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1. Background & Motivation
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How does asteroid deflection via a stand-off B%(AFIT

nuclear detonation work? e T SR
Thomas Ahrens & Alan Harris. Deflection and fragmentation of near-Earth asteroids. Nature, 1992.
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Nuclear deflection is an established concept. But, BMFITT
open-question: which neutron energy is best? mewmm=s

 Problem: Does the neutron energy affect asteroid deflection?
« Hypothesis: Affirmative.

 Why? Neutrons of different energies can interact very
differently when they traverse the same material, which can
change:

* enerqy deposition profiles
* enerqy coupling efficiencies

Why does this matter? This type of research could help
determine which type of device outputs are most
effective for deflecting asteroids, and whether altering
the neutron energy spectrum would ever be worthwhile.



Specifications of the sources and the target
considered in this work.

e Sources:
* Neutron energies — 14.1 MeV (fusion) & 1 MeV (fission)
* Neutron yield — 50 kt
« Stand-off distance ~ 62 m from asteroid

« Target:
« 300 m diameter asteroid, perfectly spherical
« SIO, @ 2.65 g/cc, with 30% porosity (1.855 g/cc bulk density)

Phase I, Neutron Energy Deposition.
Sources were simulated in MCNP6.2,
a Monte Carlo radiation transport code.

Phase Il, Asteroid Deflective Response.
Target was simulated in ALE3D,
a hydrodynamic material response code.
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2. Role of Nuclear Data
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Nuclear data is the very foundation of this work. BMFITT
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« For a given problem geometry and material composition,
nuclear cross sections are how bulk neutron interactions

are mapped to energy deposition profiles.
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Nuclear data ultimately determines the end results of asteroid deflection. 3



3. Energy Deposition &
Deflective Response
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Input: nuclear cross section data

MCNP | e
Output energy depOSItlon uuuuuuuuuuuuuuuuuuuuuuuuuuuuu
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ALE3D

Input: energy deposition
Output: deflection velocity change

 For a 50 kt neutron yield, the deflection velocity change,
6V, I1s 61% higher for 1 MeV neutrons vs 14.1 MeV neutrons.
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Y, E, STC-1 Efeﬁfff oV
50 kt 14.1 MeV | 9.31469 - 10%° | 5.0364 kt | 6.19 4 0.06 cm/s
50 kt 1 MeV | 1.26157 - 10*" | 7.9785 kt | 9.99 4 0.12 cm/s

In some respects, for certain deflection
scenarios, devices with greater 1 MeV neutron
outputs can be more effective at deflecting
asteroids than 14.1 MeV neutrons.
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4. Summary & Conclusions
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All of my results depend on the underlying nuclear ngAT.‘FT
data that | accessed, and how | accessed it. = ==

| used ENDF/B-VII.1 cross section libraries via MCNPG6.2.

* Preliminary work with Mercury (discontinued due to lack of
time): energy deposition trends were in agreement, but some
unresolved quantitative differences vs. MCNP.

« ENDF/B-VII is not the newest U.S. library (ENDF/B-VIII1.0), nor
did I get to consider/compare to JENDL, KAERI, etc. libraries.

« MCNP’s energy deposition (radiation) w/high-fidelity nuclear
data was only loosely coupled to ALE3D’s deflective response
(hydrodynamics) — time-dependence of neutron energy
deposition warrants further investigation.

Accuracy/precision of cross sections is paramount to
correct energy deposition: any changes to cross section
data could have significant effects on the end results.
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Questions? %{KFIT
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Summary & Conclusions. BMFITT
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 Problem: Does the neutron energy affect asteroid deflection?
 Hypothesis: Affirmative. Confirmed.

« Why? Because changing the neutron energy means
changing the:
e energy deposition profiles
* energy coupling efficiencies

Why does this matter? This type of research could help
determine which type of device outputs are most
effective for deflecting asteroids, and whether altering

the neutron energy spectrum would ever be worthwhile. "



Backup Slides
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Two ways how changing the neutron interactions
amounts to changing the energy deposition.
 First: changing the neutron energy = changing total cross-

section magnitude = changing the mean-free-path =
changing the spatial extent/distribution of energy.

E... Nuclide o mip
Si-28 .81 F
14.1 MeV : : 10.8 cm
O-16 1.59 b
S1-28 | 4.68
1 MeV : _ "1 2.6 cm
O-16 815 b

On average, 14.1 MeV neutrons are more
penetrative than 1 MeV neutrons.

ZFAFIT
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Two ways how changing the neutron interactions BMFITT
amounts to changing the energy deposition. (Cont.) ===

e Second: changing the neutron energy = opening or closing
reaction channels = changing the energy coupling.

Q (”hmfsai 3”]"’3??13) (

Capture Reaction
[sotope E}
(n.y) | (n.p) (n.d) (n.t) (n.a) | (n.2n)
S| 8474 | -3.466 | -9.698 | -16.743 | -2.749 | -17.799 | -1.7790

160 4.143 | -9.669 | -10.527 | -15.391 | -2.355 | -16.651 | -6.0494

W_J \ J
Y

Mass destroyed, Energy destroyed,

Energy created Mass created

Exothermic (+Q) reaction channels are a bonus for energy coupling,

while endothermic (-Q) reactions draw a coupling penalty. 19



The region where some material is melted Is
very thin (in depth) and very long (in angle).
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Energy deposition heatmap resulting from 50 kt’s worth of Wﬁ‘

14.1 MeV neutrons (left) and 1 MeV neutrons (right).
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Energy deposition heatmap resulting from 50 kt’s worth of BMFITT
14.1 MeV neutrons (left) and 1 MeV neutrons (right).
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Energy deposition heatmap resulting from 50 kt’s worth of B%(AFITT
14.1 MeV neutrons (left) and 1 MeV neutrons (right). —




Energy deposition heatmap resulting from 50 kt’s worth of B%(AFITT
14.1 MeV neutrons (left) and 1 MeV neutrons (right). —




Energy deposition heatmap resulting from
50 kt’s worth of 14.1 MeV neutrons.
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Energy deposition heatmap resulting from
50 kt’s worth of 1 MeV neutrons.
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Energy deposition heatmap resulting from
1 Mt’s worth of 14.1 MeV neutrons.
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Energy deposition heatmap resulting from
1 Mt’s worth of 1 MeV neutrons.
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A nuclear device is the most efficient BWFT
technology for asteroid deflection. s

* Nuclear standoff explosions are “10-100 times more effective
than non-nuclear alternatives”

* NASA study

* Nuclear energy densities (energy/mass) are millions of times
greater than chemical bonds
« mass payload considerations are vital for space travel, delivery
* Nuclear deflection could mitigate an asteroid threat within a
few years for objects a few hundred meters in size

« other mitigation technologies require decades or more of
warning time

If NASA announced tomorrow an asteroid was
going to hit in 5 years, a nuclear device would

likely be the most effective choice of combat. -



14.1 MeV neutron energy deposition profiles.
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1 MeV neutron energy deposition profiles.
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The 1 MeV profiles
have different
spatial features
than the 14.1 MeV
profiles.
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Notable historical asteroid impacts,
recent and long-ago.

* In 1908, in Tunguska, Siberia:

« 60 m asteroid

e airburst, 10-20 Mt

« 2,000 km? of forest and 80 million trees destroyed
* |n 2013, in Chelyabinsk, Russia:

e 19 m asteroid

* airburst, 400-600 kt

* injured 1,500 people, damaged 7,000 buildings
« 65 million years ago, Yucatan region of Mexico:

* 10 km asteroid

« direct impact with ground (Chicxulub crater)

« K-T dinosaur extinction, 70% of all species eliminated

Asteroids “small” and large can cause devastation.
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Summary table of all yield & neutron AT
configurations. BMFIT

Y, E, STC-11 EALESD oV

dep,tot

50 kt 14.1 MeV | 9.31469 - 10*° | 5.0364 kt | 6.19 4+ 0.06 cm/s
50 kt 1 MeV | 1.26157-10%7 | 7.9785 kt | 9.99 4 0.12 cm/s
31.5913 kt | 1 MeV | 7.97093 - 10%° | 5.0410 kt | 6.02 4= 0.08 cm/s
1 Mt 14.1 MeV | 1.86294 - 107 | 100.68 kt | 98.09 £ 0.41 cm/s
1 Mt 1 MeV | 2.52314-10%° | 158.75 kt | 166.9 £ 0.50 cm /s
631.825 kt. | 1 MeV | 1.59419 - 10*® | 100.30 kt | 114.7 4 0.34 cm /s
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Equal 50 kt detonation yields.

SI'C-11

ALE3D
Edep,tot

14.1 MeV

1 MeV

9.31469 -
1.26157 -

5.0364 kt
7.9785 kt

6.19 + 0.06 cm/s
9.99 £ 0.12 cm/s

31.5913 kt | 1 MeV | 7.97093 - 10%° | 5.0410 kt | 6.02 4= 0.08 cm/s
1 Mt 14.1 MeV | 1.86294 - 107 | 100.68 kt | 98.09 £ 0.41 cm/s
1 Mt 1 MeV | 2.52314-10%° | 158.75 kt | 166.9 £ 0.50 cm /s
631.825 kt. | 1 MeV | 1.59419 - 10*® | 100.30 kt | 114.7 4 0.34 cm /s

1 MeV 6V is 61% greater than 14.1 MeV 6V.

1 MeV E4, I1s 58% higher.
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}

Equal 1 Mt detonation yields.

Y, E, STC-11 Eiﬁfg’f oV
50 kt 14.1 MeV | 9.31469 - 10*° | 5.0364 kt | 6.19 4+ 0.06 cm/s
50 kt 1 MeV | 1.26157-10%7 | 7.9785 kt | 9.99 4 0.12 cm/s
31.5913 kt | 1 MeV | 7.97093 - 10%° | 5.0410 kt | 6.02 4= 0.08 cm/s

631.825 kt

1.59419 -

100.30 kt

114.7+0.34 cm/s

1 MeV 6V is 70% greater than 14.1 MeV 4V.
1 MeV E4, I1s 58% higher.
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Equal ~5 kt energy depositions. B’%qprr
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Y, E, STC-11 EALESD oV

dep,tot

14.1 MeV | 9.31469 - 10*° | 5.0364 kt | 6.19 & 0.06 cm/s

50 kt 1 MeV | 1.26157-10%7 | 7.9785 kt | 9.99 4 0.12 cm/s
31.5913 kt | 1 MeV | 7.97093 - 10%° | 5.0410 kt | 6.02 4 0.08 cm/s
1 Mt 14.1 MeV | 1.86294 - 107 | 100.68 kt | 98.09 £ 0.41 cm/s
1 Mt 1 MeV | 2.52314-10%° | 158.75 kt | 166.9 £ 0.50 cm /s
631.825 kt. | 1 MeV | 1.59419 - 10*® | 100.30 kt | 114.7 4 0.34 cm /s

14.1 MeV 6V Is 3*x2% greater than 1 MeV 4V.
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Equal ~100 kt energy depositions.

}

Y, E, sre-n Efegfff %
50 kt 14.1 MeV | 9.31469 - 10*° | 5.0364 kt | 6.19 4+ 0.06 cm/s
50 kt 1 MeV | 1.26157-10%7 | 7.9785 kt | 9.99 4 0.12 cm/s
31.5913 kt | 1 MeV | 7.97093 - 10%° | 5.0410 kt | 6.02 4= 0.08 cm/s
1 Mt 14.1 MeV | 1.86294 - 107 | 100.68 kt | 98.09 £ 0.41 cm/s
1 Mt 1 MeV | 2.52314-10%° | 158.75 kt | 166.9 £ 0.50 cm /s
631.825 kt. | 1 MeV | 1.59419 - 10*® | 100.30 kt | 114.7 4 0.34 cm /s

1 MeV 6V is 17% greater than 14.1 MeV 6V.
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Does the neutron energy affect asteroid BWITT
deflection? Yes. = sl

« Why? Because different neutron energies result in

different energy deposition profiles & different energy
coupling efficiencies.

« The significance of these differences is sensitive to the yield.

« The energy coupling appears more important than the energy

deposition profile, especially at low yields and shallow melt-
depths.

« 1 MeV neutrons are equal-or-better than 14.1 MeV neutrons
In terms of coupling and profiles, but they require many more
source neutrons to compensate for the MeV/src-n reduction.
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Asteroid impacts are rare, but potentially
devasting.

« 1+ kilometer asteroid impacts:
e once every 500,000 years
« ~25% of the world’s global population would perish

* individual’s annual chance of death: 5x10 %
« comparable to risk of dying from an airplane crash

« 100 meter asteroid impacts:
e once every 300 years
« damage more confined to region of impact (cities, states)
« individual’s annual chance of death: 3.3x10° %

The magnitude of the damage that could result
from these fairly-rare, one-off impact events makes
the planetary defense mission a prudent pursuit.

UUUUUUUUUUUUUUUUUUUUUUUUUUUUU
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How does changing the neutron interactions Bé(AFITT
change the energy deposition? (cont.) s

Capture Reaction
[sotope E}
(n.y) | (n.p) (n.d) (n.t) (n.2n)
' -3.466 | -9.698 | -16.743 -17.799 | -1.7790

-9.669 | -10.527 | -15.391 -16.651 | -6.0494

25

160

« Energy deposition = transferring the energy from radiation
(neutrons) to the asteroid particle population (nuclei)

« Consider 14.1 MeV n’s being absorbed by 28Si:

* (n,y) =2°Si nuclei keeps all 14.1 MeV, and an extra 8.474 MeV
is shared between #°Siand ay. Eg, = 14.1 + 8.474*

* (n,a) = 2°Si nuclei initially has all 14.1 MeV, but it quickly loses
2.749 MeV because it chose to emit an a. Ey,, = 14.1 —2.749

Exothermic (+Q) reaction channels are a bonus for energy coupling,
while endothermic (-Q) reactions draw a coupling penalty.
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Stand-off distance (HOB) selection.

« Hammerling & Remo: HOB ~ 0.414 x R
« geometrical optimal HOB; a = ¢ = 45°
* maximizes the sum of (fraction of asteroid surface area irradiated)

+ (fraction of nuclear energy incident on the asteroid)

Z-axis

y-axis
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Joe

asteroid velocity change (cm/s) = 6V

Wasem’s 6V vs. Y analytical equation.

102 4
] — ¢ =0.414214
101?

100?

10_1?

10_2?

10! 102 103 104
yield (kt) =Y

Away from the threshold (need to melt), 6V ~ Y23, roughly.
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~2.45 MeV neutron energy deposition profiles.

s
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Actually, these profiles are from an average/midpoint energy of 2.346 MeV.
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1 MeV neutron energy deposition profiles.
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1 MeV neutron energy deposition profiles. B%qFrT

Edep(dneo, @)

dneo €10, 0.05] cm dyveo €[18.54, 18.75] cm

energy deposition (MeV/g/src-n)

dveo €11.91, 1.97] cm — Oneo €[26.71, 26.99] cm
dweo € [4.46, 4.55] cm dueo €[37.63, 38.02] cm ‘
dweo €[7.87, 7.99] cm dneo €[52.25, 52.76] cm  624—>duo
107 4 dieo € [12.43, 12.59] cm deo €[71.8, 72.49] cm 4 ol
I I I 1 I I I I I
0 5 10 15 20 25 30 35 40 45

asteroid-centered angle (°) = ¢

Clumping together of the 3 pink-purple colors is the “pause” region. 45



Group § Efow Ep igh Emid = ¥n Yirue Edcp Trel Naks
0 1.6o0s - 10t 1.9640 - 10° 15273 - 10 2.a7sn - 107 1.6663 - 10 62971 - 10~ | o11mg- 107
1 1.4018 - 101 1600 - 101 1.5012 - 1pd 33303 - 100 1.5208 - 100 6.5364 - 10— | o.ssve-10-2
3 1.4151 - 101 14915 - 101 1.4EEE - 101 3 131K - 100 1.4447 - 100 67780 - 10— | 2.0283 - 102
3 1.3E40 - 10 1.4191 - 10} 1.4015 - 10 o 052k - 107 1.4130 - 10% 6.8844-10~% | 1.0082 - 10?
4 12523 - 10t 1.3840 - 10¢ 1.3161 - 10 10304 - 107 1.3696 - 10 o052 - 10—t | 1.oas - 10t
E 1.2214 - 107 12633 - 10° 1.2369 - 101 1.6113 - 10° 1.3024 - 10° T.1%y - 10—t 10532 - 101
] 1.1082 - 101 12314 - 101 1.1633 - 101 1.7036 - 100 1.2040 - 100 T.06T6 - 10—1 1.0350 - 101
¥ 10000 - 10t 1.1082 - 10! 10526 - 100 15415 - 107 1.1329 - 10" T.2401 - 10~ | 1.oves - 10t
B 0.0484 - 107 10000 - 10% 0.E242 - 100 1.30948 - 100 1.0486 - 100 T.5181 - 101 1.1010 - 102
9 B.18v3 - 100 9.0484 - 107 B.G173 - 107 1.2621 - 100 94784 - 10— | v.5108- 10—t 1.0 - 101
10 7.4082 - 100 & 1873 - 100 ¥.707E - 100 1.14320 - 100 8.6316 - 10—1 | v.pese. 101 1.1060 - 101
11 63763 - 107 T.4082 - 107 G.Eaze - 107 10003 - 107 r.aa90 - 10~ | v.oyees. w0t | 13m0t
12 4.0850 - 100 &3 - 109 E.&711 - 100 B.3051 - 10-1 | g.008%.10-1 | 8.4243. 101 1239 - 10-1
13 4.7237 - 100 4.BE5G - 107 4. B44E - 107 y.oas0- 10— | 6.2448.10—' | 8.8M7. 10! 1. 2840 - 101
14 4.0857 - 107 4733y - 107 4.3047 - 107 G.4asn-10~' | s&syo-10' | o117 10t | r.asss oot
15 Aot - 107 4.0857 - 107 35388 - 107 gas2s- 10~ | gssov. 10! | sevao. w0t | rataz-10-d
16 3 3RED - 100 20119 - 109 0 BOEE - 100 3.0810-10—1 | 4.7i%7.10-1 1.19a3 - 1o® 1.%4%5 - 101
17 2 3060 - 107 3 IRED - 107 0 340 - 100 3.4387-10-1 | 5.3yor.10-1 15658 - 100 2.yt - 102
13 15268 - 107 22060 - 107 20668 - 107 an2e6- 10~ | asgrsa. 1ot | 12143 0% 17783 - 10~
149 14237 - 107 1.5268 - 107 1.6245 - 107 zarod-10-t | 296241070 | 12450 0% 18233 - 10~
ai 1.1080 - 100 1.42%r - 100 1.2684 - 100 1.8631 - 10—1 | 2.4987.10-1 1.3106 - 10% 19104 - 101
21 0.6164 - 101 1.1080 - 109 1.0348 - 100 1.E1EE - 10—1 1.6513 - 101 1.08a8 - 100 186y - 10-1
22 2085 - 101 06164 - 10~ | BEoios- 10—t | 1aose-10~t | 1861810~ | 148 . 10" 2 0BGO - 10~
23 T2 - 10t g2085 - 10~ | vE1B0- 10~ | 1.44d40-10~' | 1902010~ | t.es20- 107 2.4340 - 101
24 6.3028 - 10—1 T.4%74 - 10— 1 G.0101 - 10—1 1.0120 - 1o—1 1.9930 - 10—1 1.9744 - 100 2. 8014 - 101
% E.E023 - 101 &.228 - 101 EO4vE- 10—1 | Byi00-10-7 | 1.%8%0.10-1 | 2.0817 . 100 20046 - 101
a8 3.GEE3 - 101 py02a .10~ | 4sesa-1ot | eyeoro10~? | t2o0%.10t | 1o1ve. 10® 2 BD&S - 10~
27 24724 - 101 3 GEED - 101 30804 - 10—t | 45101-10-% | 12075 .10-% | 2.6v6s . 10% 39301 - 101
28 1.5764 - 10—1 24724 - 101 20244 - 10— | 29847 -10-2 | 10630107 | a.sssy. 0% 52511 - 101
29 1.1100 - 10—1 1.4%64 - 101 1.3437 - 10—1 10877 - 10—2 | 15085 -10-1 | v.ees1 . 10f 1.12%r - 109
an E.34YE - 102 t11oe-10- | Bavea- 1w~ | raevr-1w0~? | taass.iot | 1iey. od 1.6a54 - 107
a1 3.4307 - 10—2 52475 - 102 | 4.3391-10—2 | G.3B4E-10—F | 13519100 | 2.19v%. 10! 31187 - 109
a2 2.47EB - 10—2 34307 -10-2 | 2.084v- 10— | 4.32v1-10-7 | 1.3086-10—% | 3.0241- 10! 4.4387 - 107
a3 2 18YE - 102 24788 - 10~7 | zaasr-1w? | adqes-10-? | raoaa- ! | aoses . 0! B.4rrd - 107
24 10333 - 102 21876 -10"2 | t.ei0d- 102 | 2assd- 10~ | 1ao04- 10! | ss140- 10 &.0v51 - 107
ax 3.3E46 - 10—3 10333 - 10-2 | G.E4238-10—3 | 1.0023-10-% | 1.3182.10-1 13159 - 107 10361 - 10!
a6 1.2341 - 10—3 33546 - 10—3 | 22044 - 10— | 3.3600- 10— 1.3594 - 10— | 40459 . 10% 5251 - 108
ar E.E2ns - 10— ? tzaar - 107 | soss2-10~? | rasos- 10 | 14043100 | tosss .10t 1.54857 - 107
as 2 7536 - 109 r&ank - 10~ | 4o0i6- 10 | GoE4E- 10~ | t4gva.10?! | 2.acer . 0® 3,272 - 107
a9 1.0130 - 10— 3 THIE - 104 1.BB33- 10— | 2.yEED- 10— | 1.5043.10-1 | ®.4432. 107 T4 - 107
40 2.0023 - 10—° 10130 - 10—4 | G.E162-10—" | G.b42v-10—% | 1.5813.10-° 1.88%0 - 10% 3_4967T - 10°
41 1.06YT - 10" 20023 -10~° | 1.0880-10~" | 2o0v0-10~% | 1883010 | ®.vse06. 10f B.4YEY - 107
42 30590 - 10 % toevy-10~° | esss0- 10~ | tooss- 10— | rvodr-1o0! | 1vs44. 10® 26131 - 10*
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DPLUS 46-group neutron sources.
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Comparison to analytical approximation.
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(a) 14.1 MeV source with the mean-free-
path Ag definition.
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(c) 1 MeV source with the mean-free-path
A4 definition.
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(b) 14.1 MeV source with the (1 —1/e) Agq
definition.
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(d) 1 MeV source with the (1—1/e) Ag def-
inition.
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