fragment speed by x decreases the Intercept time by x
This allow for even shorter intercept times at the expense of increased energy

Energy (MT) - 20 km/s, 2.6 g/cc
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Figure 108 - Intercept time prior to impact, blast wave pressure, and optical pulse at observer and maximum pressure
directly underneath all fragments vs bolide diameter. The simulations were done for a speed of 20km/s, density of 2.6g/cc and
45-degree angle of attack for 15, 20, 30, 40, 50, 100, 370 (~Apophis), 500 (~Bennu) and 1000m diameters. Recall Bennu
has a much lower density of about 1.26g/cc than our nominal rocky asteroid density of 2.6g/cc. The disruption speed
dispersion is 30% of the mean speed and the density dispersion is 30% of the mean density. The disruption speed has a mean
of 1m/s for all bolides except the 15 and 20m diameters, which have a mean disruption speed of 10m/s. The intercept time for
the smaller diameters (<40m) is dominated by the dispersion in the burst altitude (zy), while the very large diameters (>300m)
are dominated by the finite size of the Earth. In both extremes (small and large), the intercept time is lower than expected
analytically. Note that zero-time intercepts are possible for bolides less than 30m due to the shock wave arrival time
dispersion from the burst altitude dispersion dominating over the lateral dispersion. As mentioned, the intercept time
T can always be shortened by making the mean disruption speed (vave) larger, but this increases the disruption energy
required. In general, even larger bolides have acceptable intercept times when the cloud diameter exceeds the Earth
diameter. For 1m/s disruption, intercept times greater than 75 days are sufficient for bolides even larger than 10km.




12. Mission Scenarios
Long Range Interceptors

The Moon as a Possible Base for Detection and Interceptors

The moon may be a future option for a longer-range program of planetary defense. The installation of both
a long-range active detection based LIDAR system as well as a passive visible, NIR from scattered sunlight,
as well as a possible thermal IR system would be a powerful augmentation to Earth and current space assets.
A lunar based LIDAR system could also be as a “laser designator” for target locking. The low escape speed
of 2.4km/s for the Moon vs 11.2km/s for the Earth is another significant advantage for a possible high speed
interceptor program.

Short Range Interceptors

As an example, assume we hit a 100m diameter asteroid with specific density 2g/cc travelling at va ~ 10km/s
relative to the Earth at a time prior to impact of ti ~ 1 day prior to impact with a small mission carrying 10
metric tons of penetrators. The total asteroid mass mawould be about 1x10° kg. The impact would be at a
distance of about va= ti ~ 8x108 m or about 2 Ri, where Ry is the mean Earth-moon distance. Assuming we
have a spacecraft speed of 5km/s, this gives a closing speed of 15km/s. If we use a 20x20 array of 25kg
penetrators with a mean spacing of 5m, then the energy of each penetrator would be about 3x10°J or ~ 1
ton TNT and the total kinetic energy of all the penetrators (10*kg) would be about 10*2J, or 250 tons TNT.
The total gravitational binding energy is only about 1MJ, or 10 of the kinetic energy of impacts. To
compute the effective speed of the debris field relative to the center of the asteroid, we would need to know
the specifics of the material and binding distribution properties of the asteroid. This is dealt with in our
simulations section for hyper velocity impacts. To be conservative, we assume a coupling between impact
KE and debris KE of 1%. We would then have a debris KE of about 10%°J and get a mean debris speed vq
~ 4.5m/s. Note the gravitational escape speed is about 0.05m/s, so we are nearly 100 times the escape speed.
In the remaining one day to impact, the debris cloud would spread out about 2vq t where t=time to impact ~
10°s in this case (~ 1 day). This yields a debris foot print at impact of about 8x10° m, or 800km. Note that
there is both a lateral debris diameter (vat ~ 800km in our case) as well as a longitudinal diameter that
translates into a range of impact times. The latter is important in the context of atmospheric loading where
there is both a spatial and a temporal component. If we assume the worst case of an instantaneous hit of all
the debris that is spread out over 800km, we get an atmospheric flux of 1/2 mava? /( vat)? ~ 5x10 J/6x10*
~ 10°J/m?. This is equivalent to 100 seconds of Sunlight in terms of energy per unit area. This is a very
small loading due to the spread of the debris cloud even in the case of a scenario where mitigation is one
day prior to impact.

Interceptor Energy Delivered — It is useful to understand the amount of energy delivered in the asteroid
frame and compare this to the numerous calculations we have on the energy required to disassemble and
spread out the fragments. We show a few representative cases:

e Passive penetrator - 20km/s asteroid 44 ton TNT equivalent per ton delivered.

o 4.4kt for 100 ton delivered (Starship).
e Chemical explosive penetrators - 20km/s asteroid =45 ton TNT equivalent per ton delivered.
o 4.5kt for 100 ton delivered (Starship).

e Nuclear explosive penetrators (assume B61-11 400kt ~80kg physics pkg)—>2.5Mt per ton delivered
(assuming 50% of mass is NED). For nuclear devices, especially thermonuclear devices such as the
B61-11 and other modern fission-fusion-fission NED’s, the ability to couple the NED energy
efficiently into the mechanical modes of the bolide is complicated by the inability of thermonuclear
devices to survive the high deceleration during penetration. This is an area that needs future
exploration IF NED’s are needed for extremely large threats (~ 1km diameter, for example).

o 250Mt for 100 ton delivered (Starship) ~ 3% world arsenal. Highly unlikely that such a
mission of this type would be undertaken given the large yield within a single mission
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Multiple Independent Active Targeting Penetrators — After the initial intercept there may be residual large
fragments that need to be additionally fragmented. For the case of stony bolides this would correspond to
fragments with diameter larger than about 15m diameter. One option is to have a second interceptor array
with independently targeting penetrators to “go after” these remaining large fragments. In this case the active
penetrators would have small thrusters for lateral terminal guidance and also would be an intelligent swarm
in that “they would communicate with each other” to decide on targeting priorities. Such a secondary system
may not be necessary but would be a useful part of any robust strategy.

Table 3. Parameters of various launch vehicles in consideration for Pl

Parameter Space X SLS Block Falcon Heav Delta IV
Starship 1,2 y Heavy
Payload Mass to LEO 70 (1), 105
(Mt — 1000 kg) 150 (1B) 130 (2) 53 288
Payload Mass to “deep 38 (1B), 46
space” (mt — 1000 kg) 100 with (2) 26 GTO 14 GTO
refueling? 27 TLI (1) 16.8 TMI
43 TLI (1B)
Ef_:’sct) per unit mass to 1 k$/kg 19 k$/kg 1.9 K$/kg 13 k$/kg
Fairing Diameter (m) 9 Dx18 L 8.4 BB:,LZtO 10 59 5
Status Expected Expected . .
2023 2022 Flight proven Flight proven
Unique features In orbit
refueling
Could be Lunar Based Possible Unlikely Possible Unlikely
Could deploy lunar
LIDAR tracking and Y Y Possible Unlikely
targeting
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Figure 109 —L: Interceptor penetrator array deployment sequence. Note that the outer layers are ejected (peeled away) first
and then successive penetrators peel away the inner layers in a conical pattern. R upper: Optical and Acoustic Signature from
each fragment as well as minor contribution of dust from fragment disintegration. R Lower: Effects of multiple fragments on
observer. The acoustic de-correlation is clearly seen from the varying acoustic path lengths from each fragment.

Tilt of Fragment Plane Relative to Observer and Finite Earth Radius Effects

We have assumed a conservative model where there is no significant difference between the atmospheric
entry times across the fragment cloud plane. There are several effects that can cause a significant difference
in this. In the case of a large fragment cloud, where large is considered relative to the Earth’s radius, this
can be an issue for earlier time intercepts and/or large disruption speeds. This results in two primary effects:

e The angle of attack will vary significantly for the various fragments.

e There will be a significant time delay between fragments entering the atmosphere.

e The fragment flux will be reduced by the projection at larger angles.
In general, both of these effects will further de-correlate the acoustic blast wave signature and increase the
spread of the optical signature arrival times. Both of these further mitigate the effects and further reduce the
danger. Thus, we are conservative in that we do not take this into account in the current simulations. We
note that this effect is only significant when the fragment cloud is very large and thus in general the danger
is already greatly mitigated. Adding in the tilt correction only further reduces the effects This is computed
below allowing for an arbitrary angle of attack of both the parent bolide as well as the effect on subsequent
angle of attack of each fragment in the fragment cloud as it is projected onto the curved Earth.
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Figure 110 — Top: Projection of the fragment cloud onto the surface of the Earth. The superimposed color scale shows
the distribution in impact time as a function of the impact location. (Bottom) Projection of the fragment cloud onto the
surface of the Earth in the case of a much larger fragment cloud. In this case, a large fraction of the fragments miss the
Earth entirely. This can be achieved either by earlier interdiction or by imparting a larger amount of kinetic energy to the
fragments.
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Quantitative Analysis of the Fragment Cloud Impacting the Curved Earth’ Atmosphere — We make
a model of the fragment cloud as a series of planes that are perpendicular to the parent bolide velocity vector
with the velocity vector being at any attack angle relative to the unmitigated bolide. Note that for a vertical
angle of attack of the parent bolide (90-degree attack angle relative to the horizon), the variation in the angle
of attack for each fragment in the fragment cloud is much less than for a small angle of attack for the parent
bolide. In the language of the diagram and calculations below, the case of a vertical angle of attacks is when
the impact distance from the contact point of the tangent plane is zero (ro=0).

Fragment i

Parent bolide velocity vector

Fragment tangent plane

—_%
R=Rg+2zy ~Rg
R Re =FEarth radius
\ Rr Zy=fragment burst altitude

Figure 111 — Diagram of projected fragment plane used in calculations below. Note that the angle of attack of the
fragment relative to the horizon (¢i ) varies as the position r; of the fragment varies. Note that the fragment “tangent plane”
is defined such that the parent bolide velocity vector is parallel to the fragment plane normal which is the same as the local
normal to the Earth at the “contact point” of the tangent plane and the Earth’s surface. The angle of parent bolide velocity
vector relative to the local horizon where the parent bolide would have hit had it not been mitigated is the angle of attack
of the parent bolide and is the angle ¢o in this diagram. Once the parent bolide is intercepted and disassembled then each
fragment will have its individual angle of attack ¢; as shown. The radius of each fragment relative to the parent bolide is
the distance (ri — ro). A vertical impact of the parent bolide is when ro=0.
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Impact below refers to fragment impact with atmosphere - typically at burst
R = Earthradius

z, = burstaltitudeof fragment

R=Rg+7, ~Rcasz, <<Rg

Rim=unit radius vector from Earth center to parent bolide impact

Ri=unit radius vector from Earth center to fragment i

mradius vector from Earth center to fragment plane tangent point

V, = unit velocity vector from of parent bolide

6, = zenithimpactangle = 7 —cos *(V, ® Rin)_

¢, =horizonimpactattack angle=7/2-6, = cos‘lm— 7wl2

6, = fragment i zenithimpact angle = 7 — COS_l(\/ﬁi()\

¢ = fragment i horizonimpact attack angle=7/2-6, = cos’l(\/o/osRi()tﬂ /2

r. = distance along tangent plane from tangent point intersection to fragment i impact

r, = distance along tangent plane from tangent point intersection to parent bolide impact

r .. = arc distance along Earth surface from tangent point intersection to parent bolide impact
I

o—arc
...« = arcdistance along Earth surface from tangent point intersection to fragment i impact
h. = distance along parent bolide velocity from trangent plane to impact for fragment i

From me get 6,,¢, or fromé,,¢, and Rim We getmo F’QTJ

From 6,,4, we get r, = Rsin(g,) and h, = R(1—-cos(6,))

From r, we get r, if we know the fragment spread speed v, and time before impactz — (r, —r,) =v,7
From r, we get 6, from r, = Rsin(6,)

=R6,

fue = RO

h,=R-h =Rcos(6) =R*-r?,

[ =Rsin(@), h =R(@-cos(d)) = RAL—1—(r /R)?) = h /R a%[%} whenr, << R

ro—arc

o

2
r, = Rsin(8,), hy = R(L-c0s(6,)) = RAL—1-(r,/R)*) > h, /R > %{E} whenr, <<R
Note the derivatives can become large particularly when ., 6, are not small angles :
dh /d@ =Rsin(8)=r, dh,/dg, =Rsin(,)=r,, dr,/db, = Rcos(8,), dr,/db, = Rcos(6,)
dh /dr. =(dh. /dé)/(dr, /d6) =tan(6) >« as 8 — x /2, dh, /dr, =tan(g,) >« as §, > /2
dh, /dr. = tan(8) = tan(sin(r. / R)), dh, / dr, = tan(sin*(r, / R))
Another way toviewthis: (R—h)?+r?% =R* 5> R*~2hR+h’+r’> =R> >h?-2hR+r? =0

2R +,[4R? —4r2
h = : L _R-JRP 1% =R(-1-(r/R))
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From the distance between the tangent plane and the impact of each fragment we can compute the relative
time delay that each fragment experiences by Ati=hi/vo where vo is the parent bolide speed. For extreme

10° g

— h/R
- = dh/dr

3 3
IIIII|,|,|,| IIIII|,|,|,| IIIIII|,|I 1111

-_—
<

h/R and dh/dr
2,

—— Theta (deg)
- = Phi - attack angle - rel horizon (deg)
- = 600 km optical horizon at burst

Fragment Cloud Projection
h/R, dh/dr and Angle vs r/R

lllll

100

Theta (deg)

cases, Wwhere the
fragment cloud extends
beyond the radius of the
Earth then 6i=n/2 and
hi=R~Re  (radius of
Earth). As an example,
if the parent asteroid is
coming in at vo =20
km/s then the fragment
time delay can be as
large as Arti=hilvo=
Re/vo~300 sec (5 min).
For a case where 6i=m/2
the fragment is spread
at a distance equal to
the Earth’s radius with

ri= hi=Re and hence the
fragment detonation is
far beyond the optical
horizon for an observer
near the first fragments
to hit and thus the
1 effects from these
distant fragments are
minimal. There may be
some “over the
horizon” weak
acoustics as well as
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Figure 112 — Plot of fragment cloud projected onto the Earth as outlined in the equations
and accompanying figure in the section above. Shown here are the ratio of the fragment plane

intersect distance ratio for a given fragment distance from the “center” relative to the Earth’s diStant_ atmospheric
radius including atmospheric height at typical burst which is completely dominated by the scattering and even
Earth’s surface radius (ratio h/R) as well as the derivative dh/dr, angle (theta) relative to the | \eaker lunar

unmitigated bolide and fragment angle of attack (phi) relative to the horizon. The angle of
attack varies with the fragment position. The optical horizon at 600 km from the “center” of
the tangent plane for a burst altitude of approx. 30 km is shown for reference.

backscattering of the
optical signature but it
will be minimal.

As an example, we assume normal incidence to the observer (60=0) and set ri=640 km (ri/R~0.1) which is
approximately the optical horizon for a burst at 30 km altitude. This yields an hi/R~0.005 or hi = 32 km. If
the parent bolide has a speed of 20 km/s this would give a fragment transit time of about 1.5 seconds. This
is very short compared to the acoustic blast wave travel across the 600 km distance of 1800 second but very
long compared to the optical travel time across 600 km of 2 ms. The angle 6 for ri=640 km is about 5.7
degrees (~0.1 radian).

Dynamic Penetrator Array Reconfiguration and Imaging at Intercept

Due to the limited information that may be available at launch as to the target geometry and rotation state
anticipated at intercept, the penetrator array can be configured once the interceptor gets close enough to the
target to precisely measure the optimal array geometry. Non-circular geometries can be utilized in this
approach. The same final approach targeting system, or an auxiliary imaging system, can also be used to
make precision visual measurements after intercept to confirm target fragmentation.
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Blast Wave Phase Speed Along the Earth’s Surface

When the blast wave intercepts the Earth’s surface the speed of the blast phase front moves faster than the
group speed of the blast wave. This is shown below. The phase speed diverges to infinity directly under the

fragment (6=0) and asymptotes to the speed of sound (or speed of the blast wave (group speed) at 6= =/2.
tan(@) =r, / z,
v, /v, =1/sin(0)
ro=(r,%+2,°)" =r, (1+(r, /2,)°)"
-2\-1/2
dr, /dry=r /r,=1+(r,/2,)7)
—0forr, -0

—>1foer —> 0

—Vv,=v,/smnf T

Figure 113 - Plot of blast wave phase speed v, projected onto the Earth surface. The fragment burst altitude is z,

ground distance is rg and slant range is rs and the sound speed is vs. The phase speed diverges at 6=0 and goes to
the sound speed vs at 6=n/2.
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Figure 114 Blast wave slant range, derivative, observer angle from burst and phase speed to sound (blast wave)

speed vs ratio of ground distance to burst altitude.
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Launch Time vs Intercept Time and Time to Impact after Intercept

For serious threats, it will be generally desired to launch interceptors as early as possible, even if complete
information is not available. In any realistic scenario, multiple launchers would be utilized and
communications between interceptors, including imaging feedback, and the Earth would be part of any
targeting system. We work out the various relationships between the relevant parameters. We ignore the
speed increase of the bolide as it is pulled in by the Earth’s gravity.

Line = Ly
Lint = vscrint
Ly = Vo Ty . VoTint .
. Bolide
Intercept/Hit -
o 3
h
Ly = vy7g

&
v

T 0(Tg — Tin)

¢+ \&
<

Figure 115 - Relationship between intercept, spacecraft speed and initial bolide position. For simplicity
this ignores the complexity of the actual orbital dynamics which is case specific.

v, = target speed relative to Earth
v, = spacecraft speed relative to Earth

L, = L, = Distance to target at intercept/hit, L, = Distance to target at launch, 1AU~1.5x10"'m ~395LD
7., = Time for spacecraft to intercept starting from t=0 at launch

7, = Time for target to collide with Earth from launch

7., = Time for target to collide with Earth from intercept
7o =Ly /Vy, Ting =Line Vo Toe = Lot / Vo = Line / Vo

Line = VeeTine = Lo = VoTine = Vo (7 = Tiny)

T = Lo [ (Vo + Vo) = 7oV / (Vo + Vo), Ty = Ly Vo =70 = Ty
Thit - Ve %

sC int _

V,
0
Thie t T =70 Lot = VoTue = VeeTie = Ly

7 V0 + Vsc 7, VO + Vsc

nt

Examples for short warning asteroid and longer warning for very large asteroid or comet.

Ex:v, =20km/s,v, =5km/s -z, /7, =0.2 > IF 7, =25hr thenz,, =5hr,z,, = 20hr, L, ~0.0024AU ~ 0.95LD
Ex:v, =20km/s,v, =10km/s — 7, / 7, =0.33 —» IF 7, =5day thenr,, =1.7day, r,, =3.3day, L,, ~ 0.019AU ~ 7.5LD
Ex:v, =20km/s,v, =5km/s -, /7, =0.2 —> IF 7, =5day thenr,, =1day,r;, =4day, L;, ~0.015AU ~4.6LD
Ex:v, =40km/s,v, =10km/s — 7., /7, =0.2 > IF 7, =5mo thenr,, =1mo,r,, =4mo, L;, ~0.69AU ~ 273LD

Ex:v, =20km/s,v, =5km/s >z, /7, = 0.2 —> IF 7, =5mo thenz,;, =1mo,r,, =4mo, L, ~0.35AU ~137LD
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50m diameter intercept with a one day prior to impact launch - Note that the example above for a 25 hour
prior to impact launch with an intercept at 5 hours prior to impact allows the mitigation of a 50m diameter
density 2.6 g/cc bolide travelling at 20km/s and disrupted at 1m/s. This means that a “system at the ready”
could react rapidly (~1 day) prior to impact for 50m diameter or less class threats. This is comparable to a
Tunguska class event. For this case the intercept would be at about 0.95 LD with a distance at the time of
launch of about 4.8 LD.

Threat Detection - To put this in the context of detectability for a 50m diameter threat we calculate how
visible this object (4.8 LD at launch) would be at the relatively short response time. The flux of light received
at the Earth’s surface from an object of this diameter illuminated by the Sun with a 10% albedo is about 8
fW/m? or ~5x10* ph/s-m? in the visible band (0.4-0.7 microns) if fully solar illuminated, or roughly visible
magnitude my=15. This is easily detected in a 10cm diameter lens/ telescope with an integration time
of 1 second using a modern low noise CMOS or CCD Si imaging array. This bodes well for a compact
“all sky” high cadence ground or space/ lunar survey allowing a relatively short time response
detection system. A space/lunar survey is much better as it avoids the case of a target being only visible
during the night but starting on the ground is a first step. Note that even 10% solar illumination is
easily detectable. A harder case in the visible is a threat “blinded” by coming from the direction of
the Sun. Having both “all sky” imaging from Earth, lunar and Lagrange points or large orbit surveys
would mitigate the solar blind cases given the large parallax due to the short distance targets we are
searching for. A visible multi location (Earth, lunar and band high cadence survey combined with a space
based mid/ long wave (5-15 micron) thermal IR survey would be extremely effective for the detection of
relatively small diameter threats that need fast mitigation response.

General Threat Detection - Note that solar illuminated “ground flux” flux is proportional to threat diameter
squared and inversely proportional to detection distance (and hence time) squared. A key metric is the ratio
of threat diameter to mitigation time. Larger threats and hence larger mitigation time allow longer
integration time surveys which detect at larger distances. Since Pl can mitigate virtually any threat so
rapidly we see that all the cases we cover (up to 1 km) are readily detectable in sufficient time with the
same detection strategy. This is a significant advantage of PI.

Time after Intercept Ratio vs Spacecraft Speed
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Figure 116 — Ratio of tint /1, versus spacecraft speed and asteroid speed where iyt is
the time to hit the Earth after intercept and 1, is the time to hit the Earth after launch.
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Enhanced Deflection Mode

Another mode of operation is to asymmetrically “eject” part of the target off to one side and thus push
against the other larger portion. This can be used for an extremely effective, though long time scale,
deflection option. This is not like conventional deflection techniques which use the relative momentum of
the  interceptor to
“nudge” the bolide off
an impact trajectory. In
our deflection case we
deliver energy and not
momentum  with the
relative momentum of
the spacecraft/
penetrators being very
small compared to the
momentum transfer to
the remaining larger
remaining  fragment.
The net change in
momentum  of  the
system (ejected portion
+ remaining portion)
being essentially zero
but the introduction of | Figure 117 — Diagram of enhanced deflection via energy injection induced mass ejection.

the energy in the | Note that while the diagram shows a transverse momentum mode, any other mode such as
internal detonation longitudinal (parallel/anti-parallel to parent bolide velocity vector) is viable.

“pushed” the ejected
fragment away with large momentum thus imparting the same but opposite momentum to the larger portion
remaining.

Transverse vs Longitudinal Momentum Modes — While the diagram shows a transverse momentum
transfer, any other coupling mode is viable. In any realistic energy injection (detonation) there will be a
wide variety of issues including geometry (view factor) that will be relevant. As we discuss below the
enhancement of momentum transfer can be vastly larger than that from a purely classical impactor
momentum transfer for the same mass of the impacting system. The basic reason is simple in that energy
injection whether via the kinetic energy of the impactor or through a combination of the impactor kinetic
energy and explosive charge. The same is true whether the explosive charge is chemical or an NED.
Tradeoff between Deflection and Disruption (complete fragmentation) Modes — as shown below the use
of the enhanced deflection mode generally only makes sense if the target is extremely large AND there is a
very long warning time. We normally prefer to completely fragment a threat rather than deflect it but in
some cases deflection may be desired. The tradeoff key metric is the energy injection to the system. As
shown below only modest energy inputs are required for large deflection but as the energy is increased, we
quickly come to a point where complete fragmentation is feasible. This is a quantitation issue as shown in
the examples below.
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v, = target speed relative to Earth

v,. = spacecraft speed relative to Earth

m,,V,, p, = mass, speed, momentum of ejected small portion of bolide (at o)
m,,V,, p, = mass, speed, momentum of remaining large portion of bolide (at )
P, =MV, =P, =M,V,

R = radius of full bolide, p(kg/m?®)=density of bolide

Gmm, )

. . Gm
E... =gravity escapeenergy of ejected massm, = R - mv~ (Vo = -

Ve = 2.36x107°[pR)

Ex: p = 2600 (k g/ m*)(stony asteroid) — v, = 0.12m/s (R =100m),= 0.6m/ s (R = 500m = 1km diam)
v, >V, to have gravitational escape of fragment m,
m, = mass of penetrator/impactor

E = energy deposited in bolide (kinetic, chemical or NED)

¢ = efficiency of energy deposition conversion to fragment KE (0-1) (some energy goes into heat)

a = momentum enhancement factor of impactor mass (1=completely inelastic, 2=completely elastic)
w=@Q/m +1/m,)* =reduced mass x~m, when m, >>m,

Momentumconservation my, —-m,v, =0=p, - p, > p,=p,

Energy conservation (my,” +myv,?)/2=p?/2m + p,>/2m, = p,>(/m +1/m))/2=p,>/2u=¢cE-E,,
— P, =+2u(eE-E,.)

1) If all energy E comes from penetrator KE only — E=m (v, +V,.)* /2 (assumes direct head onimpact)

= P, e =\2U(EE—E) = \[2u(em, (v, +V,)*/ 2— E,,.)
Pyke =+ /,uemp (v, +Vv,.) (gravsmall IF E << ¢E, v, <<V,)

2) Compare to direct momentum transfer p' from impactor hit
p'=am, (v, +V,) (assumesdirect head onimpact) or p'=am

oV, (assumes side hit)
p'=(m +my)v'~my" (m <<m,) wherev'=speed changeof bolide fromclassical impact deflection

3) Ratioof enhanced deflection over normal deflection for general energy input E

p,/p'= JZy(gE —Ey.) /[am, (v, +V,)] ~ v, /v' (assumes head onimpact)

4) Ratio of enhanced deflection over normal deflection for E from penetrator KE from1)

Poe !/ P'= \/zﬂ(gmp(vo +Vsc)2 12-E,,) /[amp(VO +V )]~ v, /v

. / Je [m e
P, e ! P :Jygmp(vo+vsc)/[amp(v0+vsc)]=./,ugmp/(amp)z mip7~ m—;z(m1<<m2)(gravsmall)

Note that for m, (ejected mass)>>m  — p,  / p'~V,/v'>>1
— Bolide speed change much greater with energy injectionvs classical deflection
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Relationship between energy injection and mass blow off vs ejection speed — For a given energy input
E we model the energy fraction going into the blow off fragment KE by a factor of €. The detailed
calculations for ¢ depend on many factors that are not generally analytically modeled for complex
geometries. For a well tamped explosive a typical value is €~1/2 similar to the fraction of explosive energy
going into a blast wave as discussed. The placement of the explosive (whether purely kinetic or from
chemical explosives) and the energy injection timing is also critical. In general, the most momentum transfer
will happen for the slowest speed mass ejection that exceeds the gravitational escape speed. If we assume
an ejection of speed vi as modeled above then the amount of mass ejected m1 for a given energy and ejection
speed v1 is given by:

cE~my?/2 - m =2¢E/v}

P, =2u(eE-E,.) ~2m (¢E-E,) (M <<m,)

=V, =p,/m,=2m(¢E-E,)/m, ~2¢E /(1—%) [ (vjm,) (m, <<m,)

2¢E
v, ~ (m, <<m,, E, <<¢E)
V1m2

The mass m, blown off is:

my=p /v =P v =my(v, /) =2m(eE-E ) /v, ~ Zngl(l—%)/vlz (m, <<m,)

m, ~ 25_2E (m, <<m,, E,. <<&E) (also fromabove ¢E ~myv,*/2 —m, =2¢E/v?)

27 “esc
1

As discussed above the momentum transfer from a conventional deflection technique is:

p'=am, (v, +V,) (assumesdirect head onimpact) or p'=am v, (assumesside hit)
2¢E 2¢E

=mVv,)/p'=————=v, /v, m~—— (m<<m,E,_ <<¢E
p2( 2 2) p Vlamp(V0+V5C) 2 1 V12 ( 1 2 esc )

Ex: v, =1m/s,v, = 20km/s,v_ =3km/s, E = 4.2x10° J (1ton (L000kg) TNT), m, =1000kg

1 7sc

—>p,/p'=v, /v'=365§, m, =8.4x10°kg >>m_  (m, <<m,, E, <<¢E)

Note that: p, / p'=v, /v' and m, bothscaleas E. Use smaller E for smaller bolide (Ex : 100m ~10° kg)
There is a tradeoff between deflection and complete fracturing.
If all energy E comes from penetrator KE only — E=m (v, +V,,)* /2 (assumes direct head onimpact)

2
2¢E Vy +V, )2 V, +V,
m ~——=e&m (o +Vy )" =gmp{—0 SC} (m, << m,)

2 p 2
Vl Vl Vl

, 26 2em(Vo+Vy)' 12 £ (Vy+Vy)

vam (v, +Vy,)  viam (v, +Vv,) o v

P/ p v, /v

This enhanced deflection factor can be extremely large depending on the energy coupling &.
Note that this enhancement factor is largely independent of the impactor mass m .

Ex:v, =1m/s,v, = 20km/s,v_ =3km/s — p,/ p'=2.3x10* 2 ~V, /v'— much greater speed change

sC

V, +V

sC

2
m/m, ~ ,{ v } ~5.3x10% (m, << m,)(thisisan extremely large mass enhancement ejection ratio)
1

Potentially an extremely large enhancement factor is possible IF there is good energy coupling (a~unity)
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Launch Mass Comparison between Normal Deflection and Pl — A useful comparison is to compare the
launch mass requirements for deflection vs P1. We plot intercept deflection mass required in metric tons (mt)
vs intercept time prior to impact from 1 day to 300 years for 20 km/s bolides from 10m to 10km diameters for
a 4x Earth radius deflection. Comparing the deflection mass needed to the mass required for the fragmentation
(P1) method we propose, shows the extreme mass required for deflection, particularly for large objects

Deflection Mass vs Diameter and Intercept Time
2.6 g/ce, B=1,vp=0
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Figure 118 — Deflection mass required for a completely inelastic momentum transfer
for threats from 10m to 10km diameter assuming a 20 km/s and density 2.6 g/cc threat
with a 4 Re deflection for deflection times from 1 day to 300 years prior to impact.

compared to the much
smaller launch  mass
required for Pl In
addition to the vastly
reduced mass needed for
P1 mitigation there is also
the significant advantage
that Pl can operate in
both  a short term
(terminal defense) mode
as well as in a long term
(long time scale)
intercept mode. The
deflection shown
assumes a completely
inelastic collision and no
detailed orbital
mechanics specific to
each case. For existential
threats (d~10km) using
PI, as discussed
previously in this paper,
we cannot accept the full
fragment cloud hit due to
the resultant atmospheric
temperature rise and thus
would need to intercept
early enough to fragment
the threat such that the
fragment cloud spread
out to largely miss the
Earth. Since Pl depends
on energy transfer and
not momentum transfer
for mitigation the two
techniques are quite

different in their mitigation time scale and mass needs. Pl requires vastly less launch mass and can

accommodate vastly shorter intercept time scales than deflection in general.
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Deflection

m, = mass deflector, m; = mass bolide

v, =speed deflector relative to Earth just before impact

vy = speed bolide relative to Earth just before impact

v, =speed bolide relative to Earth after impact in head on collision

v = orbital speed Earth - assume perpendicular to path of bolide (best outcome for deflection strategy)
L = distance to bolide from Earth at impact

At = time difference of bolide arrive at/ near Earth between no deflection and deflection

Av = speed difference of bolide arrive at/ near Earth between no deflection and deflection for head on collision
AV =V, -V,

t, = time from deflection to impact (if no mitgation) =L/v,

ve =speed of Earth in orbit (~30 km/s) - assume best case (Earth vel vector - L threat vel vector)

S = deflection enhancement factor (1=inelastic, 2=elastic, can be >2 if significant mass ejection)

p =density bolide, d= diameter bolide

X="miss distance"

m, = 7zpd* /6

P =initial momentum before deflection, P, = final momentum after deflection

1) Head on Impact

Completeinelastic collision g =1

mgVg —MpV
- — -p - __B'B DYD
Pi—mBVB_mDVD—(mD"'mB)Vf—Pf =P v, =
my + Mg
mgVg — MgV my (Vg +V m
> AV=V, -V, =V, — B'B DD _ o (Vs D)~(VB+VD)_D

mg, + Mg my + Mg Mg
Not Completeinelastic collision g =1

m
AV:VB — Vi :ﬁ(VB +VD) =
m

Both cases (arbitrary £)

L L Vg —V AV L Av AV AV Vo, +V.)m
At=———=|_ B f=L =——=tB—~tB_=ﬂtBM_D

Vf VB VBVf VBVf VB Vf Vf VB VB mB

V., +V,) m m
X =V At = Byt M—D = vty (L+vy Ivg)—2
B mB 3 mB
Xmg Vg Xmg 1 x=pd 1

mp = = -
° BVt v vy BVt 14V /vy 68Vt 14V, /v,

3
m, - Xmg _ Xzpd
ﬁVEtB 6ﬁVEtB

2) Perpendicular Side Hit of Bolide (bolideacquires L speed)

for vy << v,

mgV, = AmyVv, (momentumtransfer)
_ MoV,
€L mB
m :
X=V t; = pvplg m—D (Bolidemoves L)

B
xm;  Xxzpd®

mD = =
Pty 68Vt o . .
In general v >> v, and hence head on deflection is preferred as required deflector mass is less for head on.
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Figure 119 — Setup for calculating bolide deflection intercept time and deflection distances.

Enhanced Momentum Transfer from Ejecta — Induced Rocket Mode — There is another mode of
momentum transfer that should be noted. This is the momentum imparted to the bolide during the conversion
of the KE of the penetrator into hot vaporized bolide material that is rapidly ejected through the entrance cavity
caused by the penetrator impact. This will become clearer in our upcoming papers that show the details of the
penetrator physics. During the penetration process the penetrator KE is rapidly transferred into both shock
waves in the bolide causing rapid disintegration of the bolide and into rapid conversion of the penetrator KE
into vaporization and plasma formation inside the bolide. This P T
then leads to a high pressure largely adiabatic expanding gas/ R i &
plasma inside the bolide causing additional material failure,
expansion of and eventual dispersal of the bolide fragments

generated but there is a time period prior to complete High velocity S
disintegration where the small entrance hole from the | ™™™ e
penetrator widens into what is essentially a “rocket nozzle” out P 5

of which hot bolide gas and bolide fragments are ejected. The P

bolide mass itself is the “rocket fuel” that both destroys and
propels itself. This is similar in some respects to our prior work
on laser ablation planetary defense but on a vastly shorter time
scale. The typical time scale over which this process happens is seconds. As an example, the penetrator KE
per unit mass is E=5x10° J/(km/s)?/kg. For mass ejection time scales of one second this leads to power levels
(per penetrator mass) of P~0.5 MW/(km/s)?/kg. For a 20 km/s impact this is P~ 200MW/kg. In a number of
our penetrator simulations we use a 100 kg penetrator which leads to instantaneous power levels of roughly
20 GW assuming a 20km/s impact. This is comparable to the chemical propulsion power of a heavy lift
launch vehicle at liftoff. This can lead to large momentum transfers in addition to the catastrophic destruction
of the bolide. The full process is extremely complex as will be seen in upcoming papers that show full 4D
simulations of the penetrator impact. A simple order of magnitude calculation assuming constant ejecta speed
(Vrer) is as follows.

Figure 120 — Induced rocket mode model.

2
rel ?

(thrust power) =0.5 m Vv
/v, E

ejecta rel ¥ —ejecta

=total energy inejecta
P =m v E

penetrator penetrator ¥ impact ! =¢E

>>V,,, By =momentum enhancement factor

v, =exhaustspeed, T (thrust) = mv T/ Pejecta =21 Vi

rel ? pejecta

Pjecta (DOlide momentum change dueto ejecta) = 2E
P =P +Piwa =P +2E

— ' penetrator ejecta penetrator ejecta

=¢P 2/2m

penetrator penetrator

/v

rel ? ejecta penetrator

¢ =eff of conversionof impactor KE toejectaenergy, V.

impact
- _ — 2 —
ﬂeff = I:)T / F)penetrator - |:1+ 2Eejecta /Vrel / Ppenetrator:l - |:1+ 2‘S‘Ppenetrator / (Zmpenetratorvrel )/ Ppenetrator} - ':1+ gvimpact /Vrel:l

Depending on the efficiency of the conversion of penetrator KE to ejecta KE as the speed of the ejecta, this
can potentially lead to very large momentum transfer enhancement. Yet another example of the system use.
There is similarly here to the enhanced deflection mode we discussed above.

rel ?
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13. Lunar or orbital LIDAR for early detection and target designation

One of the primary problems facing planetary defense is the detection of and the orbital parameter
determination of threatening objects. Detection to date has been done with visible wide field astronomical
surveys via sunlight illumination of and subsequent detection of the object. The orbital determination is
needed to determine if there is any significant chance of impact. While large objects (> km) are relatively
well characterized, the situation for smaller objects (<100m) is poor. While we have addressed the
mitigation portion in this paper, you cannot mitigate that which you cannot see. Long range radar is helpful,
but the detection range is very poor for smaller objects due to the small radar cross section and the classic
1/r* problem with active radar. Other methods of detection include upcoming wide field thermal IR imaging
space missions. We proposed another option which may be better suited for small object detection, and that
is long range LIDAR with an orbital or lunar deployment. The advantage of LIDAR is the wavelength is
vastly shorter than RADAR and thus the flux on target (~ P/A?) can be vastly higher with LIDAR than with
RADAR, allowing for much smaller body detection and much larger range. Large aperture or multi-aperture
with large baseline phased array laser systems operating at 1 micron combined with large aperture wide
field photon counting narrow band IR imaging are all options for better detection of small solar system
bodies. We discussed this in a previous paper and will address a more detailed design in a future paper. The
same LIDAR system used for detection can also be subsequently used for target illumination during
intercept. While detection and mitigation can be completely separate areas, we propose that a serious effort
to take control over our vulnerability to extraterrestrial threats would combine the two to form an effective
operational detection and mitigation system.

14. Earth and Lunar Launch Interceptor Options

Launch vehicles launched from the surface of the Earth and designed to take a payload and escape the
Earth’s gravity are often parameterized by their characteristic energy, or the parameter known as Cs. This
is ultimately related to detailed designs of the propulsion system, the most important being the propulsion
specific impulse, or Isp, and the details of the staging, atmospheric drag, etc. This way of characterizing
launch vehicles is specific to ground-based launches from Earth and thus if we desire to analyze the same
or similar vehicles that “start” from orbit, such as a refueled Space X Starship, or launched from the lunar
surface, the final speed obtained for a given payload mass can be much larger. In general, there are few
strategies that would use the same launcher in orbit or on the Moon as is used for an Earth surface launch,
but it is useful to understand the general relationships and possibilities this would enable. For planetary
defense applications, this can be an important consideration. For example, solid fueled boosters often used
for ICBM’s are not suitable for Earth surface-to-LEO due to their lower Is compared to liquid fueled
boosters. However, this situation changes dramatically for a lunar or orbital launcher where solid fuel
boosters become viable. This is extremely important for a long-term vision of planetary defense where
basing on other than the Earth’s surface may be considered. Having a solid fueled booster, similar to a silo-
based ICBM, is vastly easier to envision than a LOX - LH, LCH4, L-hydrocarbon booster. While these are
“practical” considerations, they are important ones to understand. We outline some of the critical parameters
for interceptors of a variety of types below.

Earth launch payload mass capability — Due to the Earth’s significant gravitational well, the launch of
payloads to targets at lunar and greater distances is vastly more difficult than launching to LEO. Launchers
suitable for carrying payloads to the moon and beyond are often characterized by their “characteristic
energy” which is designated as Cs, given in units of (km/s)? and is a function of the payload mass being
lifted. The square root of Cs is the residual speed at infinite distance from the Earth and hence C3=0 is the
minimum requirement for escaping the Earth, which is 11.2km/s immediately above the atmosphere and
decreases to zero at infinite distance as the payload converts its kinetic energy into potential energy from
the Earth’s gravity. C3 > 0 means the booster can escape he Earth, while C3 < 0 means it cannot escape.
Interestingly, the Saturn V with its payload for the Apollo program had a Cs ~ -1 meaning it could not escape
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the Earth, though it could be captured by the Moon’s gravity. Below we show some of the current and near
future (SLS) boosters and their Cs. Note that while the Space X Falcon 9 is outstanding at lifting payloads
into LEO, it has a modest (but positive) Cs as it was not designed for deep space missions. The Falcon 9
Heavy has significantly higher lift and larger Cs capability than the normal Falcon 9 and both are candidates
for interceptors. The Space X Starship with refueling capability (not shown) should have excellent deep
space high load capability as it is being optimized for heavy lift missions to Mars. The NASA SLS program
could be an outstanding choice for a heavy lift Earth launcher depending on its future development program.
The SLS use of LH2/LOX and the resulting high Isp along with the solid rocket boosters allows it to have a
high Cs potentially. Both the SLS and Space X Starship are candidates for larger threats. Use of NEDs
equipped penetrators would greatly enhance the capability of any of these launchers for very large threats if
required. Even a Falcon 9 with NED’s penetrators would be a potent mitigation launch system.

Payload Mass Capability vs C,

55 — SLS 2B-8.4m Fairing+EUS+Adv Boosters (max)
m SLS 2B-8.4m Fairing+tEUS+Adv Boosters (min)
50 — SLS 1B-8.4m Fairing+EUS
— SLS 1-5m Fairing+iCPS
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Figure 121 — Payload mass capability for various positive Cs boosters. The NASA SLS s still in development and the
upcoming Space X Starship Cs specifications depend on the use of in orbit refueling capability which is not currently published.

143



Comparing Earth and Lunar Launch capabilities — The much smaller gravitational well and subsequent
lower escape speed from the Moon (2.3km/s vs 11.2km/s for the Earth), makes the moon a potentially
attractive place as an option for a long term layered planetary defense capability. As we will see, this is
particularly true in that solid boosters become a viable option for lunar based interceptors while they are not
suitable for Earth launch interceptors. A full system involving both Earth and lunar/orbital interceptors
would be optimal depending on the threat. Lunar or orbital based solid fueled interceptors would be
analogous to current solid fueled ICBM capabilities. We show the general relationship between Earth and
lunar based capability below. Note that this is only notional as no reasonable operational capability exists
for lunar based equivalents of high Cs Earth-based launchers. The main takeaway will be that lunar-based
interceptors using modest solid fueled Isp become attractive future options. This become clear when
comparing the performance of the specific example of the solid rocket booster (SRB) with an Isp =242 sec
used in the previous Shuttle program which is not suitable by itself for a high C3 mission when launch from
the Earth, but would be suitable for a high Cs mission if an equivalent type of SRB were lunar-based.

High Performance Solid Fuel Rockets — Feasibility for Lunar or Orbital Launch Option — While all
boosters that are launched from the surface of the Earth that can achieve LEO, let alone high Cs, use one or
more stages of liquid fuel/oxidizer, there are a number of very high-performance solid fuel options that have
been developed for ICBM use that may be feasible options for lunar or orbital based interceptors. These
include HMX, C4HsN4(NOz2)4, used in the propellant of the Peacekeeper ICBM and is the main ingredient
in NEPE-75 propellant used in the Trident 1l D-5 Fleet Ballistic Missile [52]. Because of the explosive
hazard that solid propellants containing HMX possess, these are generally not used for commercial launch
vehicles except when it is an ICBM adapted for launching. Examples of this include the Minotaur 1V and
V. A more recently developed solid propellant with promise is CsHsNs(NO2)s, commonly called CL-20, is
less sensitive to detonation and safer to store. Compared to HMX, CL-20 has 14% more energy per mass,
20% more energy per volume, and a higher oxygen-to-fuel ratio [53]. Examples of specific impulse of high-
performance solid fuels using HMX have achieved 309s demonstrated in the Peacekeeper's second stage.
CL-20 propellant is expected to increase specific impulse to about 320s in ICBM upper stage applications
[54]. As we will see below, though not suitable or Earth based interceptors for our applications, these solid
fuels are sufficient to allow high speed lunar or orbital based interceptors due to the greatly reduced escape
speed needed for launch outside the deep gravitational well of the surface of the Earth.
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Assume rapid burn of propulsion - impulsive burn

E; = initial stateenergy

E, = final stateenergy

v, = initial speed after impulsive burn at distance r, from center of gravity well (planet, moon etc)
v, =finalspeedat distance r, from center of gravity well (planet, moon etc)

The calculations allow for speed v, vs distance (r; ).

m = payload mass

Ve (M, R) = escape speed frommassM atR =, /%

v, (M,R) = GTM —v_(MR)/~2 = (M.R)=+2v,,(M,R)

— Escapespeed from distance R is</2 higher than orbital speed at distance R

2GM

V... = escapespeed from Earthsurface =v, (M., R Earthsurface) = :

E
M, =5.97x10*kg, R =6378km
Vese = ZGRﬂ =11.2km/s, Vese =1254(km/s)2

E
v, (LEO) = /GQ"E =V, /\2=7.92km/s
E
2GM

Cy(m) = (v;(m)* —v,

esc

?(Earthsurface)) — v, (m)? = C,(m) +v,..> = C,(m) + 2 :
E
C, = positive=escapes Earth gravity

C, = negative =does not escapes Earth gravity
For a given rocket C, depends on the mass ratio to obtain speed v, (m)
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General mass M for planet, moon, asteroid etc:
E _T+Vp W _GM

m m 2 I,

B _Ti+Ugas V" GM

m m 2 r,

E =E,

v =y + 2GM  2GM —C,(m)+v._ 2+ 2GM  2GM
rf i rf rl

V.2 =7 4y (fromr ) —v,,*(fromr)

Recallv.> =C,(m)+v, > where v =v__ (Earthsurface)

1) Earthsurfacelaunch

M=Mc,r=Re

yioy o 2M _2GM _ . 26M 26Mg o o . 2GM. _2GM,
rf I’-| rf RE rf RE

=C,(m)+ 2GM _ C,(m)+v,2(fromr,)

r-f
2GM.

—v,?=C,(m)+ =C,(m)+v, > =v? forr, =R,

E
— v, =C,(m) forr, =
, , 2GM
Recall v,(m)* =C,(m) +v,.~ =C,(m)+ - -
E

(fromr,)=C,(m)+v

— V.2 =C,(m)+v ?(Earth escape speed) (r, =R.) (speed at Earthsurface)

esc

?(fromr,) =C,(m)+125.4(km/s)? (r, = R.) (speed at Earth surface)

esc

— V.2 =C,(m)+v

esc

—Vv,>=C,(m)atr, =
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2) Lunar surfacelaunch

AssumeM =M _ .. =R ..,
V2=V + 2GM _2GM _ S(M)+v, 2 1 ZoMugen _ 26M =v?+v, 2 (fromr,)-v.?(fromr)
rf rl rf I:amooni
v.2i=v?+ 26M _26M _ v’ _GM _ v, -V, 2(moon) for r, =oo (ignores Earth grav)
rf I’I i
Recallv” =C,(m) +v_ >
V... =V, (Earth surface)
v,..>(lunar surface) = 25M gy
M, .. =7.35x10%kg, R =1737km
2GM
v,,.(moon) = [ZMueen _ 5 3gkm /s, v_2 =5.66(km/s)?

moon

2GM
2(lunar surface) + ———meon.
rf

— Vv, 2 =C,(m)+v,_’(Earthsurface) —v

esc esc

—C,(mM)+119.7 (km / 5)? + Mo
I

f
?(Earthsurface) = C,(m) +125.4 (km/s)? (forr, =R
Initial Speed at Moon surface = Initial Speed at Earth surface (after impulsive burn)
?(lunar surface) = C,(m) +119.7 (km/s)* (r, = o)

- Vf ? = CB(m) +Vesc moon

— V.2 =C,(m)+v,_*(Earthsurface) —v.

esc esc

3) Lunar surfacelaunchwith additionof Earth's gravity potential
inworst case of going away from Earth and moon. At o direction does not matter.
AssumeM =M M. =81.2M =R 0, L, =384Mm =60.3R. =221R

moon ! moon, i T moon'rf - =D ' E moon

v, (surface moon) = v, (surface Earth) = [CS(m) + vescz)} Y2 for same propulsion system

E_Ti_'-ugrav—i _ﬁ GM GM

= — 1 __ — ~moon __ Earth
m m 2 Rmoon LD
2GM
— (C (m)+vesc ) 2 GMmoon _81.ZGMmoon — C3(m)+ £ _137 ZGMmoon /2
Rmoon 22:I'Rmoon RE Rmoon
= [03(m) +v,*(Earthsurface) —1.37v,. > (lunar su rface)} /12
E, v’ v, 2
SV MUY Lo
m 2 2
Vf2 — V-2 . ZGM moon __ ZGM Earth _ Vi2 -V 2(|Unal’ Surface) _Vescz(Earth at Moon) (rf _ oo)

1 R LD esc

moon
—V,* =C,(m)+v, *(Earthsurface) —1.37v,

esc

?(lunar surface) = C,(m) +117.6 (km/s)* (r, = o)
—> Correction due to earth's grav field at moon is a small corretion to v, * at oo
— Correction due to earth's grav field is direction dependent at finite distances but not at o

(lunar surface) = 25M i _ =2.38km/s,v,_*=5.66(km/s)?

ESC ? Tesc

moon
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Final Speed at Infinite Distance vs C,
Earth and Lunar Surface Launches

Earth launch
Lunar launch
————— Lunar launch including Earth grav

! vf2 = C,(m)+v, *(Earthsurface)—2.35v, ” (lunar surface) = C;(m)+117.6 (km / s)*

S L L L L L L L B BN L L LA
-120-100 -80 -60 -40 -20 0 20 40 60 80 100 120
C,(km/s)?

Figure 122 — Payload speed for Earth and lunar launch boosters vs Cs.
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Mass ratio and Specific Impulse:
In(m, /m,)

7(Vf Vi )/Vexh

Vi =V, =Av=

exh

m, =me " =m.e

= glsp
For surface launch on Earth or moon or other body — v, =0

—AV /gy, — e_(vf =Vi ) Vexn — e_vf Wexn

—m,/m=e
v, =speed forimpulsive launch (at surface) NOT at «o (ienot fighting grav potential)

For multiple stage boosters:
N =#stages
Av.. ., = final payload speed atend of all stages burnout

Av, = deltaspeed of stage i atburnout

v . =exhaust speed for stage i

exh—i
exh i glsp i
I, = specificimpulse of stage i propellant

m, = final payload mass
Myeqin i = Mass stage i atbeginning of itsburn

m, .. =massstage i attheend of itsburn

end —i

Deflne a; = end i /mbegm i - mend—i = aimbegin—i

N
AVi = _Vexh—i In |:(mp + mend—i + Z mbegin—j)/(mp + Zmbegin—j):|

j=i+l j=i

Ameal ZAV - Zvexh i In{(m +mend |+ Z mbegln ])/(m +Zmbeg|n j :|

=1 =1 j=i+l

Av fmal Zvexh i In{(m +ambeg|n |+ Z mbegln ])/(m +Zmbegm j :|

i=1 j=i+1

Avy,., =speed for impulsivelaunch (at surface) NOT atoo(le not fighting grav potential)

Ingrav field starting at r, and ending atr,

Vit =yt 2CM _ZcM where vV, = (AV )" = V" = (AVgy ) + 2CM _Z2CM
s f I I

f2 = (Avfinal)2 +2v 2(M ' rl) = (Avfinal)2 +V, 2(M ! rf)_zvescz('vl ! rl)

2(M,r)=-2v,,

orb esc

(A )t =y 2= ML ZOM e oy BV ) 4 20, (ML E) =V, 2~V E(ML T, ) 4V (M )
rf I

Forescape r,=R,r, =

2GM
Vel = (AVgg)? R = (AVga)* = 2V0, (M, R) = (AV4 0 )* — Voo ' (M, R)

o (M, R)=v,? +V, (M, R)

esc

- (Avﬁnal)z = sz +2v

0
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For the special case of all stages being equal in mass fraction (alpha) and Isp. Generally, a multi-stage rocket
as an optimized design would have lower mass stages “at the top” with optimized individual stages.

1) Casewithall stagesequal I, and &
v

exh—i

N i N N
AVfinal = _Zvexh—i In (mp + ai mbegin—i + Z mbegin—j)/(mp + Zmbegin—j):|
i=1

j=i+l j=i

=V

exh? ai =a

N[ N N
AVfinal /Vexh = _z In (mp + ambegin—i + Z mbeginfj)/(mp + z mbeginj)}
i=1

j=i+l j=i

N N N
= _Z In |:((mp / mbegin—i)+ a+ Z (mbegin—j / mbeginfi)) / ((mp / mbegin—i) + Z(mbegin—j / mbegini))i|
i=1 j=i

J=i+l

2) Casewithall stagesequal I, « and stage masses —not optimal in practise

sp !
\'

exh—i

=V

exh?

Myegin—i = Mpegin» & =&

Ay Vo == {«mp M) -+ S, @)/ (M, [ M)+ i(l»}

j=i+l
N

==Y In[ (M, / M) + (N =i+a)) / (M, / Mygiy) + (N = (i =1))) ]

i=1

Lunar Single Stage to Orbit (SSTO) and Single Stage to Infinity (SSTI) — SSTO is not possible from the
Earth’s surface with any currently existing technology and thus no SSTI is possible from Earth. This is
primarily due to the deep gravity well of the Earth. However, the case for SSTO and SSTI from the lunar
surface is completely different. The ability for even a single stage to achieve positive speed at infinity, even
with solid boosters, opens up a vastly different set of options for fast response planetary defense if desired.
In this sense it is much more like existing ICBM single stage boosters. A lunar Two Stage to Infinity TSTI
is also an option where a high speed at infinity is desired.

We have modeled various existing multi-stage Earth launched liquid fueled rockets with the detailed
specifications of each stage to confirm our analysis and we achieve nearly identical results to the measured
performance. This is not particularly surprising given that the Earth’s atmosphere is a relatively small
correction in performance for large rockets. This allows us to consider much simpler designs for lunar
mitigation approaches. While the desire to use the Moon as a base for planetary defense is more than a
technical one and would involve both political policy issues and the practical costs of maintaining
operational ability from the Moon, it is tempting to look at planetary defense in some ways as we look at
terrestrial defense systems with solid fuel launchers “at the ready”. A possible future would have
interceptors in lunar silos for protection against meteorite impacts, low temperatures during the lunar night
and high temperatures during the lunar day. Rapid response from the Moon would not be feasible for threats
that are close to Earth due to the long travel time (~ a day) from Moon to Earth, Lunar basing could be part
of a human presence on the Moon that would allow a synergistic base of operations for Earth or lunar
defense. The low temperatures in lunar darkness and possible PSR would be another advantage for IR
detection system whether passive or actively illuminated.

Planetary Defense on Mars — When not the primary target of this paper, we have also modeled using the
same approach on Mars using solid fueled boosters. Though the Martian atmosphere is about 1% of the
Earth at ground level, the same basic technic works well on Mars. We have modeled the largely CO2 Martian
atmosphere with much of the same computational analysis as presented here.
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Notional Lunar, LEO and GEO Solid Fuel Launcher Based Interceptor Design based on Current
ICBM’s— As a concrete example of a solid fuel booster we have designed a nominal lunar, LEO, GEO
interceptor from the first two stages of the current generation Minuteman 111 ICBM. We give the
specification in the table below. Note that the requirements for the intercept of a threat is specific in each
case. A full orbital dynamics analysis is needed for each case but we can draw general conclusions about
the capability to achieve the required speeds to break away from the gravity well in each case. In each of
the possible launch sites (Earth, LEO, GEO, lunar) there is also an orbital component of the initial velocity
that needs to be considered to each intercept. We ignore this initial velocity as it can either be a positive or
negative effect depending on the specific intercept scenario.

Note that for a lunar launch the lunar surface gravity is only 1.62 m/s? so even with a 5 mt payload
(max shown in table below), the total launch mass is only 35,109 kg for a lunar surface “weight” of 56,880
N. The first stage thrust is 792 kN for an acceleration at launch of (792,000-56,880)/35,109=20.9 m/s? ~ 2.1
“gee” where “gee” is referenced relative to Earth “g loading” — ie the interceptor has a decently fast “off the
launch pad” acceleration which increases in time until first stage burnout. Note that the first stage quoted
thrust of 792 kN is the Earth “sea level thrust” with the “vacuum thrust” being about 890 kN as discussed
below. This would give a slightly higher initial acceleration on the lunar surface of (890,000-
56,880)/35,109=23.7 m/s? ~ 2.4 “gee” At second stage ignition the total mass of the second stage plus the
maximum 5000 kg payload shown would have a mass of 12,032 kg for a lunar “weight” of 19,490 N. With
a second stage thrust of 268 kN this gives an initial second stage acceleration of (268,000-
19,490)/12,032=20.7 m/s? ~ 2.1 “gee” or essentially the same as the initial “off the pad” acceleration of the
first stage. Like the first stage burn the second stage acceleration will increase during the second stage burn
due to propellant mass ejection. In general, a small vectored thrust third stage or target intercept course
correction propulsion will be needed to allow fine steering during the extremely high closing speed intercept.
This will be one of the challenges of any interceptor scenario. While the closing speeds are not orders of
magnitude above that of current KKV terrestrial interceptors (typ ~ 6km/s) the challenge of bolide closing
speeds in excess 20 km/s will require significant thought and testing. Luckily there are no decoys nor active
(non-cooperative) target maneuvers available to the bolide plus the cross section of relevant bolide targets
is large (>20 m diam) compared to KKV targets. Still, this will be a part of the R&D phase of the program.

We will ignore the following points in the general analysis though they are important in specific orbital
intercept calculations for a given launch site. For a LEO based interceptor the initial orbital velocity vector
direction at launch relative to the desired trajectory vector is particularly critical and may require waiting
until the launcher “comes around” in a LEO scenario to a more optimum initial velocity vector. In some
very time critical rapid response scenarios this delay would be unacceptable for extremely short intercepts
(< 1 hour). This type of short time response scenario would favor a GEO or ground based or many LEO
based assets. This would need to be factored into any agile and robustly layered system.

e Earth rotation of about 0.46 km/s equatorial

e LEO speed of 7.7 km/s at 400 km altitude (ISS) — very important depending on target and timing

e GEO speed of 3.07 km/s - important depending on target and timing

e Lunar speed around Earth of 1 km/s
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Table 4. — Example of using existing ICBM technology for lunar and geosync launch capability to intercept
targets. Two stage solid fuel booster using Minuteman 111 ICBM engines. We model a modified Minuteman
111 using two of the nominal three stages (upper stage removed). Data from our model shows this interceptor
would be suitable for lunar launch to infinity (far from Moon and Earth) with payloads up to 5 mt. Earth
referenced Cs is shown. For Earth surface launch booster does not achieve orbital speeds let alone escape
even for small payloads while for lunar launch, the launcher achieves escape to intercept distant targets.
Note that using an ICBM from LEO can work for getting positive speed far from the Earth but this
depends on the desired velocity vector for intercept. However, for short time threats where positive
velocity is not required for intercept, having an ICBM interceptor in a LEO “planetary defense space
station” could be viable. Note that the manufacturer thrust values (T) quoted for stages 1,2 in columns
4,5 are consistent with a first principles calculation of propellant mass flow from the quoted burn
time (7).

T=dm/dt*vrei= dm/dt*glsp =[(mM_begin-mM_end)/t] glsp =[M_begin(1-at)/] glsp

(dm/dt= m_pegin(1-a)/t = 347 Kkg/s (stage 1), 95 kg/s (stage 2) assuming constant rate)
T=805kN (stage 1 sea level), 890kN (stage 1 vac), 268kN (stage 2 vac)

Stagel | Stage?2 | Payload(kg) | Stage 1| Stage 2 | Total Cs Lunar Earth
Delta v | Delta_ v |delta v | (km/s)?> | Surface | Geosync
Thiokol | Aerojet (km/s) | (km/s) (km/s) | vs Launch | Launch
Tu-122 | SR19 VS VS No grav | payload
Thiokol payload | payload | vs Speed Speed
payload far from | far from
Thrust | Thrust Moon Earth
792 kN | 268 kN w/Earth | (km/s)
(sea (vac) grav
level) (km/s)
Burn Burn VS VS
Isp (S) Isp (S) 60 sec 66 sec payload | payload
262 (vac) | 288 (vac) | 500 2.92 5.02 7.94 -62.5 7.43 6.64
237 (sea 1000 2.84 4.26 7.10 -75.1 6.53 5.61
level)
Stage 1| Stage 2| 1500 2.75 3.73 6.49 -83.4 5.86 4.81
Alpha Alpha
0.099 0.11 2000 2.68 3.33 6.01 -89.3 5.33 4.15
3000 2.54 2.76 5.30 -97.4 451 3.03
Stage 1 | Stage 2 | 4000 2.41 2.36 4.78 -102.6 3.88 1.98
m_begin | m_begin
(kg) (kg)
23077 7032 5000 2.30 2.07 4.38 -106.3 3.37 0.49

Earth Orbital Defense Layer — A possible layered system with Earth surface, Earth orbital and lunar could
be a long-term strategy. The advantage of an Earth orbital layer is rapid response with a combined detection
and mitigation “planetary defense space station” platform in LEO or possibly GEO. Having “at the ready”
solid launcher in orbit with both LEO equatorial and polar platforms would start with an 8 km/s “start” and
thus have much more flexibility, particularly for rapid response threat requirements. GEO would have the
advantage of lower escape speeds required but the operational disadvantage of deployment and
maintenance.
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Escape Speed - Whose Infinity - The concept of escape speed at “infinity” is always in the context of the
particular gravitational well, that is being escaped. The problem is that there are various layers of gravity
wells when we are looking at the solar system. For the lunar surface the escape speed from just the lunar
gravity well is 2.38 km/s and for the Earth escape speed from just Earth gravity the escape speed is 11.2
km/s but we live in a much deeper gravity well if we are looking at interdiction at distances large compared
to the Earth — Moon distance. We have to consider the Sun’s gravity well which at the distance of the Earth
from the Sun, the escape speed is about 42 km/s (2Y2 times the Earth orbital speed around the Sun) not to
mention galactic escape (~ 400 km/s) .... The latter is of course not relevant to planetary defense. If we
look at interdiction scenarios that are at AU scales (for example at Mars) then we need to take into account,
the solar gravity well. For most of the interdictions for the PI system the distances from the Earth are modest
due to the short time interdictions enabled but for existential threats (10 km diam class) the solar gravity
well is relevant, though not overwhelming in general. This is the reason that missions like VVoyager took so
long as gravity assist was needed given the purely chemical propulsion available at the time. In our plots
when we use the term “speed at infinity” in this paper, it refers to escape from the Earth alone, Moon alone
or Moon plus Earth alone.

Mass Ratio and Speed (infinite distance) vs C,
Mass Ratio from Speed at Surface (impulsive launch) not at infinity
1077 v — 20
- | = Mass\Ratio Isp=242 (SRB-Solid Fuel)
& \— - Mass =280 n
| \ e Mass RaNp Isp=350
‘ \Mass RatioNsp=450 16
9 \-\- - SQeed close
= ] i
IS -
S — 122
©
g E:
@ -
P (0p]
%)
© - =
=
— 4
\ \
10 | T | T I T 0
-100 0 100 200
C,(km/s)?
Figure 123 — Mass ratio of final to initial vs C; for various specific impulse engines for both Earth
and lunar launches.
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Payload Mass Capability vs C,
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SLS 2B - 8.4m Fairing+EUS+Adv Boosters (max) = = Falcon Heavy Reuseable

—— SLS 1B - 8.4m Fairing+EUS
- = SLS 1-5m Fairing+iCPS
—— Delta IV Heavy

—— Atlas V 551 NASA LSP

—— Falcon Heavy Expendable

SLS 2B - 8.4m Fairing+EUS+Adv Boosters (min)

Falcon 9 Expendable

Falcon 9 Reuseable
—— Speed at infinite distance from Earth
—— Speed at infinite distance from Moon incl Earth
- - Speed close to Earth=Speed close to Moon

Figure 124 — Payload mass and speed for both Earth and lunar launcher vs C; IF the same launcher were used in both an
Earth and lunar launch scenario. Note that the payload speed for the same launcher from a lunar launch capability is vastly
larger. While it does not make sense to have the same launcher on the Moon for the launchers shown, it does show that
lower performance launchers, in particular the use of solid fuel launchers, would become viable on the Moon while they

are not viable on the Earth.
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Disruption Energy Needed vs threat Size — As discussed earlier, one of the key optimizations to be
explored in our technique is the efficiency with which the high closing speed (~20km/s for asteroids and
40-60km/s for comets) penetrator kinetic energy in the bolide frame is deposited into the desired low speed
fragmentation speed. Our studies of a wide

range of internal threat structures and Penetrator Mass Required for Disassembly
. . or Given Kappa
hypervelocity penetrators using 3D p=2.6g/cc, 20 km/s

supercomputer codes such a ALE3D and o, = prd® 16 Mass Bolide E10
CTH form another ongoing part of our R ey o e oD% o dissaenbly
program which will enable us to compute e toomcpt Closing Spand 107

2 » ] 2 2
m,,v,, /2= B tion = Moy = 28 i v, =2xmy, v, ’

the coupling efficiencies we can expect in
different scenarios. To bound this
problem, we adopt a pessimistic value for
the energy coupling per unit mass of the
parent bolide (x (J/kg)) from studies of
asteroids hitting other asteroids from both
observed cratering and from SPH studies
of low strength spherical asteroids hitting
other low strength spherical asteroids.
This is NOT how our system is designed
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as we use very high strength optimized 10° o - s 10°
penetrators but nonetheless this serves an 3 a E
upper limit of ¥ =100 J/kg corresponding 10" IV 'l — - 10¢
to a 14.4m/s disruption vs the theoretical 10 100 1,000
(too optimistic value) of k¥ =0.5 (J/kg) for Diameter(m)

1m/s disruption with unity coupling. Inthe |  [----- Kappa=100J/kg Chelyabinsk (19.5m, 0.55 Kt))
accompanying plot we show  the IO ey L a0 00m 500

penetrator mass required to deliver the
required disruption energy assuming Figure 125 — Penetrator mass required vs target diameter and a metric

values of « from 0.5 to 100 Jkg. The (x) that describes the energy per unit of target mass for disruption. In

conclusion is that even for the pessimistic theory, x=0.5 J/kg for 1m/s disruption even for km scale objects
P (gravitational energy is sub-dominant) while observation and SPH

value of « =100 J/kg, we can still mitigate | studies of asteroids hitting asteroids (NOT purposefully designed high
even very large threats in the km size | strength penetrators), indicated xk~100J/kg. We show the total penetrator
range using the upcoming heavy lift, | mass required for k=0.5, 10 and 100 J/kg to bound the problem. Even

positive Cz launch vehicles such as SLS | With the pessimistic case of k=100J/kg we can still mitigate even very
and Starship (refueled in orbit). For a Large threats Wlth the new generation of heavy I|f_t, positive Cs, launchers
. . ecoming available. This is extremely encouraging.

threat such as Apophis, a single launcher

is sufficient assuming the pessimistic value of k =100 J/kg. For threats such as a 1km threat, multiple SLS
(14xBlock 2) or Starship (7x) would be required for k =100 J/kg. These would be large, though still within
a near future launch capability. We have much more to explore on optimizing the energy coupling but even
the pessimistic value of k =100 J/kg is encouraging in allowing mitigation scenarios for even large threats.
For Bennu, with an estimated mass of 8x10° kg and assuming x =100J/kg to disrupt, we get 8x102J =
1.9kt TNT ~ 40 tons of penetrators @ 20 km/s to disrupt. The trade space of using NED penetrators,
explosive packed penetrators vs passive penetrators is part of our ongoing research. The value to society of
trading the purely economic damage caused by a large threat such as Apophis, Bennu or a hypothetical 1km
threat is another subject though in any such trade space the loss of life and disruption of societies would
have to be weighed against the cost of the launch vehicles. It is difficult to imagine a scenario where a very
large threat, such as a 1km (~100 Gt yield) would not be mitigated even if it meant launching multiple
launch vehicles, whether passive or NED equipped penetrator. Another issue, often misunderstood in the
comparison between mitigation via deflection, is that our technique allows for mitigation of even km class
objects on the time scale of intercept of months prior to impact for the largest threats (1 km) while other
techniques often require vastly longer time scales. This is an important distinction.
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Disruption Energy and Cohesive Strength — The term disruption, is used to define many different scenarios
when it comes to planetary defense. In this paper we use the terms disassembly and disruption to mean
taking apart a threat to a level where the largest fragments are no larger than approximately 10m in diameter.
The energy to disassemble or disrupt a threat consists of five basic elements

e Residual kinetic energy of the fragments far from the original intact bolide

e Gravitational binding energy

e Cohesive internal binding energy

e Internal heating of the bolide due to the disruption method

e Energy used to vaporize material that escapes — ie escaping molecular level fragments

o As opposed to internal vaporization that acts as a “gas expansion engine”

=E +E + E + E

gravitational —-BE cohesion bultk —thermal + Evaporization—escaping

E

disruption KE-— fragments
Cohesive Internal Binding Energy — The bolide can be viewed as a complex object with internal
compressive, expansion and shear strengths. These manifest themselves as a heterogeneous elastic body that
ultimately can break. These include more complex processes such as fracturing. Realistic bolides are not
homogeneous bodies and thus the complexity of a real threat has to be approximated. The area of most
interest to us in this paper is understanding mitigation methods that minimize the required energy to
disassemble the threat (break apart) in such a way that no remaining fragment is much larger than about
10m (for rocky threats) and spread the fragments so they are far enough apart to produce de-correlated blast
waves in the Earth’s atmosphere or miss the Earth completely. We DO NOT need to reduce the threat to a
microscopic level nor do we need to vaporize it to mitigate it. One question is “what is the least mass of
interception” that breaks the threat into fragments of roughly 10m or less AND is applicable to a wide range
of possible and largely unknown internal structure. Based on the observed rotation of asteroids, it is fairly
well established that asteroids larger than about 100m are gravitationally bound rubble piles with very low
internal cohesion at large scales. This does not mean that there is no cohesion (molecular binding) at small
scales but only that at large scale there is very little binding (rubble pile). For example, a self-gravitating
sand, gravel, rock and boulder pile is a good example of the possible internal structure of large asteroids
(>100m). At smaller scales the rotation of asteroids indicates non-trivial internal cohesion. Examples of the
latter are the estimated cohesive strength of the Chelyabinsk (20m) and Tunguska (~50-100m) bolides that
are estimated to have had 2 MPa and 1 MPa effective internal (compressive) strength respectively. In any
realistic internal bolide composition, the cohesion will be very scale dependent with much lower cohesion
at larger scale.

The equivalent energy density corresponding to the strength is useful to understand the order of magnitude
of internal cohesive binding. Knowing the internal macroscopic material strength, we can compute the
equivalent internal energy density.

Example (Chelyabinsk):

o =2MPa, p=3.3g/cc (3300kg /m?)

locohesive(‘:l /kg) :O_/,O =606J /kg

How should we interpret this internal cohesive energy density? One question to ponder is what are we really
trying to do here? In our case we want to disrupt (fragment) the threat into pieces that are not larger than ~
10m in size with a practical system. The extremes of disruption are to do nothing (no energy required) to
the other extreme of fragmentation to the molecular level by vaporizing the threat (very larger amount of
energy of roughly 4-6MJ/kg). Neither of these is desired. We can gain some simple insight by asking the
following simple question. Suppose | have a tree with a cross grain yield strength of 2 MPa (typical for
wood) that is 30m long and 1m in diameter and want to expend the minimum amount of energy to fragment
the tree so that no single fragment is great than 1m. What is the lowest energy solution? A couple of possible
solutions to fragmenting the tree are explosives, “sledgehammer” and sawing. If we ponder this simple
problem, we get insight into what we are trying to go in fragmenting a bolide. In the case of the tree a very
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low energy solution is to use a saw whose blade width is a parameter as well as the size of the tree fragments
after disassembly. Since we desire no tree fragment be greater than Im, we will “saw” the tree into 1m
lengths. If we ponder the issue of the blade width as a parameter, it is easy to understand that the least energy
in breaking the cohesive bonds (tearing or breaking the wood fibers) is to choose the minimum blade width
possible but understand the issue of “chip removal”. Imagine a chain saw, vs a rotary hand saw vs a thin
blade dicing/ band saw. The thin width dicing saw (band saw) gives the minimum energy. Fundamentally,
the saw breaks the wood fibers allowing detachment of each fragment (or 1 m log in this case). In a realistic
bolide intercept however, we do not have the ability to “saw” the bolide into pieces.

If we imagine a real bolide consisting of a heterogeneous distribution of boulders each of which is weakly
bound to its nearest neighbors that are touching it. The energy required to break the cohesive bonds allows
for disassembly. We ignore the gravitational binding and final kinetic energy in this discussion. Since we
only desire to fragment to level compatible to acceptable blast wave damage we can set both an “upper
limit” (dfrag-max) on the fragments (to limit the blast wave damage) and a “lower limit” below which we do
not have to go as this would generally require extra energy. In realistic hypervelocity impacts we do not
have precise control on the lower size limit as this may come for “free” in the realistic interception
interaction. We do not have the realistic “luxury” of precision slicing of the bolide so we will generally only
have control over the maximum size scale. The latter could be set by the spacing between the penetrators
for example.

Imagine the “real bolide” as consisting of a range of “rock” sizes from sand grains to large boulders. The
smaller elements are essentially of no concern to us. It is only the larger boulders we need to fracture so that
the largest fragment remaining is no larger than dsrag-max. In this sense the minimum energy required is the
energy required to fracture any portion that is “solid or molecularly bound” larger than dfrag-max and as the
same time we have to “plough through” the smaller sized material to get to the larger well bound material.
Since we lack knowledge of the internal structure of a threat in general, we will need to be conservative in
our assumptions as to what is required to reduce the largest remaining fragment to less than dsrag-max. Since
dfrag-max ~10-15m for rocky bolides, it is also possible that there is no such “solid or molecularly” object
inside but we cannot assume that without probing the interior. The most conservative operational solution
IS to assume that the entire interior is solid though we know that this is not consistent with the rubble pile
observed nature of large (>100m diam) bolides. In our current hypervelocity simulations, we are building
models that are both homogeneous as well as complex heterogeneous structure. Much more will be
forthcoming as we simulate the hypervelocity penetrator simulations with both ALE3D (LLNL code) and
with CTH (Sandia/ LANL code) to study a wide range of scenarios to bound the problem. In the most
conservative case of complete molecular binding of a homogeneous solid then we are reduced to fracturing
this into 10m class remnants. To some extent this is similar to the issue of “fracking” used in the
petrochemical industry.

The general issue of fracturing can be visualized as the breaking of molecular bonds that have a restoring
force (spring constant or modulus of elasticity). Once a critical width of the crack is formed then the “pieces
can come apart”. There is no general mathematical solution to the problem of fracturing, except for the case
of a flat circular geometry and some special elliptical case.

Fracture Microphysics - The microphysics of the problem is much like a van der Waals force between
molecules except in 3D with large number of bonds that are not all the same. Typically, the length scale
required to separate the pieces so that the molecular forces become negligible or even slightly repulsive is
relative small (sub-micron — typically less than 10nm) and we can make simple estimates to bound the
energy but assuming the parent bolide needs to be “sliced up” into pieces of size dfrag-max Which can be
translated into a “total slide area” Aslides-totat and @ minimum separation distance hsiice-min between the “sliced
pieces”. The product of the slice area and the slice thickness gives a total slice volume Visiice-total = Aslides-total™
hsiice-min.  The total energy of this process can be thought of as Eslide-total= pcohesive * Vslice-total. 1T We Set hsjice-
min = 10 m to be conservative and imagine slicing into cubes of size 10m as a specific example we get
(per 10m cube fragment) Vslice-total = Aslides-tota™ hslice-min= 6x102 (m?) x10® (m)= 6x10*m3. If we use the
example above for Chelyabinsk compressive “binding” strength of =2 MPa =p(J/m?®) = 2x10° J/m3 we get
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for 10m cube (with all 6 sides) a total “fracture energy” per 10m cube of Eslide-total= pcohesive * Vislice-total (per
10m cube) = 2x10° J/m? x 6x10* m3= 1200 J per 10m cube. We can normalize this by the mass of the cube
to get energy required per mass of the fragment. The actual type of material is critical to be able to do a
more detailed analysis. For example, if we had a homogeneous piece of metal that could “stretch” until it
broke then we would approach the problem by using a bulk modulus of elasticity and apply this to the failure
point “integrating the spring force” to get the energy of disruption. We “sweep this all under the rug” by
assuming a bulk internal energy density and determine the volume of material we must remove to break the
cohesive bonds. This is seen in the cutting of rock with a diamond saw or using a hammer and a chisel to
fracture the rock vs “stretching the rock™ until it breaks. This is easier to imagine with the energy required
to cut a rubber band into pieces with a scissors vs stretching the rubber band until it breaks and then repeating
this process until the rubber band pieces are small enough to meet our fragment criteria. The reality of a
hypervelocity “chisel or scissors” is clearly a complex problem critically dependent on the actual internal
structure and the penetrator and bolide solid to liquid to gas to plasma transitions and the subsequent “gas
expansion engine” explosion inside the bolide that fractures it. In a sense this is like taking apart a mountain
“one slice at a time”. This is what our penetrator array simulations do. They follow the complex evolution
of the hypervelocity penetrators as they “slice” the bolide apart.

Chelyabinsk Example - For Chelyabinsk the density was about 3300 kg/m® and thus the 10m cube would
be 3.3x10° kg. This would yield a fracture energy per mass of the 10m cube of 1200J/ 3.3x10° kg~ 4x10*
JIkg. This is negligible compared to a 1 m/s disruption speed (for example) of 0.5J/kg.

Energy per unit mass scale with fragment size — The scaling of the mass of a fragment scales as d® while
the fracture surface area scale as the fragment surface area or as d?. The fracture energy scales as the
fragment surface area or as Efracture-fragment~ d2 and hence the fracture energy per mass of the fragment scales
as d?/d*=1/d. The larger the fragment the less fracture energy per unit fragment mass. The number of
fragments for the parent bolide diameter of D scales as Nrag= (D/d)® ~ 1/d®. Hence the total amount of
fracture energy for fracturing the parent bolide into pieces of size d scales as Efracture-total-bolide~ Nfrag * Efracture-
fragment ~ (1/d%) * d?=1/d ... less fracture energy needed for larger fragments and more fracture energy is
needed for small scale fragmentation as expected.

Energy that goes into Bulk Heating of the Threat — As discussed earlier the specific heat of rock is ~
1kJ/kg-C and thus we do not want to bulk heat the overall threat very much (much less than 1 C desired).

Hypervelocity Intercept Actualization - The reality of any realistic hypervelocity intercept and
fragmentation however is very different than this idealized “fracturing” or “fracking” of the hypothetical
bolide above. While in theory the energy per unit mass of the large (10m in this case) fragments is extremely
small and indeed negligible compared to the dispersion KE of the fragments, the reality is that we cannot
currently land on a threat and “frack it” so we are limited to hypervelocity intercepts and the energy to
accomplish a hypervelocity “fracking” remains one of our major research areas for the future.

As we mentioned the SPH simulations of Jutzi et al 2009 for “asteroid on asteroid” disruption give an energy
per unit mass of about 100 J/kg. We currently take this as an upper limit to what an optimized penetrator
“fracking” can accomplish. Even with this extremely conservative number (100 J/kg) we can accomplish
the mitigation needed but we will learn much more as we explore numerous penetrator scenarios.

Cohesive Strength and Maximum Bolide Rotation Rate — Large asteroids (d>~300m) are known to have
maximum rotation rates that appear to imply they are largely dominated by gravitational bound rubble pile
structures rather than being dominated by strong molecular bonding. We can model the effect of a bulk
cohesive binding and calculate the effects on the maximum spin rate. We assume a spherical parent bolide
as well as a spherical distribution of fragments that the parent bolide is made of. The bolide is both self-
gravitating as well as cohesively bound. In parametrizing the cohesive strength, we note this is the tensile
(pulling) strength or pressure require to pull away a fragment off the surface. The tensile strength is vastly
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smaller than the compression strength. This is easily visualized as the difference between picking up
(tensile) a small rock off a large boulder vs pushing the rock (compression) into the boulder by pushing
“down”. For example, above we examined the compressive yield strength for the Chelyabinsk asteroid due
to the extreme atmospheric entry ram pressure. The compressive strength is in the MPa range while the
tensile strength of pulling the various internal constituents apart is likely orders of magnitude smaller. Below
we examine the tensile strength vs spin.
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r, =bolide radius

p, =bolide density average

m, = massbolide = p,47r,° /3

w, = angular freqatequatorial breakup of bolide with no cohesion (grav only)
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Figure 127 — L: Ratio of Cohesive binding to gravitational binding maximum rotation rate vs bolide diameter
and surface fragment (rock) diameter. R: Ratio of Cohesive binding to gravitational binding maximum rotation
rate vs bolide diameter and surface fraament (rock) fractional diameter compared to parent bolide diameter.
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Figure 126 — Observations of ~ 6000 asteroid light curves to deduce the spin period. See also Warner, Harris
and Pravec, Icarus 202, 134 (2009). Note sharp cutoff at about 2.4hrs (10/day spin rate) for large (rubble pile)
bolides. Conclusion is that smaller asteroids can be dominated by cohesive binding.
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Figure 128 — Modeling of cohesive tensile strength of a “rock™ embedded in a fine binder material that holds the rock
via molecular surface binding. Here we show the rock at the surface of the bolide with %2 of the rock attached via the fine
binder and %2 above as an example.

Figure 129 - Example of rock at surface of a rotating bolide that is bound via a fine binder
with surface molecular forces as in the figure above.
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15. A Simple Analogue

The reason this technique works is that the hazard is not just due to the total energy of the asteroid impact,
but it is due to the high, near-instantaneous power of the un-fragmented impact. In our technique, the total
energy released into the blast wave is similar whether the material is dispersed or not, BUT the instantaneous
power received by a ground observer at any given time is vastly reduced due to the de-coherence of the
many blast wave detonations of each fragment. A simple and convincing analogue as to why this technique
works is to consider the following: imagine four scenarios, each of which contains the same amount of
explosive energy.

1) One kg of TNT explosive in a compacted form detonated 10m away from you.

2) One thousand 1g “firecrackers” all compacted together and detonated simultaneously 10m away
from you. Effect: same as 1).

3) One thousand 1g “firecrackers” dispersed randomly in a 10-meter diameter sphere whose center is
20 meters from you and detonated simultaneously. Effect: vastly reduced from 1) due to pulse
duration and shock travel time.

4) One thousand 1g “firecrackers” dispersed randomly in a ten-meter diameter sphere whose
center is 20 meters from you and detonated randomly over a 10 second interval. This is the
analogue to our technique. Effect: vastly reduced from 1) due to pulse duration, shock travel
time, and randomization (de-coherence) of detonation times.

Another simple explanation — Consider that the Earth is hit by about 100 tons per day of small-scale
meteoritic debris that we do not notice. A 20m diameter asteroid density 3g/cc, like the Chelyabinsk event,
is roughly equal to the average mass hitting the Earth in 4 months while a 50m, like the Tunguska 1908
event, is roughly equal 5 years of average debris mass hitting the Earth, a 100m is roughly equal to 40 years.
Clearly, we do not worry about the “average debris rate”, we worry about the tail of the temporal rate
distribution. It is not the total mass (energy) hitting us but the time scale over which that total mass is
deposited. When the temporal and spatial spread of the debris cloud is considered then it becomes “obvious”
that this technique works.

Fragment size optimization

We have chosen a very conservative fragmentation model with a fragment size of roughly 10m and a
distribution function allowing larger fragments with decreasing probability. We have shown that this allows
extremely effective planetary defense on very short time scales, allowing for a radical change in our ability
to protect the Earth, and we can do even better if needed. We have run statistical fragmentation models from
mean fragmentation sizes below 1m to greater than 15m with various size distribution functions. For loosely
bound materials, the energy required to fragment to a given size is dependent on the coupling efficiency of
the penetrator energy (KE plus possible explosive energy) in coupling to acoustical waves that fragment
and eject the subsequent fragment of the bolide. For example, if we were to choose a smaller mean fragment
of 5m (vs the current 10m in this paper) with a tighter upper size cutoff of, for example, 10m, then the
conclusions of this paper remain largely the same, but the acoustic signature effects, and to a less extent the
optical signature, become even more favorable (ie less). Smaller fragments are better if feasible. This is
clearly seen in the figures showing the acoustic signature vs fragment size.

Spreading fragment cloud to largely miss hitting earth

An alternative to using the Earth’s atmosphere to absorb the hit is to disrupt as described above, but do so
early enough so that the fragments largely miss the Earth altogether. If the mean radius of the fragment

cloud is larger than the Earth’s radius, then we largely mitigate by missing the Earth. This is shown in the
plot below for several disruption speeds. For disruption speeds of 1m/s, as used for most of the preceding
simulations, the intercept time required for the fragment cloud to miss the Earth is about 75 days assuming
“ground zero” projected in a plane is “centered” on the Earth whereas the worst case is for “ground zero”
to be projected at an “edge” in which case the fragment cloud will largely miss the Earth with a 150 day
intercept for mean 1m/s disruption speed. A small number of fragments will still hit due to the “disruption
noise” in the fragmentation process, but the vast majority can miss if there is sufficient time for intercept
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prior to impact. There is a clear trade space
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Figure 130 — Fragment cloud radius vs intercept time. Note thatat | Such as closing our eyes and ears, moving
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the fragment_ cloud grows to be larger than_the Earth and most of adhesive plastic film or even “packing or
fragments miss the Earth completely. Shorter intercepts are always ' . . .-
duct tape” on windows will largely mitigate

possible with higher disruption speed.
damage from broken glass.

In-space testing — synthetic bolides in space

Eventually, space testing of this technique, particularly for terminal guidance system lock and to test the
effectiveness of the penetrator fragmentation of the parent bolide will be needed after extensive ground
testing and design iterations. For space testing, the options could be small (1000kg-class) synthetic bolides
that could be tested in space to compare to ground testing. This type of test would have to be done at either
very low altitudes so the debris would de-orbit rapidly and not contribute to additional space debris or very
far from the Earth. Another possible test is to use an inflated “bolide” similar to the Echo satellite
(1960,1964 - 70 kg, 30 m diameter gas inflated Aluminized thin plastic sphere) to create a low mass but “at
scale” target. With orbital counter rotating target and inflated target, the closing speed would be
approximately 16 km/s which would be an excellent test of realistic terminal guidance systems. With such
a large surface area and low areal mass density the “fragments would de-orbit relatively rapidly thus
minimizing additional space debris. Having multiple inflated targets could also be used to simulate a set of
comet fragments as one complex example. In some ways this is analogous to ICBM MIRV decoys.

Apophis as a Test

The options for actual asteroid testing will depend on deciding on “close in” vs long distance asteroid testing
such as the DART mission. An option that may be controversial would be to use Apophis as the test target.
Apophis comes close to the Earth frequently as the orbital period of Apophis is about 0.9 years. There will
be a close encounter in April 2029 that could be a possible penetrator test opportunity using an instrumented
penetrator that would measure the interior structure of Apophis via measurements of the deceleration vs
time. This has never been done before and would require the development of extremely high “g loading”
penetrators with electronics and a way to transmit back the data. This would be a challenging development,
but given that the acceleration levels are not vastly different from artillery, the development could use
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similar technology. Getting the data out during the short time scale (~ 10ms) that the penetrator is inside the
target will be challenging, though lower frequency RF could penetrate the asteroid and be received. Towing
a wire behind the penetrator as an antenna is another option, though “wire” would likely be destroyed during
entry. We would gain an enormous amount of data pertaining to the interior structure of asteroids
independent of planetary defense, but we would also understand Apophis much better, which would allow
optimizing the strategy to mitigate the threat Apophis poses. A related issue is that Apophis is particularly
dangerous as it is a “repeat offender” and has an orbital keyhole that we would have to be careful not to
nudge it into, unless we are willing to commit to actual full mitigation as discussed in this paper.

One option for a proposed set of missions exploring Apophis in particular is:

1) Friday, April 13, 2029 — 38Kkm (geo center ref) - Mission to launch a small array of penetrators
and observe penetrator performance, ideally by in-situ deceleration measurements. The closest
distance is extremely short, within the GEO belt (geo ref radius 42.16 Kkm), and thus this is an
excellent time for a test. There is nearly 8 years to plan and execute this mission. While challenging,
it is about the same as the entire Apollo program. This encounter also has the advantage that a very
modest launcher could be used.

2) March 27, 2036 — 46Mkm — Large-scale testing of penetrators. The distance for this intercept is large
S0 a suitable scale of mass of interceptors delivered would need to be carefully considered.

3) April 19, 2051 — 6.2 Mkm — 16 lunar distances - Pl Apophis. Completely mitigate the risk so future
generation do not have to worry about it. This would be a first for humanity.

Table 5. We show the next five passes of Apophis taken from the JPL Small Body Database (SBDB) for
the orbital parameters [55]. The Friday April 13, 2029 close approach would be an ideal opportunity for
penetrator probing and system testing though the time scale to design and launch a mission is short (~ 8
years from now).

Date Geocentric Distance (AU) Current 3 sigma position error
April 13, 2029 0.0002541 (38.01 Mm) <GEO 2.6 km

March 27, 2036 0.309797 (46.3450 Gm) 99 Mm

April 19, 2051 0.041378 (6.1901 Gm) 190 Mm

September 16, 2066 0.069847 (10.4490 Gm) 700 Mm

April 12, 2116 0.023645 (3.5372 Gm) 7Gm

Planetary Defense Conference (PDC) Simulation Scenarios

The Planetary Defense Conference (PDC) is a bi-annual international conference hosted by the
International Academy of Astronautics (IAA) dedicated to studying the threat posed by asteroid impacts.
For each meeting, a mock asteroid threat is fabricated and attending teams attempt to hypothetically mitigate
the threat as more precise information about the object is released during the course of the 5-day exercise.
For the 2021 PDC meeting, a hypothetical threat is discovered only 6 months prior to its potential Earth
impact. Upon its initial discovery, the asteroid’s size is uncertain and initial estimates range from as small
as 35m to as large as 700m in diameter. During the course of the five days after the asteroid’s discovery,
increasing numbers of observations are performed and its impact probability increases from 0.04% to about
5%, and two weeks after its initial discovery the impact probability is 100%, while its size remains uncertain.
Four months prior to impact, the asteroid size is limited to less than 500m, with an average estimated
diameter of 140m. The impact zone is limited to a large region in central Europe. Finally, 6 days prior to
impact, radar observations of the asteroid limit its size to approximately 105m and narrow the impact
location to a region 23km across bordering the Czech Republic, Germany, and Austria. Its impact velocity
is estimated to be 15.2km/s.

Given the brevity of the timeframe and uncertainty of the posed threat, no adequate mitigation
strategy was produced for the 2021 PDC mock asteroid threat, and civil defense response and evacuation
strategies were discussed instead.
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As we will show, the PI terminal interdiction method is capable of mitigating threats such as the
2021 PDC mock threat in even shorter timeframes than those proposed during the exercise. Since the time
between detection and impact in this hypothetical scenario was only 6 months, no feasible reconnaissance
opportunities existed to further study the size and composition of the asteroid until it is within radar range.
Given that the PI interdiction method can accommodate extremely short response times (as little as 1 day
for a 100m asteroid), even waiting until the asteroid size is certain (~6 days prior to impact) would allow
for adequate response time. However, since 100m asteroids pose a significant threat if inadequately
mitigated (~100 Mt blast yield assuming 2.6g/cc density and 20km/s exo-atmospheric velocity), an intercept
mission designed for the worst-case scenario could be launched before the size of the asteroid is completely
determined. For example, if we assume the intercept mission is launched 4 months prior to impact when the
maximum size estimate is 500m (note that even at this point, the average size estimate is much smaller), we
can mitigate the threat with less than 80 tons of purely passive (or possibly chemical explosive equipped)
penetrators, even in the very pessimistic energy coupling regime of 100 J/kg. Even with this extremely
pessimistic assumption, mitigation is within the capabilities of upcoming heavy lift launch vehicles such as
Starship and SLS Blocks 1B and 2, though multiple launchers may be needed in large threat cases and for
“backup”. Note that in this case, assuming 1m/s fragment dispersion velocity, we could achieve intercept
times as short as 20 days for a 500m asteroid. If we opt for a lower dispersal speed, the energy required goes
down rapidly (quadratic with dispersal speed) and thus the mass of the kinetic penetrators goes down
correspondingly, though the fragment spread at the Earth is less. There is a trade space between the energy
available for disruption, the launcher speed vs payload mass, and the intercept time. It is interesting to note
that although the blast yield for a 500m asteroid is comparable to the world’s nuclear arsenal if no
interdiction is performed, nuclear devices are not absolutely necessary here and the kinetic energy of the
penetrators alone is sufficient to fragment the asteroid into ~10m fragments which disperse at ~1m/s. The
use of NED equipped penetrators, even for fission only (W82 class — 70 tons TNT/kg for the “bare” NED),
would dramatically reduce the launch mass needed if high “g” capable NED penetrators were developed as
discussed earlier. It must also be noted that no serious planetary threat mitigation mission would consist
of only one mitigation attempt. Thus, while the initial intercept would be equipped for the worst-case
scenario, it could also be equipped with instrumentation which would inform subsequent penetrator waves
that would further ensure the fragmentation of the asteroid.

PDC 2023 Threat - The upcoming 2023 PDC threat will be approx 800m diameter, within the range
of our program to mitigate. This will be discussed in detail in an upcoming paper.

Single-launcher solution — We have studied the possible use of a single launcher solution for passive,
conventional explosives and NED modes allowing for a combined solution using one launch vehicle as a path
forward to an operational planetary defense program. For extremely large threats NED penetrators would use
the “sequential penetrator mode” for “hole drilling” to bring NEDs deep below the surface. This potentially
allows for detonation deep within a large threat allowing for much better effective “tamping” and coupling
efficiency. This will be studied as a natural extension of our ALE3D and CTH simulations, initially using an
“energy pill” explosive approximation approach for both conventional and NED explosives. To date our
simulations, show that a single launch vehicle, such as a Falcon 9, Falcon Heavy, or SLS, can be used
for a wide range of threats up to 1 km and possibly beyond (largest require NED’s) allowing for a vastly
simplified approach to operational planetary defense. One example that we are exploring in detail is the use of
a small Falcon 9 launcher that is capable of modest payload capability with positive C3 (~2500kg @ 3 km/s
beyond escape - C3=10 (km/s)?) that would allow mitigation of up to about 100-150m diameter rocky threats
without NED’s and much larger with NED’s. A Falcon 9 is an example of a relatively low “buy-in threshold”
with a proven track record. Having such an at-the-ready or reserved launcher of this class would be one possible
approach towards an operational program.
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Conclusions

We have shown that very short time terminal defense against asteroids and comets is possible through
fragmentation via hypervelocity penetrators. This technique dramatically reduces the threat by using the
Earth’s atmosphere to convert the parent object kinetic energy primarily into acoustical waves and
secondarily into an optical signature, both of which have acceptable fluxes. We have shown that
fragmentation into sizes of less than about 10m diameter is sufficient for most threatening objects. The
energy required to gravitationally de-bind and scatter the fragments sufficiently with a speed of
approximately 1m/s is small. With available and upcoming launch vehicles, the mitigation of targets up to
500m in diameter appears feasible with relatively short time scales of threat notice and with modest
penetrators (non-nuclear). Depending on the type of asteroid/comet, the penetrators can be purely passive
or enhanced with chemical or nuclear explosives for even larger targets. Given the extreme impact speeds,
passive penetrators carry much more energy per mass than chemical explosives. Though not needed except
against extremely large threats, current nuclear explosives would have to be redesigned given the extreme
accelerations upon penetration or weakly coupled or sequential NED augmented penetrator designs (“inline
drilling”) would be needed. This is an area we are currently exploring. The availability to test the non NED
penetrator system on the Earth, as well as using close approach asteroids for targets is a significant advantage
of our mitigation method. The system could be Earth-, orbital-, and lunar-based, as could an enhanced threat
detection system. If successful, such a system would allow humanity to take control of its fate for the first
time.
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History of this paper

The first version of this paper was April 7, 2015 which outlined the basic idea of hypervelocity penetrator
disassembly and fragmentation and the resulting threat mitigation via using the Earth’s atmosphere in the
terminal mode. This was a follow on to our directed energy ablation planetary defense deflection studies we
published from 2013-2016. We were searching for a much shorter time scale response which then formed
the basis for this paper. We shelved the paper until reactivating it in late 2019 when we began to solve the
general case of blast wave production and evolution and the optical pulse signatures for arbitrary fragment
sizes. This led to large scale simulations of various threat scenarios. Much of the delay was also the “tyranny
of the immediate” in our other programs that is so common in life.

Website and additional materials

This paper and additional papers, simulations and visualizations can be found on our website:
www.deepspace.ucsb.edu 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. The detailed simulations are on our group YouTube channel:
See our web resources:

https://www.researchgate.net/profile/Philip_Lubin
www.deepspace.ucsb.edu/projects/pi-terminal-planetary-defense

www.youtube.com/@UCSBDeepspace
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Appendices

Modeling of Fragment Cloud

For simplicity we model the fragment cloud spatial and temporal distribution as a thick-walled cylinder.
The mean radius of the cylinder depends on the mean radial speed of the fragments and the time from
intercept to Earth impact. We allow for a stochastic component to both the radial speed distribution as well
as a longitudinal (along the parent asteroid velocity vector) speed distribution. We also allow for a stochastic
component of the fragment size distribution and density We model the fragments as spheres. For
computational purposes we truncate the lower size limit of the fragments to be about 2 m in diameter.

Lorig = Parent asteroid diameter

vV, = parent asteroid speed

P, = parentasteroid average density

N = number of fragments

i= fragment number=1,2,...N

p,=fragment average density

o, = density dispersion

X, Y;,z, = fragment Earth impact position in atmosphere relative to ground coordinates
z, =z, = fragmentiburstaltitude

Zi_nice = Tragment z (longitudinal) position relative to unfragmented bolide center of mass
(v, Vy 0V, ) = (%, Vi Zpoie) / 7 = fragment velocity vector relative bolide center of mass

Vo= (v Y, 24V ) = (6 Y+ 2 ) /7 = speed of fragmenti relative bolide center of mass
x =Yy =2z=0 = Ground origin for ground zero of parent asteroid
Xops Yobs s Zons = ODSErver ground coordinates
6, =angle of fragment i at burst in cylindrical coordinates
6,=22i
N

7 =time fromintercept toimpact of parent asteroid if not fragmented
7, =time fromintercept toimpact of fragment i - allows for longitudinal speed dispersion
t = Z,_poice / Vo = T —7; =timedifference of arrival of fragment i from mean arrival time
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L.,.= average fragmentdiam =1L, N "

O 4iam = fragmentsizedispersion

L, =diameter of fragment i

v,,4 = average fragment radial speed in asteroid cm frame

v, . = average fragment longitudal (z axis) speed in asteroid cm frame

long
R =ave cylinder radius=v,,

o..._,=radial fragment speed dispersion

rad-v
Oiong—y = lONgitudinal fragment speed dispersion

NORMINV (RAND(), u, o) = Gaussian random number generator with mean g and dispersion o
this distribution function is truncated depending on the variable so that non physical values
such as negative radii are prevented

L, = NORMINV (RAND(), L+ Oiam)

X, = NORMINV (RAND(), Rcos(8.),70,,4_,)

y; = NORMINV (RAND(), Rsin(é.),70,.,._,)

Z,_poiige = *NORMINV (RAND(),0,5,,,,, )

t = Z_poige / Vo =7 *NORMINV (RAND(), 0,055, ) / Vo

£, = NORMINV (RAND(), £y, 00)

m, = pzl,’ /6 =massof fragmenti, v,=(x*+Y," +Z_ )"

/ = speed of fragmentirel bolidecm

KE, i = KEOf fragmentiinbolide frame=myv’/2=m (X + Y’ +Z s )/ 27°

Computing Azimuth and Zenith Angle of each fragment relative to the Observer
X, =Y, =0 — Origin for ground zero of parent asteroid

X.,Y;, z, = fragment Earth impact position in atmosphere relative to ground coordinates
Xons+ Yobs s Zons = ODSErver ground coordinates
z, =z, =burstaltitude for fragmenti

z, — 2, = burst altitude of fragment relative to observer (normally observer is at z,, = 0)

r, = horizontal ground range from observer to fragment:\/(xi ~ X )+ (Vi = Vope)?

r, =slant range from observer to fragment:\/(xi ~ X )E (Vi = Yops ) +(Z, — 25 )

S

0

zenith—i

= zenith angle of i, fragment relative to observer
¢.,; =azimuth angle of i,, fragment relative to observer
X; = Xops = Iy SIN(Genitn_i) COS(y, ;)

Yi = Yabs = I SIN( it ) SIN(S,, ;)

Z; = Zgps = 1, COS(Openity ;)

COS(Oeritn—i) = (Z — Zops) I T, = (Zbi —Zys) I T,
Forz,,,=0=o0bson ground level — cos(&,., ;) = Z, / I
SIN(O i) =1, 11,

tan(¢az,i) = (y| - yobs) / (Xi - Xobs)
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Fraction of energy in blast wave — As outlined in the section describing the details of the transition from
exo-atmospheric entry to the burst phase, the fraction of energy in the blast wave is computed as the energy

Fraction of Exo Atmospheric Energy into Blast Wave
Horizon Angle=45 deg - 2.6g/cc
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Figure 131 — Fraction of exo-atmospheric kinetic energy
that goes into the blast wave as a function of impact speed

fraction dissipated between entry and burst. As
discussed, our model conservatively neglects
ablation and radiative terms which are more
important for smaller asteroids/ fragments than for
the larger ones of interest to us. The energy that
appears in the shock wave is computed from the
energy lost between the initial KE at exo-
atmospheric entry and the KE at burst, For the
fragments we are considers (typ <20m) and typical
speeds, this fraction is a significant fraction of the
exo-atm energy. The conclusions of this paper do
not depend critically on the details of this.

mv,.  mv(z,)’
= U e 1 (u(z,) )]

2
m.v, -
'TO = exo-atmopsheric KE

=

E, =

v(z,) = speed at burst

We show the results for some relevant simulations
below.

Fraction of Exo Atmospheric Energy into Blast Wave
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Figure 132 - Fraction of exo-atmospheric kinetic energy that
goes into the blast wave as a function of impact speed and
densitv.

Fraction of Exo Atmospheric Energy into Blast Wave
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Blast wave scaling with asteroid speed, density and attack angle — We have analyzed a large parameter

space exploring multiple scenarios. We show the
results of some of these simulations, in particular
showing the scaling of the blast overpressure with
speed, density and angle of attack relative to the
horizon for asteroids and fragments from 3 to 80 m
diameter. For higher density bolides, we prefer to
keep the fragments sizes smaller as seen below.

Blast Wave Overpressure at Ground Zero
Horizon Angle=45 deg - 17km/s
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Figure 134 - Blast wave peak pressure (overpressure) vs
asteroid density at ground zero. Note the strong dependence on
density. For higher density threats (rare large NiFe bolides for
example — 8 g/cc), it is preferable to keep the fragment size
below about 5m while for typ rocky asteroids ( <4g/cc)
fragment sizes less than ~12m are acceptable. Smaller
fragments are always preferred if possible.
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Figure 136 — Blast wave peak pressure (overpressure) vs

asteroid

speed at ground zero. Note the very week

dependence on speed. Higher speed leads to early bursts with
a lower fraction of initial KE in blast.
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ADDITIONAL ATMOSPHERIC AND THERMAL MODELS

Alpha Parameter vs Slant Range to Ground
Integrated from 0.3 to 5 microns wavelength
30km alt fragment - 50km troposphere visibility
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Figure 137 — Alpha parameter (BB convolved with
atmosphere) vs slant range for 30km alt bolide. for 50km
troposphere visibility.
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Figure 138 — Atmospheric transmission vs wavelength
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Modeling the Earth’s Upper Atmosphere

The key to the success of the PI program in the terminal mode (fragments hit the Earth) is the interaction of
the fragments in the Earth’s atmosphere, primarily at high altitudes (>25 km). It is critical to understand the
structure of the atmosphere to properly model the interaction between the hypervelocity fragments and the
atmosphere. We can model the Earth’s atmosphere to first order as an isotropic gravitationally bound ideal
gas system assuming a spherical Earth with altitude above the surface of x where x<< Re with density p(x).
The real atmosphere is not isothermal and varies with season, latitude and time, but this is a reasonable
approximation to start with. In addition, the assumption of uniform mixing of species is a good approximation
at lower altitudes (below the tropopause) where bulk motion effects such as thermal and pressure driven
winds are dominant but at high altitude (above the tropopause) it is less valid. We assume uniform mixing
for simplicity. Various atmospheric profiles are shown in the figures below. The range of altitudes critical
for fragment interactions are 25-100km which includes the stratosphere, mesosphere and thermosphere
(below).

The various layers of the atmosphere we model are commonly referred to as:

e Troposphere
e 0to 12-17 km depending on latitude/season. 80% of the atmosphere’s mass in in this region
e Stratosphere

e 12-55km
e Mesosphere
e  50-85km

e Thermosphere
o 80-1000km with upper limit depending on solar activity, typ 700km in low solar activity
o Densities very low
e  Temperatures (kinetic) ~ 1000K driven by and dependent on solar activity
e Exosphere
>1000km
Densities are extremely low. Concept of a “gas” is less appropriate than a particle collection
Mean free path extremely large (often comparable to the size of the Earth)
Temperatures are really kinetic temperature driven by solar activity. T~500-2000K

Uniform mixing — Turbopause — The turbopause is the altitude (typ ~ 110km) below which the molecular
species are relatively uniformly mixed (constant fractional density with altitude). The region below the
turbopause is referred to as the homosphere. As shown in the plot below, there are modest differences in the
various seasonal atmospheric models of temperature (+- 5%) and pressure (+-20%) vs altitude, particularly
in the critical 30-70km range where bolide fragment breakup and burst occurs. As we show below, these
have only a modest effect in the blast wave pressures on the ground and thus do not significantly change the
overall ground effects.
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Pressure and Temperature vs Altitude
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dP/dz=-pg
PV_nkT—>n/V P/kT

p=— Zf,m,_ Zf,mI ~PIT

n/V (# pervol) :p/Z fm ~P/T
f = fraction in gas species i
m, = mass of gas species i

dP/dz =-pg =— ng,m,

If we assume an |sothermal atmosphere with uniform mixing
[T, f. independent of x] then:

9z
—=> " fim,
P(x)=Pe "= =Pe ™

h, = Nk—T =scale height (e folding height)

gz fim,
For the Earth's atmosphere uniform mixing
(species fraction independent of altitude) is a good assumption
except for water molecules. Except for H,O we have:
fy, =0.7809 m, =28.01amu
fO =0.2095 m, " =32.00 amu
fAr =0.0093 m =39.95 amu
feo, =0.0004 mCO =44.01 amu
fy. =0.000018 m,, = 20.18 amu
f,. =0.0000052 m,, =4.00 amu
f.,=0.0000011 m, =83.80 amu

1 amu (atomic mass unit) ~1.661x107*" kg

N

> fim, ~ 28.97amu ~ 4.81x10 % kg — 2.08x10% particles / kg
dh, /dT = —~—— —29.3m/K

gz fim,

This give a n'61minal scale height (T~250K average) of
KT

h, = ———~7.3km
gz fim,
i=1
Space Weather Effects on the Upper Atmosphere
For altitudes above about 100km the atmosphere can have significant temperature and density and thus scale

height variations due to solar flares and other space weather effects. This only has a minor effect on the
ground blast wave and optical signatures and thus is not a significant issue for our program.

Molecular and Atomic Species Collision Cross Sections
We use a simple model and model each species as a sphere of radius Rspecies Yielding a cross section of:

o=r(2R ) = 4szspeCIes

Ex:N,,0, R~0.15nm— o ~2.8x10°m?

Mean free path A =1/(no) where n=# particles /volume (#/ m~3)
Mean time between collisions = 4 /v where v = speed of particle

species
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Ram Pressure - Ram Flux — Equivalent Temperature
v =bolide speed inatmosphere

Rammass fluximpinging : T’ (kg/m*—s) = pv

mass— flux

Rammomentum flux —impinging : T (kg-m/s/m*~s=kg/m-s®)=T V= pv?

mom-— flux—impinging mass— flux

Rammomentum flux —effective : T, 1 erecte (K9 —M/ S/ M? =S =kg /M —5%) = BT s iminging = B8OV

£ = momentumtransfer coefficent (1= inelastic, 2 = pureelastic, canbe > 2 with mass blowoff )
Ram pressure : Pram (Pa) = 1_‘mom—qu><—effective = ,B,DVZ

Ram Power Flux: F,_(w/m?) = Rammass fluximpinging *v?/2 = pv*v? /2= pv*/2

Equivalent ram temperature (no ablation nor ionization) assuming forward edge*looking at" Earth :

1/4
Fram +O'TEanh4
o

4 4 _
GTram - I:ram + O-TEarth _>Tram - |:

Temperatures at low densities (high altitudes)

The interpretation of “temperature” in regimes where the mean free path is large compared to the structure
size or where the mean free time between species collisions is large, leads to a definition of temperature
based on the kinetic energy of the species. In this realm the term “kinetic temperature” is often used though
often interchangeably with simply the term “temperature”.

Molecular and Atomic Speeds vs Temperature

We use a Maxwell-Boltzmann distribution function for each species to calculate the speed distributions. The
most probable (maximum in the speed probability distribution, the average speed and the RMS speed are all
reasonably close (~ +-10%). We use the average speed in computing the molecular collision rates vs altitude.
Maxwell — Boltzmann speed distribution

M = species mass per mole (kg / mol)
R=N,*k ~8.314J / mol - K
Most probable speed (MB peak probability)

12

[ 2RT |
LT
Average molecular speed
"8RT ]
Vae =| 7
L ZM ]
RMS Speed
[3RT T
Vims =| =7
M

Ex: N, @ 298K (25C):

Vip =421m /s, v, =475m/s, v, - =515m/s

ave

Species Impact Energy, Shock Heating, lonization and Plasma Cloud around Fragment

At the typical bolide-Earth closing speeds relevant, the molecular and atomic energy per species can be above
the ionization level for outer shell ionization. The results are that both the air species and the bolide surface
become ionized. In addition, strong shock waves result in additional ionization with the net effect being a
significant ionization cloud formed around the bolide fragment at high altitudes. This is similar to the
ionization cloud formed around a re-entry vehicle during their high altitude and high speed trajectories.

For example, the energy of a nitrogen molecule (28 amu) is 0.145 eV/(km/s)? or 5.18 meV//(km/s)? per AMU.
The energy of a oxygen molecule (32 amu) is 0.166 eV/(km/s)?
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For a nitrogen molecule at 10 km/s closing speed this is 14.5 eV and 58.0 eV for a 20km/s closing speed,
131eV for 30km/s and 232 eV for 40km/s closing speed. For a oxygen molecule at 10 km/s closing speed this
i5 16.6 eV and 66.4.0 eV for a 20km/s closing speed, 149eV for 30km/s and 266 eV for 40km/s closing speed.
Note that for LEO re-entry speeds of 7.8km/s the N2 impact energy is about 8.82 eV and 10.1 eV for Os.

(1 eV~1.602x107%J). The first ionization energy of O is 13.5 eV while that of Oz is 12.2 eV while the first
ionization of N is 14.5 eV while that of N2 is 15.5 eV. The direct impact energy is very close to the first
ionization energy for LEO re-entry speed and just at threshold for a speed of 10km/s to ionize the dominant
species of air (N2/O2). Another effect that increases the ionization rate is the speed of the air molecules in the
rest frame of the atmosphere. Typical speeds are about 500m/s at a nominal temperature of about 300K while
in the upper atmosphere (above 120 km) the temperatures can be over 1000K with molecular and atomic
speeds over 1 km/s. A part of the speed distribution will have greater than 2x average giving a closing speed
for LEO re-entry (and 300K atmosphere) of 7.8+1=8.8 km/s giving an impact KE of about 11.2 eV for N2and
12.9eV for O2 which is just above the first ionization energy. It is clear that even at LEO re-entry speed in the
cooler parts of the atmosphere, ionization will begin from the “tail” of the molecular speed distribution. This
all assumes completely inelastic scattering, yet some fraction of the molecules will undergo partial elastic
scattering and then “hit” other molecules which will rapidly initiate ionization. Yet another effect is involved,
namely that of shock wave heating which rapidly compresses the air molecules (a form of extreme adiabatic
compression) and this effect can dissociate and ionize the air which results in more ionization. The
combination of rapid compression (shock heating), direct impact energy via both inelastic and quasi elastic
collisions as well as the additional impact speed from the speed of the air molecules in the ret frame of the air
is sufficient to ionize air at re-entry speeds (7.8 km/s) and above producing an ionization (plasma) cloud
around the “incoming” object even for LEO re-entry let alone bolide speeds which often have far greater
closing speeds that LEO speeds. In our solutions for the speed of the fragments slowing down with air drag
there is still an ionization cloud, often all the way until burst.

Light production from Bolide Impact with the Atmosphere

In addition to the plasma cloud around the entering bolide fragments there is also light production from both
direct molecular impacts and from shock heating causing electronic transitions and recombination radiation
resulting is direct light production. The sum of all the processes including direct heating and ablation of the
bolide fragments, direct impact and shock heating ionization and electronic transitions, rotational and
vibrational (far IR) from molecular impacts and shock heating yields a large variety of mechanisms that
produce light in the UV, visible and IR from the high speed fragment entry. This gives a complex spectrum
of emitted radiation emission that we “interpret” with our eyes as a “white hot” glowing object but the actual
spectrum is much more complex than a pure blackbody, though a blackbody of roughly 6000K is a reasonable
approximation for our purpose of computing ground effects.

Ground Effects from Varying High Altitude Modeling

In the figures below we summarize the various high altitude atmospheric modeling issue from ground to
1000km altitude. The critical bolide interaction regime is between 25 and 120km, for the fragment sizes we
are consider (up to 20m diameter). We also show the ground effect blast wave pressures for fragment sizes
from 2-20 meter for various models of the high altitude atmosphere and show there is only a modest effect
on the ground blast wave for reasonable variations on the atmosphere.
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Figure 141 — Left: Atmospheric pressure, density and temperature up to 90 km. Note that pressure and density are well fit by
an iso-thermal self-gravitating model with a scale height of H=7.3km. As we show later, the ground effect for H from 7 to 8km
is only modest. Right: Pressure, density and temperature up to 1000km. Above about 120km the atmosphere is strongly heated

and affected by the sun (UV, solar wind, flares) with significant space weather effects.
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Figure 142 — Left: Atmospheric particle density, mean free path between collisions and collision rate up to 1000km. Right:
Bolide atmospheric ram pressure, power flux and equivalent temperature for closing speeds of 5,10, 15 and 20km/s. The speeds
are independent of altitude to show the various effects. In practice the bolide speed slows down with decreasing altitude. Note
that the equivalent temperature assumes no ablation. As discussed earlier ablation will limit the effective temperature depending
on the bolide thermophysical properties. For rocky type asteroids, ablation will typically limit the physical surface temperature
to about 4000-7000K depending on the material composition and closing speed. An example if this is shown earlier in the paper.
Vapor pressure vs flux for various refractory compounds as well as water are shown in the next figure from our work on laser
ablation. Note the ram pressure at 50km altitude for a 20km/s bolide is about 1 MPa which is consistent with the Chelyabinsk
and Tunguska event bolide yield strength estimates. Higher strength bolides will breakup and burst at lower altitudes. Note the
very rapid rise with decreasing altitude (increasing air density) so that even high yield strength asteroids will break up and burst
typically above 10 km for even very high strength asteroids (10-100 MPa yield) even as they slow down.
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Figure 144 — Bolide ablation vapor pressure vs atmospheric

ram flux for various compounds including high temperature
refractory compounds and low temp (H20).
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Figure 143 — Bolide ablation temperature vs atmospheric ram
flux for various high temperature refractory compounds.

Mass Ejection Flux vs Flux for Various Compounds
10°

10°
10*
.
Ng 10
210
X
= 10
3 10°
3
-1
ar 10 MgQ
@, Si02
g 10 Zns
1072 Al203
TiO
4
=AY (F Y (N H20
10°
10" 10 10° 10* 10° 10° 10" 10® 10 10" 10" 10"

Flux (w/m?)

Figure 146 — Ablation mass ejection flux from bolide vs
atmospheric ram flux.

Mass Ejection Flux vs Temperature for Various Compounds '
10°

Mass Ejection Flux (kg/m?-s)

6000

T

1000 2000 3000 4000 5000 7000

Temperature (K)

Figure 145 — Ablation mass ejection flux from bolide vs
bolide temperature at forward edge due to atmospheric ram flux.

179




Atmospheric Scale Height and Temperature vs Altitude
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as the 5" power of the diameter. This scaling is critical to the success of our method. Even for asteroids of 1km

diameter the binding energy is only the equivalent of roughly 20 tons of TNT.......cccocviiiiiiiiiiiinieeee e, 8
Figure 5 — Gravitational escape speed vs asteroid diameter for density 1.5, 2.6 and 4g/cc. Note that the escape
speed scale linearly With the aStEroIt SIZE..........cueiiiiiiieiieie ettt sne e 9

Figure 6 — Typical air burst nuclear weapon energy distribution. Note ~50% of the total energy yield goes into
the hypersonic blast wave (incl wind) initially. The total shock wave energy decreases with distance as the
ShoCk Speed deCays t0 IMACK L. .......ci it e st e e s aa e teere e s re e teeneesreennas 9
Figure 7 — Energy required to disassemble an asteroid at a given fragment speed relative to the center of mass
for fragment speeds from 1 to 100m/s and parent asteroid diameters from 1 to 1000m. For asteroids below
10m diameter that are stony (<3g/cc), we would generally not take any action as the blast wave at the Earth’s
SUITACE WOUIA D8 SMAILL ...t bbbttt bbbt be e 12
Figure 8 — Disruption energy per unit mass of the parent object vs diameter and vs disruption speed from 0 to
20m/s. The zero-speed case is the gravitational binding energy only case. The often quoted 100 J/kg “disruption
energy per mass” corresponds to 14.4 mM/S fOr COMPANISON. ......ccoiiiiiiiiiiiiierie s 13
Figure 9 — Left: Normalized speed and energy distribution (PDF) vs normalized speed for “delta from 1 to 4.
Right: Speed and energy distribution (PDF) for the case of average speed of p=1 m/s and a ¢ =0.3 m/s with a
reference fragment mass of 1 kg. Note the large PDF tail for speed and energy for large speed dispersion (low
d) and corresponding small PDF tail for low speed dispersion (1arge 8). ........ccoceererriiieniniiieenie e 16
Figure 10 — Sea level nuclear air burst “1kt standard” with scaling to 1Mt nuclear yield. Pressure vs distance
from the point of detonation. Power law fits are shown with scaling to arbitrary yield and distance. For
asteroids, we are not generally concerned with ranges less than 30km. A 10m diameter asteroid (20km/s,
2.6g/cc, 45deg angle) with 48kt blast yield is shown as a 100kt nuclear equivalent assuming approx. 50%
nuclear yield to blast yield. Multiple power law models including P(r)~1/r in the far field (orange) are shown.
BeSt fit SNOWN 1N NEAUE . .......e ettt e s e st e e s e saeeteeneenreenteeneenneeneas 18
Figure 11 — Far field pressure and acoustic intensity vs slant range with multiple power fits for 1,100 and 1000
KT nuclear yields. Note that p(r)~1/r is a reasonable fit to the 1 KT NED standard which tracks pressure to
about 700Pa (0.1 psi) at 8 km range though p(r)~ 1/r**® is a better fit. The critical range for our program is
about 30km (directly under fragment for ~10m diam) to 600km (acoustic horizon for 30km altitude burst). The
scaled cases for 100 KT (~ equivalent NED for 10m diam fragment with density 2.6g/cc and 20km/s closing
speed) as well as a 1 MT case (~equivalent NED for Chelyabinsk class event with 20m diam, density 3g/cc
and 20km/s). For the purposes of the conclusions of this paper, the precise scaling is largely irrelevant. Note
the acoustic intensity which scales a p2. At a pressure of p=1 kPa where we begin to have concerns about
poorly framed residential window cracking, the intensity (flux) is 2.5 kW/m? about 2.5x of Earth surface
10 11T ] ) S SSPU PP 19
Figure 12 — Wind speed, density and shock speed ratios as a function of the peak pressure p over ambient
pressure Po. At low pressure ratios, the shock speed is close to the sound speed co. At high pressure ratios, the
shock wave is highly supersonic. However, typically the blast wave peak pressure is p<< Po for the fragment
size and distance to the observer in cases of interest here. This results in the shock speed being close to sound
speed. At low peak pressures the wind speed scales proportional to peak pressure and hence is low (~1 m/s @
p=1 kPa). The scaling of the density behind the shock front and the dynamic pressure are also plotted. All
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cases are for y=7/5 or for diatomic MOIECUIES. ........cciiiiiiiiiiiiiic 21
Figure 13 — Shock wave Mach # vs distance to observer for a 1KT (blue) and 1MtT(red) equivalent nuclear
detonation. Recall that about % of the energy of an air burst nuclear detonation goes into the shock wave. This
means that the red curve (1 MT NED) corresponds to an asteroid shock wave energy of 0.5MT and the black
curve (LOOKT NED) corresponds to a 50KT asteroid shock wave. In our mitigation technique, the asteroid
fragments (~10m max diam.) have an energy of order 50KT or less and thus the cases of interest in this paper
typically lay between the blue (1KT) and black (100 KT) curves. A 10m diameter asteroid (20km/s, 2.6g/cc,
45deg angle) with 48kt blast yield is shown as a 100kt nuclear equivalent assuming approx. 50% nuclear yield
to blast yield. From this we observe that the shock wave rapidly decays to a speed of near Mach 1 (sound
speed) at the relevant slant distances (>10km) since the final burst altitude is typically above 30km............ 23
Figure 14- Relationship between sound pressure (SPL) and sound flux. Maximum exposure limits are the time
before hearing damage occurs for unprotected hearing. Recall p=1kPa (0.01 bar) is the limit where window
breakage can begin and p=10kPa (0.1 bar) is the limit where wood frame building damage begins.............. 24
Figure 15 - Atmospheric absorption coefficient for pressure of sound waves vs frequency from 1 to 1000Hz.
The classical (Green) and QM correction for Oz (Blue) and N2 (Red) molecules and the total absorption (black
dashed) are shown. Note the extremely high absorption of frequencies above 100Hz at relevant distances. Note
that for pressure ratios 20db=10x difference while for intensity ratios 10db=10x difference since intensity | a
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Figure 16- Blast wave pressure and intensity attenuation vs frequency and slant distance for constant pressure.
.......................................................................................................................................................................... 28
Figure 17 — Pressure and intensity attenuation for isothermal self-gravitating atmosphere case. r.=zp = burst
1L 0[RS 28

Figure 18 — Ground peak-overpressure from Operation Hardtack for test Teak (magenta) and Orange (blue)
shown vs our model predictions (red curve). We over predict the ground pressure by about 40% and 25%
TESPECTIVEIY. ..ottt bbbt bt h ettt bbbt b £ h £ e R e R e e b e bbb bRttt n b bt 29
Figure 19 — Peak wind sped created by blast wave vs peak pressure. Note the blast created wind speed is much
smaller than the equivalent ram pressure from the bulk motion of atmosphere. 1 kPa (window cracking

threshold) and 10 kPa (wood frame structure damage threshold) SHOWN. ... 30
Figure 20-Ram pressure vs wind speed from storms with various storm categories. Also shown are 1 kPa
(window damage threshold) and 10 kPa (wood frame structure damage threshold)...........ccccceoviiniiiinenn. 31
Figure 21 — Probability of window breakage vs incident peak pressure from 1963 Medina Incident. Based on
LE=TcT I SRR 32
Figure 22 — Estimated pressure vs distance from Medina BUNKET. ..........cccoiiiiiiiiiciie e 32

Figure 23 — Pressure reflection enhancement factor for window breakage as a function of window orientation
relative to shock source with incidence angle being the shock source direction relative to the window normal.
Back side facing windows have a 4x lower effective pressure than windows on the front facing side of the

structure and side facing have 2x lower eff pressure both relative to incident pressure...........cccccevvveviveerieene, 33
Figure 24 — Peak overpressure and shock acoustic intensity vs distance from explosions in the weak shock
regime for explosives from 1g (large firecracker) to 1 Mt (thermonuclear NED)...........cccccovvevieiiienieiinnns 35

Figure 25— Horizon distance (horizontal range) vs altitude. The typical burst altitudes of 10m diameter
fragment fragments is about 30km, yielding a horizon distances of about 600km. By this distance, the shock
wave peak pressure will have diminished greatly and would not be hazardous............cccccevviiivivenciieieens 36
Figure 26— Asteroid exo-atmospheric KE vs diameter from 1 to 1000m for density 2.6g/cc. The right hand y-
axis shows the temperature rise of the Earth’s atmosphere assuming equilibrium. To first order, this plot is
independent of fragmentation. Up to 1km diameter, the average temperature rise is small. The detailed issues
of thermal diffusion and energy dissipation channels such as shock wave acoustics are discussed in the text.
.......................................................................................................................................................................... 37
Figure 27- Asteroid exo-atmospheric KE vs diameter from 1 to 100 km (extremely large asteroids) and speed
for density 2.6 g/cc. The right hand y-axis shows the temperature rise of the Earth’s atmosphere assuming
equilibrium. To first order, this plot is independent of fragmentation. Above a few km diameters, the effects
on the Earth’s atmosphere become serious, and critical above 10km. In these cases, either the interception for
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fragmentation must be done early enough to spread the debris cloud to be large enough so that most of the
fragments miss the Earth, or complete diversion of the asteroid to miss the Earth must be implemented.
Fortunately, very large asteroids are both extremely rare (though they have hit the Earth in our geologic history)
and we would have sufficient notice to take action long before impact. The KT event we believe that caused
the mass extinction 65 MYT ago is shown at 10km diameter based on the Iridium in the KT boundary clay
Y SR 40
Figure 28 — Pancake model where atmospheric ram pressure causes plastic deformation of bolide until airburst
(0[] T L1 o] PSSP 45
Figure 29— Functional form of asteroid yield strength vs density. This is only an approximate relationship
between density and COheSioN (SLrENGLN). ........oie i 51
Figure 30— Friedlander functional form of blast wave pressure and flux vs time where t1 is a parameter for the
zero cross time when the pressure goes below ambient. The parameter t1 is dependent on the detonation
specifics, atmospheric specifics, and distance to the observer. None of our conclusions depend critically on ta.
.......................................................................................................................................................................... 53
Figure 31 — Pressure and energy fraction in blast wave normalized to t1 for various fits to p(r). Note that for
p(r)~1/r scaling in the far field then the energy fraction/t1 is independent of distance and that if t1 scales as
Ex’® (which is normally assumed independent of P scaling with r, then the energy fraction is independent of r
AN E. oot h e £ b bR bR e R e R e e R £ e £ oAb e b e bR Rt Rt Rt Rt et et bbbt e anes 56
Figure 32 — Positive pressure time (t1), peak blast pressure and blast wave fractional energy of total NED yield
vs distance based on measured positive pressure time for nuclear weapon airburst tests. Note the pulse
stretching (t1 increases with distance from near to far field) The fraction of energy in the blast wave relative to
the total weapon yield assumes t1 is the measured value for the 1 KT standard at a distance where the blast
pressure is about 10 KPa or 1/10 of ambient pressure. This is the regime where far field behavior (relevant to
us) begins. For this regime t1(s) =0.42Ex3. We assume a best fit pressure scaling in the far field of ar=-1.13.
In the relevant fragment energy regimes of 10-200 KT for fragments of order 3-15m for nominal closing speeds
of 10-20 km/s with about 50% of the initial energy in the equivalent NED going into the initial (early near
field) blast wave, the fraction of blast wave energy in the relevant far field distance range of 30-800 km, is
typically of order 1%. To convert from bolide fragment total blast wave energy deposition (near field) Ebolide-
blast-wave 10 the equivalent NED yield Ened We have Ened= Ebolide-blast-wave/ened-initial-blast Where is the fraction of the
NED vyield converted into the initial (very near field) blast wave energy which is typically about ened-initial-
blast=0.5 — ie the NED yield is double the bolide fragment total blast energy. For example, if the fragment has
20KT of energy put into the blast wave initially then the equivalent NED vyield for computing pressure, ti,
energy fraction etc in far field corresponds to an initial equivalent yield of Ened =40 KT......coceovveviniieennen. 57
Figure 33 — Comparing the shock wave flux and speed to the blast dynamic (wind) flux and speed. For
overpressure > Po (ambient pressure — strong shock regime) the dynamic (wind) flux is greater than the shock
flux with most of the energy going into the wind while at lower pressures (weak shock regime) the shock wave
flux is generally much greater than the dynamic (wind) flux with wind speeds being quite low at low pressure
FALIOS (1ArGE GISTANCE). .. .eiieeeieieie it bbbttt h bbb e bbbt bt b et e e bt ettt anes 58
Figure 34 — Shock and Dynamic (Wind) Flux and Wind Density, Shock and Wind Speed and Wind Density
vs range for 10KT and 1 MT equivalent NED yield. Note that the Wind flux (pink) is much less than the shock
flux (orange) in the far field but the wind flux exceeds the shock flux in the near field. Since our fragments all
burst at altitudes above about 25km (depending on size and density), we are essentially always in the far field.
.......................................................................................................................................................................... 59
Figure 35 — Ratio of positive pressure times (t1) for various far field fits from as=-1 (p(r)~1/r) to as=-1.13 (best
fit). Note that for ar =-1, the time ratio is independent of yield energy, again for the far field. If the conversion
efficiency (avlast) is independent of distance in the far field then t1 is also independent of r in the far field. .. 60
Figure 36 — Time scale (t1) for positive pressure phase of shock wave vs equivalent detonation energy at a
pressure of about 10 kPa (Glasstone and Dolan, Brode) . This time scale is known as the Friedlander t1
parameter. The relationship is approximate and influenced by many factors including atmospheric acoustic
absorption of high frequency (short time scales). The equivalent asteroid diameter from 1.5 to 35m for a typical
stony bolide (2.6 g/cc) is also shown. For a 10m asteroid the time scale is about one second. Note that pulse
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stretching will introduce a t1 term that is pressure and thus distance dependent. See discussion below.......... 61
Figure 37 — L: Fraction of energy in shock wave vs peak over-pressure using t1 analytic extrapolation.
Independent of energy yield. R: Fraction of energy in shock wave vs slant range distance using t1 analytic
3 = 0 To] =1 o o SRS 62
Figure 38 — Positive pressure time (t1 )vs over—pressure for a IMT low altitude NED with fits to low pressure
(weak shock) and strong shock regimes. Note that the positive pressure time scales with both pressure and
10T 0 PP TP PO U PP TPRRPTI 62
Figure 39— Summary of our modeled breakup and burst altitude as well as the blast wave peak pressure and
flux and total blast wave energy vs asteroid/fragment diameter for 17 km/s entry, as well as horizontal distance
from ground zero (point on the Earth directly below the final burst) for diameters from 1 to 100m. Beyond
~100m diameter, the asteroid will hit the ground, resulting in massive local damage. The curves are shown for
a density 2.6g/cc (stony) asteroid at 17km/s and 45-degree impact (horizon angle). The lines for common
residential and commercial building glass breakage and the beginning of serious residential structural damage
are shown in grey dashed and solid lines, respectively. Breakup altitude is virtually independent of diameter,
while burst altitude is critically dependent on diameter. As is seen, if we can keep the fragment size below
10m diameter for rocky asteroid (~ Sm for higher density “iron rich” asteroids) then the damage even directly
below the burst (Lkm distances from ground zero, for example) is below the glass breakage threshold (~ 1kPa).
This is a critical take away from this plot. Fragmentation into reasonably small fragments prevents serious
damage. The fragmentation maximum diameter to be allowed does depend strongly on the asteroid density
and angle of attack and weakly on the speed. The latter weak dependence on speed is not obvious, but is due
to high altitude breakup at high speed and energy dissipation into modes other than shock waves. .............. 64
Figure 40— Frequency of impacts, exo-atmospheric energy, and air burst/ground impact energies for asteroids
from 1 to 1000m diameter — density 2.6. Below ~90m diameter the asteroid will air burst, and above 100m the
asteroid will impact the ground. The energies in Mt (TNT) are shown for incoming, air burst (shock wave),
and ground impact energies. Preventing ground impact is Critical. ............ccooooiiiiiiiiiiiicee 65
Figure 41 — Ratio of mass of atmosphere traversed before burst over bolide mass for case of 17 km/s, 4 g/cc
bolide with about 1 MPa yield strength and attack angle of 45 degrees. Also shown are breakup and burst
1L 0[RS 66
Figure 42— Breakup and burst altitude vs asteroid yield strength for our model. Air density at breakup and
burst is also shown. Comparison to various common material yield strengths is also shown. While there are no
known bolides with large scale yield strength, we include high strengths for completeness. While some
fragments may have high yield strength, our simulations show these can be fragmented sufficiently small as
10 DB OF [ITHIE CONCEIM. ..ttt ettt e bt e nbe et e beeneeenee s 67
Figure 43 — Breakup altitude vs yield strength for 2,4 and 10m diam fragments. Note that slow very high yield
strength fragments can penetrate the atmOSPNEIE. .........ocoviiiii i 68
Figure 44 — Burst altitude vs yield strength for 2,4 and 10m diam fragments. Note that slow very high yield
strength fragments can penetrate the atmosphere due to low atmospheric ram pressure. ..........cccecvvevevverieene. 68
Figure 45 — Peak pressure directly under fragment (ground zero) vs yield strength, diameter and speed. Note
the strong dependence of the peak pressure vs diameter and yield strength (which approximately correlates
with density) as expected. Various common material yield strengths are shown for reference. The peak blast
pressure is a function of both the fragment energy (speed and density dependent) but also the burst altitude
above the ground with higher yield strength fragments penetrating deeper in the Earth’s atmosphere but also
related to exo-atmospheric fragment speed with a complicated relationship between speed, penetration depth
and yield strength. Slower fragments can penetrate more deeply due to their smaller drag and smaller ram
pressure. High yield strength slower fragments can penetrate very deeply which can cause higher peak
pressures as they can burst closer to the ground. This is seen clearly for very high strength low speed fragments.
Some very high strength slow speed fragments, which cause relatively little damage, can penetrate all the way
to the ground. An example of this is the Hoba nickel-iron meteorite which is about 3x3x1m that is estimated
to have hit the ground at about 300m/s having slowed down greatly in the Earth atmosphere and not having
burst due to it high yield strength and apparently relatively low entry speed giving insufficient ram pressure
for fragmentation to occur. For reference, both the 2013 Chelyabinsk and 1908 Tunguska events are estimated
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Figure 68 — Estimated penetrator depth-to-length ratio for asteroid yield strength vs penetrator speed. This is
a rough estimate based on relatively low speed penetrator physics. The physics for relevant speeds of 10’s
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Figure 69 — Ablation rate, total flux including radiation and other related parameters vs temperature for an
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Figure 70 — Pancake model diameter, power emitted assuming a 2 Pi radiating 6000K flat surface and ground
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Figure 71 — Optical signature measured from satellite observations for an event on June 6, 2002. With an
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Figure 73 — The observed spectrum for an assumed 6000K source spectrum at a slant range of 200km after
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ODSEIVING T SUN SELLING. ...eviitiitiiii e bttt bbb bbbttt et et bbbt ens 98
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Figure 78 — Analytic relationship that is often used to relate the measured total optical energy in an atmospheric
“fireball” to the inferred exo-atmospheric total kinetic energy. Note that the measurement is the total optical
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estimates of conversion into optical energy and they have little effect on the conclusions as we are already
extremely conservative in assuming ALL the light from ALL the fragments arrive instantaneously at the
observer as discussed below. There is a wide scatter of the limited observed conversion of estimated exo-atm
energy into optical energy as the process of conversion is highly dependent on the composition, internal

structure, speed, impact angle etc. Our overall conclusions are not dependent on these details. .................. 101
Figure 79 — Optical energy flux (J/m?) at observer vs optical pulse arrival time for 1 day intercept of 100m
DOLIAE 1IN 1000 FrAgMENTS. ......eiiiiieiie ittt b e bt e be s e s b e e bt e se e be e beenbesbeenbeeseesbeenbeaneans 104
Figure 80 — Optical energy flux (J/m?) at observer vs optical pulse arrival time for 10 day intercept of 100m
DOIIAE 1N 1000 FrAGIMENTS. ...ttt bbbt b bt bkt b e e et bbb bt 104
Figure 81 — Observed fragment theta, phi for 10 day intercept of 200m bolide. Observer under edge of ring.
........................................................................................................................................................................ 105
Figure 82 — Observed fragment theta, phi for 1 day intercept of 100m bolide. Observer under edge of ring.
........................................................................................................................................................................ 105
Figure 83 — Optical energy flux (3/m?) at observer vs optical pulse arrival time for 5 day intercept of Apophis
1N 30000 FIAGIMENTS. .....cueiiteteiteite ettt bbbt bbb e st e s e s b e b bt b bt bt bt e bt e e et et e be b e b e 105
Figure 84 — Optical energy flux (J/m?) at observer vs optical pulse arrival time for 10 day intercept of Apophis
1N 30000 FIAGIMENTS. .....cueiiteteiteiti ettt e bt bbb bt R e s e s e e e et e b bt bt bt e b b e e st et e be b b e 105
Figure 85 — Observed fragment theta, phi for 10 day intercept of Apophis. Observer center of ring. .......... 106

Figure 86 — Observed fragment theta, phi for 10 day intercept of Apophis. Observer under edge of ring. .. 106
Figure 87 — Optical energy flux (J/m?) at observer vs intercept time for Apophis in 30000 fragments. Very
conservative as no cooling between optical pulSes IS aSSUMEM............ccuevieiiiiiiiniierieeeee e 106
Figure 88 — Optical energy flux (3/m?) at observer vs intercept time for 100m bolide in 1000 fragments. .. 106
Figure 89 - Fragment blast wave pressure distribution vs blast arrival time for a 1km bolide fragmented into
100,000 pieces (21.6m diam. avg.) 60 day prior to impact. Fragments have a 1m/s average speed relative to
center of mass. The observer is right under the right (worst place) at 6000km from center of fragment ring The
radar horizon at 600km is shown as an acoustical propagation time of approx. 2000 sec. We allow “over the
horizon” acoustical signatures to propagate but their effect at the observer is minimal.............cccccoeenine. 107
Figure 90 - Optical energy flux (J/m?) at observer vs optical pulse arrival time for 60 day intercept of 1km
bolide in 100,0000 fragments. The observer is right under the right (worst place) at 6000km from center of
fragment ring. Note the large optical arrival time range. This range will greatly reduce the effect of the optical
PUISE TromM ACH FragIMENT. .. ..o et e e et e e e e sbe e s b e e beeenneenreeanes 107
Figure 91 - Fragment blast wave pressure distribution vs blast arrival time for a 1km bolide fragmented into
500,000 pieces (12.7m diam. avg.) 60 day prior to impact. Fragments have a 1 m/s average speed relative to
center of mass. The observer is right under the right (worst place) at 6000km from center of fragment ring The
radar horizon at 600km is shown as an acoustical propagation time of approx. 2000 sec. We allow “over the
horizon” acoustical signatures to propagate but their effect at the observer is minimal. Note the similarity to
the 100,000 fragment case above, but with a smaller mean fragment size due to the 5x increased number of
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Figure 92 - Optical energy flux (J/m?) at observer vs optical pulse arrival time for 60 day intercept of 1km
bolide in 500,0000 fragments. The observer is right under the right (worst place) at 6000km from center of
fragment ring. Note the large optical arrival time range. This range will greatly reduce the effect of the optical
pulse from each fragment. Note the similarity to the 100,000 fragment case above but with a smaller mean

fragment size (12.7m) due to the 5x increased number of fragments. ..........cccceviieie i 108
Figure 93 — Ratio of gravitational binding energy to fragment KE. Above 2km diameter gravity dominates for
1m/s disruption fOr AENSILY 2.60/CC. .....viiiiieiiieiie et e et e e e sb e e st e e beeeneesreeanes 109

Figure 94 - Energy required to disassemble a large asteroid/comet at a given fragment speed relative to the
center of mass for fragment speeds from 1 to 300m/s and parent asteroid diameters from 1 to 100km. Note that
unlike the case of small bolides, the case of large bolides has very significant gravitational binding energy.
Note that above 40km diameter there is not sufficient explosive energy in the world current arsenal to even
gravitationally de-bind the DOIITE. .........cve it esraenas 109
Figure 95 — Blast wave peak pressure vs arrival time for 15 minute intercept of 20m bolide in 20 fragments.
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Figure 96 — Blast wave peak pressure vs arrival time for 5 hour intercept of 50m bolide in 100 fragments. 111
Figure 97 — Optical energy flux (J/m?) at observer vs intercept time for 50m bolide in 100 fragments. ...... 111
Figure 98- Left: CW MPE vs exposure time in power flux (W/m?). Right: Pulsed MPE vs wavelength in energy
flux (J/m?). With a typical bolide optical pulse of about ¥4 sec a conservative estimate of the Pulsed MPE is 10

JI2. ettt A ettt a ettt e e ettt e e ettt s Attt en ettt enen e 112
Figure 99 — Time evolution of each of the 20 blast waves from the fragmented Chelyabinsk bolide at ground
=] {0 PP 114
Figure 100 — Peak pressure and arrival time of the 20 blast waves from the fragmented Chelyabinsk bolide at
40km surface distance from groUNG ZEF0. .........ocveieiieieee et e e sae e e reesreaneesraenas 114
Figure 101 — Peak pressure and arrival time of the 20 blast waves from the fragmented Chelyabinsk bolide at
001U a0 =] (o TSP 114
Figure 102 — Time evolution of each of the 20 blast waves from the fragmented Chelyabinsk bolide at 40km
UL 7 (o0 Y g oSSR 114

Figure 103 — Breakup and burst altitude as well as peak pressure and acoustic flux at ground zero (under
fragment) for fragment diameters from 2 to 20m. The peak pressure and acoustic flux are well fit by power
laws, as shown. Blast wave flux per unit of blast yield is also shown. It is fairly constant over this fragment
range. Blast wave pressure is shown at 1km ground distance from ground zero which is essentially equivalent
to being at ground zero (right under fragment DUISE). ........cooiiiiiiii 116
Figure 104 — Breakup and burst altitude and blast wave arrival time at ground zero (directly under fragment)
vs fragment diameter. This shows the large spread in arrival time caused by the range of burst altitudes for
different fragment sizes. Smaller fragments burst at high altitudes and have shock waves that arrive later
compared to larger fragments that burst at IoWer altitUdES ............ooveiiiieiie e 117
Figure 105 — 100 sec intercept time evolution of each of the 20 blast waves from a fragmented 15m bolide at
ground zero With 10M/S dISTUPLION. ...c..eviiiiiiiiiei ettt b bbb nneas 118
Figure 106 — 100 sec intercept time evolution of each of the 20 blast waves from a fragmented 20 m
(Chelyabinsk) bolide at ground zero with 10m/S diSTUPLION. ........vveivieiieiiie e 118
Figure 107 — Ratio of integrated optical flux to peak acoustical (blast wave) flux. Specific case is for 100m
diameter in 1000 fragments with observer at center of fragment cloud but ratio is generally indicative for a
VATTELY OF SCENMAITOS. ...viitieiieiiete ittt bbbttt h e bbbt b e bRt e Rt e e e b e bt e bt e bt e bt e bt e st et et st nbe b e 120
Figure 108 - Intercept time prior to impact, blast wave pressure, and optical pulse at observer and maximum
pressure directly underneath all fragments vs bolide diameter. The simulations were done for a speed of
20km/s, density of 2.6g/cc and 45-degree angle of attack for 15, 20, 30, 40, 50 , 100, 370 (~Apophis), 500
(~Bennu) and 1000m diameters. Recall Bennu has a much lower density of about 1.26g/cc than our nominal
rocky asteroid density of 2.6g/cc. The disruption speed dispersion is 30% of the mean speed and the density
dispersion is 30% of the mean density. The disruption speed has a mean of 1m/s for all bolides except the 15
and 20m diameters, which have a mean disruption speed of 10m/s. The intercept time for the smaller diameters
(<40m) is dominated by the dispersion in the burst altitude (zv), while the very large diameters (>300m) are
dominated by the finite size of the Earth. In both extremes (small and large), the intercept time is lower than
expected analytically. Note that zero-time intercepts are possible for bolides less than 30m due to the shock
wave arrival time dispersion from the burst altitude dispersion dominating over the lateral dispersion. As
mentioned, the intercept time < can always be shortened by making the mean disruption speed (vave) larger, but
this increases the disruption energy required. In general, even larger bolides have acceptable intercept times
when the cloud diameter exceeds the Earth diameter. For 1m/s disruption, intercept times greater than 75 days
are sufficient for bolides even larger than LOKM...........cooviiiiiiii i 124
Figure 109 —L: Interceptor penetrator array deployment sequence. Note that the outer layers are ejected (peeled
away) first and then successive penetrators peel away the inner layers in a conical pattern. R upper: Optical
and Acoustic Signature from each fragment as well as minor contribution of dust from fragment disintegration.
R Lower: Effects of multiple fragments on observer. The acoustic de-correlation is clearly seen from the
varying acoustic path lengths from each fragment. ..........cccooeeiiiii i 127
Figure 110 — Top: Projection of the fragment cloud onto the surface of the Earth. The superimposed color
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scale shows the distribution in impact time as a function of the impact location. (Bottom) Projection of the
fragment cloud onto the surface of the Earth in the case of a much larger fragment cloud. In this case, a large
fraction of the fragments miss the Earth entirely. This can be achieved either by earlier interdiction or by
imparting a larger amount of Kinetic energy to the fragments. ..........ccccoveiiv i 128
Figure 111 — Diagram of projected fragment plane used in calculations below. Note that the angle of attack of
the fragment relative to the horizon (¢i ) varies as the position ri of the fragment varies. Note that the fragment
“tangent plane” is defined such that the parent bolide velocity vector is parallel to the fragment plane normal
which is the same as the local normal to the Earth at the “contact point” of the tangent plane and the Earth’s
surface. The angle of parent bolide velocity vector relative to the local horizon where the parent bolide would
have hit had it not been mitigated is the angle of attack of the parent bolide and is the angle ¢o in this diagram.
Once the parent bolide is intercepted and disassembled then each fragment will have its individual angle of
attack ¢i as shown. The radius of each fragment relative to the parent bolide is the distance (ri — ro). A vertical
impact of the parent Dolide IS WNEN 10=0. ........oiiiiiiiii e 129
Figure 112 — Plot of fragment cloud projected onto the Earth as outlined in the equations and accompanying
figure in the section above. Shown here are the ratio of the fragment plane intersect distance ratio for a given
fragment distance from the “center” relative to the Earth’s radius including atmospheric height at typical burst
which is completely dominated by the Earth’s surface radius (ratio h/R) as well as the derivative dh/dr, angle
(theta) relative to the unmitigated bolide and fragment angle of attack (phi) relative to the horizon. The angle
of attack varies with the fragment position. The optical horizon at 600 km from the “center” of the tangent
plane for a burst altitude of approx. 30 km is shown for reference. .........cccocvveiveie s 131
Figure 113 - Plot of blast wave phase speed vp projected onto the Earth surface. The fragment burst altitude is
z» ground distance is rg and slant range is rs and the sound speed is vs. The phase speed diverges at 6=0 and

g0esS t0 the SOUN SPEEA Vs AL B=T1/2.......c.veeiieiiteeiieieeee ettt ettt bbbt 132
Figure 114 Blast wave slant range, derivative, observer angle from burst and phase speed to sound (blast
wave) speed vs ratio of ground distance to burst altitUde. ...........cccooeiieriiiiiiee e 133
Figure 115 - Relationship between intercept, spacecraft speed and initial bolide position. For simplicity this
ignores the complexity of the actual orbital dynamics which is case SpecifiC.......c.cccccvvviiiiiiiiiicic e, 134
Figure 116 — Ratio of rint /70 versus spacecraft speed and asteroid speed where 7int is the time to hit the Earth
after intercept and 1o is the time to hit the Earth after launch. ..., 135

Figure 117 — Diagram of enhanced deflection via energy injection induced mass ejection. Note that while the
diagram shows a transverse momentum mode, any other mode such as longitudinal (parallel/anti-parallel to
parent bolide VeloCity VECIOr) IS VIADIE. .........oviiii e 136
Figure 118 — Deflection mass required for a completely inelastic momentum transfer for threats from 10m to
10km diameter assuming a 20 km/s and density 2.6 g/cc threat with a 4 Re deflection for deflection times from

1 day to 300 Years Prior t0 IMPACT..........ciiiiiieiie ettt e et e et e srae e sbeessbeebeeenneesreeanes 139
Figure 119 — Setup for calculating bolide deflection intercept time and deflection distances. ..................... 141
Figure 120 — Induced rocket Mode MOGEL............cueoiiiiieiie e 141

Figure 121 — Payload mass capability for various positive Cs boosters. The NASA SLS is still in development
and the upcoming Space X Starship Cs specifications depend on the use of in orbit refueling capability which

1S NOt CUITENTY PUDTISNEA. ...ttt bbb 143
Figure 122 — Payload speed for Earth and lunar launch boosters vs Ca. .......ccccceeiiiiiiiie i, 148
Figure 123 — Mass ratio of final to initial vs Cs for various specific impulse engines for both Earth and lunar
JAUNCIIES. ...ttt ettt h e bt e s e R e b e e R bt e R e e bt e bRt e Rt et e Re e Reenbeeneenbeebeaneeas 153

Figure 124 — Payload mass and speed for both Earth and lunar launcher vs Cs IF the same launcher were used
in both an Earth and lunar launch scenario. Note that the payload speed for the same launcher from a lunar
launch capability is vastly larger. While it does not make sense to have the same launcher on the Moon for the
launchers shown, it does show that lower performance launchers, in particular the use of solid fuel launchers,
would become viable on the Moon while they are not viable on the Earth. ...........ccccccoocvviiiiiie e 154
Figure 125 — Penetrator mass required vs target diameter and a metric (x) that describes the energy per unit of
target mass for disruption. In theory, ¥=0.5 J/kg for 1m/s disruption even for km scale objects (gravitational
energy is sub-dominant) while observation and SPH studies of asteroids hitting asteroids (NOT purposefully
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designed high strength penetrators), indicated «~100J/kg. We show the total penetrator mass required for
«=0.5, 10 and 100 J/kg to bound the problem. Even with the pessimistic case of «<=100J/kg we can still mitigate
even very large threats with the new generation of heavy lift, positive Cs, launchers becoming available. This
IS EXITEMEIY ENCOUIAGING. ©rovviiireieeieeeie e ettt e e et e et e bt et e et e teesaeaseesseeseeeneesteenseaneesseenneeneesreesenneens 155
Figure 126 — Observations of ~ 6000 asteroid light curves to deduce the spin period. See also Warner, Harris
and Pravec, Icarus 202, 134 (2009). Note sharp cutoff at about 2.4hrs (10/day spin rate) for large (rubble pile)
bolides. Conclusion is that smaller asteroids can be dominated by cohesive binding..........c.cccocoviiiiiinnns 161
Figure 127 — L. Ratio of Cohesive binding to gravitational binding maximum rotation rate vs bolide diameter
and surface fragment (rock) diameter. R: Ratio of Cohesive binding to gravitational binding maximum rotation
rate vs bolide diameter and surface fragment (rock) fractional diameter compared to parent bolide diameter.
........................................................................................................................................................................ 161
Figure 128 — Modeling of cohesive tensile strength of a “rock” embedded in a fine binder material that holds
the rock via molecular surface binding. Here we show the rock at the surface of the bolide with %2 of the rock

attached via the fine binder and %2 above as an example. ..........coevieiiic i 162
Figure 129 - Example of rock at surface of a rotating bolide that is bound via a fine binder with surface
molecular forces as in the fiQUIe aD0OVE............cuiiiiii e e 162

Figure 130 — Fragment cloud radius vs intercept time. Note that at intercept times greater than about 75 days
to 150 days depending on ground zero impact position and angle of attack with 1m/s disruption, the fragment
cloud grows to be larger than the Earth and most fragments miss the Earth completely. Shorter intercepts are

always possible with higher diSruPtion SPEEU. .........ccviii i e 164
Figure 131 — Fraction of exo-atmospheric kinetic energy that goes into the blast wave as a function of impact
] 0LC=0 =T IR 72T ST TSS 170
Figure 132 - Fraction of exo-atmospheric kinetic energy that goes into the blast wave as a function of impact
R 0LC=0 =T 0 I (=1 0] 2SS PSSR 170
Figure 133 -Fraction of exo-atmospheric kinetic energy that goes into the blast wave as a function of impact
Speed and AttaCK ANQIE..........ooui i et e et e e e nn 170

Figure 134 - Blast wave peak pressure (overpressure) vs asteroid density at ground zero. Note the strong
dependence on density. For higher density threats (rare large NiFe bolides for example — 8 g/cc), it is preferable
to keep the fragment size below about 5m while for typ rocky asteroids ( <4g/cc) fragment sizes less than
~12m are acceptable. Smaller fragments are always preferred if poSSibIe. ... 171
Figure 135 - Blast wave peak pressure (overpressure) vs horizon angle of attack at ground zero. Note the very
week dependence on angle for small diameters. ..........ooviiiiiieii e 171
Figure 136 — Blast wave peak pressure (overpressure) vs asteroid speed at ground zero. Note the very week
dependence on speed. Higher speed leads to early bursts with a lower fraction of initial KE in blast.......... 171
Figure 137 — Alpha parameter (BB convolved with atmosphere) vs slant range for 30km alt bolide. for 50km
trOPOSPNEIE VISIDIIITY. ...ttt bbbt 172
Figure 138 — Atmospheric transmission vs wavelength from 0.3 to 2 microns with BB source brightness vs T.
........................................................................................................................................................................ 172
Figure 139 — Atmospheric transmission vs wavelength from 0.3 to 2 microns vs slant range for 30km alt bolide
With 50Kkm troposphere VISIDIITY.. ......cooiiiii e e 172
Figure 140 - Upper: Atmospheric Temperature and Pressure vs altitude vs atmospheric model. Note that in the
critical regime of 30 to 70km altitude there is significant difference in the temperature profile between seasonal
atmospheric models resulting in modest pressure differences. There are also latitude differences that are not
shown. Lower: Pressure, Density and temperature for 1976 standard atmosphere which we will use as a
reasonable representation in OUr MOAEIING. .....c..ooiiiiii i 174
Figure 141 — Left: Atmospheric pressure, density and temperature up to 90 km. Note that pressure and density
are well fit by an iso-thermal self-gravitating model with a scale height of H=7.3km. As we show later, the
ground effect for H from 7 to 8km is only modest. Right: Pressure, density and temperature up to 1000km.
Above about 120km the atmosphere is strongly heated and affected by the sun (UV, solar wind, flares) with
significant SPACe WeEatNer EFFECTS. ........iiiieee ettt ns 178
Figure 142 — Left: Atmospheric particle density, mean free path between collisions and collision rate up to
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1000km. Right: Bolide atmospheric ram pressure, power flux and equivalent temperature for closing speeds
of 5,10, 15 and 20km/s. The speeds are independent of altitude to show the various effects. In practice the
bolide speed slows down with decreasing altitude. Note that the equivalent temperature assumes no ablation.
As discussed earlier ablation will limit the effective temperature depending on the bolide thermophysical
properties. For rocky type asteroids, ablation will typically limit the physical surface temperature to about
4000-7000K depending on the material composition and closing speed. An example if this is shown earlier in
the paper. Vapor pressure vs flux for various refractory compounds as well as water are shown in the next
figure from our work on laser ablation. Note the ram pressure at 50km altitude for a 20km/s bolide is about 1
MPa which is consistent with the Chelyabinsk and Tunguska event bolide yield strength estimates. Higher
strength bolides will breakup and burst at lower altitudes. Note the very rapid rise with decreasing altitude
(increasing air density) so that even high yield strength asteroids will break up and burst typically above 10

km for even very high strength asteroids (10-100 MPa yield) even as they slow down. ...........c.ccccceveveennnne 178
Figure 143 — Bolide ablation temperature vs atmospheric ram flux for various high temperature refractory
(070 001U g0 SO SSRTS 179
Figure 144 — Bolide ablation vapor pressure vs atmospheric ram flux for various compounds including high
temperature refractory compounds and 1ow temp (H20). .....oovoiiiiiiiiiiieeie s 179
Figure 145 — Ablation mass ejection flux from bolide vs bolide temperature at forward edge due to atmospheric
;L0 I L1 ST SORP PPN 179
Figure 146 — Ablation mass ejection flux from bolide vs atmospheric ram fluX..........ccocooeiiiiiiniciennn 179
Figure 147 - Atmospheric temperature and equivalent scale height vs altitude. Note rapid increase in
temperature and scale height above 120Km altitude. ............ccoriiiiiiiiiee s 180

Figure 148 — Fragment breakup and burst altitude as well as ground zero blast pressure and total blast wave
energy for varying scale heights from H=6 to H=8km. The difference in ground effects is modest for varying
H. We assume H~7.3 to 8km as good fits to atmospheric profiles up to 100km altitude below which the critical
ALMOSPNEITC INTEIACTIONS OCCU .......eiuieititeteite ekttt b ettt e bbbt b et et e ettt e b b nre s 180
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