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Lab experiments Validation DART impact

DART is a kinetic impactor test
DART = Double Asteroid Redirection Test

t‘-esa ° 65803 Didymos

B S-type double asteroid system DART LICIACube
B YORP asteroids = low ‘M > ]
cohesion and high porosity . A

B Diameter of the secondary:
150-180m

Dimorphos _' HERA
i

Figure 1: DART mission concept, at the point of impact. Source: ESA.

Earth

Cratering processes on rubble-pile asteroids: insights from laboratory experiments and numerical models



Lab experiments a 0 DART impact Conclusions

What do we know about the impact conditions and what is the main driver for 57

Target properties Impact conditions

"l

Figure 2: Dimorphos. Source: ESA. Figure 3: DART spacecraft. Source: NASA.
B Cohesive strength — not known B Impact velocity — known
B Bulk density/porosity — not known B Impact angle — not known
W Internal structure — not known B Impactor mass/shape — known

Cratering processes on rubble-pile asteroids: insights from laboratory experiments and numerical models



Lab experiments Validation DART impact

Previous work quantifies the effects of various target properties and simple structures
(Yo >100 Pa)

Yom 1MPa, f=258  Yq=100kPa, f=2.91  Yy=10kPa, f=2.78 Yom 1kPa, f=3.21 50

402
E 30 =
10
=10 0 10 (']
xim]
The DART impact into different o B=288 B=291 B=289 p =289 50
Concentric Flat-figor Central-mound Bowl shaped 40 —
targets can produce the same g, but 2 o 0t
different craters. Both g and crater Ci 208
. -
size/morphology together can be S0 0 10 0 0 10 0 oo 10 o oo 10 8
diagnostic of target properties ";‘g ”:;ﬂ ";;B "2‘“;6
(Raducan et al., 2020). 10 —22 —2 B2 s .
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Figure 4: Crater profiles from iSALE-2D simulations of various targets.

Cratering processes on rubble-pile asteroids: insights from laboratory experiments and numerical models
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Figure 5: Sketch of asteroid Bennu interior. Source:
James Tuttle Keane, Nat. Geosci. vol. 12 (226).

experiments and numerical models



DART impact

(162173) Ryugu

We need to validate our numerical models against
laboratory experiments!
(101955) Bennu _ We need laboratory experiments purposely

' designed to mimic asteroid surfaces!

Cratering processes on rubble-pile aster s from laboratory experiment: numerical models



Lab experiments Validation DART impact

Experimental Projectile Impact Chamber (EPIC) - Quarter space experiments into
heterogeneous targets

Projectile:

W Delrin (disrupts upon impact), 2cm
diameter, m;, =5.79

B Velocity: ~ 400m/s

Projectile ~ 2 cm

Target:
H 4 layers of porous ceramic balls | / ey .
embedded in dry beach sand matrix; : o v o — Ball ~2.25 cm
B Sand: p = 1.8g/cm?;
B Ball: d=2.25cm, m = 5.7 g, ~50%
porosity.

»2 22 2P
222D

Cratering processes on rubble-pile asteroids: insights from laboratory experiments and numerical models



DART Lab experiments Validation DART impact Conclusions

We used SPH to model the EPIC experiment

T=0ms
EPIC experiment SPH simulation (only slow ejecta)

Cratering processes on rubble-pile ids: insights from | y experiments and numerical models



DART Lab experiments Validation DART impact

We used SPH to model the EPIC experiment

T=4ms
EPIC experiment SPH simulation (only slow ejecta)

vihreshod 28

Conclusions

T T T TP T P PP TP PP

Cratering processes on rubble-pile asteroids: insights from laboratory experiments and numerical models




DART Lab experiments Validation DART impact

We used SPH to model the EPIC experiment

T=10ms
EPIC experiment SPH simulation (only slow ejecta)

vthreshold

Cratering processes on rubble-pile asteroids: insights from laboratory experiments and numerical models

Conclusions




DART Lab experiments Validation DART impact

We used SPH to model the EPIC experiment

T=20ms
EPIC experiment SPH simulation (only slow ejecta)

vthreshold

Cratering processes on rubble-pile asteroids: insights from laboratory experiments and numerical models

Conclusions




DART Lab experiments Validation DART impact Conclusions

We used SPH to model the EPIC experiment

T=35ms
EPIC experiment SPH simulation (only slow ejecta)

Cratering processes on rubble-pile asteroids: insights from laboratory experiments and numerical models



Lab experiments Validation DART impact

We used SPH to model the EPIC experiment

Final crater - good match with the experiment

Crater dimensions

Pre-impact level diameter: 20.2cm

Rim diameter: 28.2cm

Depth: 2.9cm 5
Homogeneous
target crater

Figure 6: Final crater morphology (T ~ 0.8s).

Cratering processes on rubble-pile asteroids: insights from laboratory experiments and numerical models

SPH simulation




DART Lab experiments Validation DART impact Conclusions

We used SPH to model the EPIC experiment

Boulder distribution - good match with the experiment

O el O
O = =
O 0 N o

SPH simulation

Figure 7: Boulder distribution.

Cratering processes on rubble-pile asteroids: insights from laboratory experiments and numerical models



DART impact

We used SPH to model DART-like impacts on spherical homogeneous asteroid

DART
gg° (6 km/s)

Impactor Target
radius mass velocity | strength  friction  density
a m U Yo f P
(m) (kg) (km/s) (Pa) (kg/m®)
0.5 500 6.0 0 0.6 1620

Cratering processes on rubble-pile asteroids: insights from laboratory experiments and numerical models



DART Lab experiments Validation DART impact Conclusions

We modelled DART-like impacts on spherical rubble-pile asteroids - initial

a) DART b) DART ) DART

a) Grid-like distribution of 2.5 m boulders; jun
b) Random distribution of 2.5 m boulders; 3D view 3D view 3D view
¢) Random distribution of boulders

DART DART DART
between 2 and 10 m.

W

Slice view Slice view Slice view

Cratering processes on rubble-pile asteroids: insights from laboratory experiments and numerical models



DART Lab experiments Validation DART impact Conclusions

DART-like impacts on spherical rubble-pile asteroids — after ~ 2 h

a) DART b) DART ) DART

a) Grid-like distribution of 2.5 m boulders;

b) Random distribution of 2.5 m boulders; " 3Dview 3D view 3D view
¢) Random distribution of boulders i
between 2 and 10 m. D‘T” Al DART

W

Slice view Slice view Slice view

Cratering processes on rubble-pile asteroids: insights from laboratory experiments and numerical models



DART Lab experiments Validation DART impact Conclusions

oids — after ~ 2h

a) DART b) DART ) DART

Homogeneous target

3D view 3D view 3D view

DART DART DART

Slice view Slice view Slice view

Cratering processes on rubble-pile asteroids: insights from laboratory experiments and numerical models



Homogeneous target a) DART b) DART C) DART

| |

3D view 3D view 3D view

B=4.96 B=333 B=3.32 B=3.83




Lab experiments Validation DART impact Conclusions

Conclusions

B The DART mission may impact a rubble-pile asteroid. We need laboratory experiments
purposely designed to mimic asteroid surfaces;

B SPH simulations of impacts into heterogeneous targets show great agreement with laboratory
experiment results;

B The DART impact on cohesionless spherical bodies is likely to produce morphologies that are
dissimilar to cratering and change the global morphology of the asteroid;

B DART-like impact simulations on rubble-pile asteroids show that both the target morphology and
the momentum transfer are affected by the distribution of surface boulders.

Cratering processes on rubble-pile asteroids: insights from laboratory experiments and numerical models
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pb < DARTI& Hera: Benchmarkiand Validation/Studies

WithiISALE and!SPH

* Objective: relate observed orbital
change with momentum enhancement
and crater morphology for given

material properties (low strength

regime)
* Shock physics codes simulate
Image: ESA different materials; prove accuracy by:

I - validation against experiments

""" . B > benchmarking codes

_____ EiE 7 (iSALE & SPH)

iSALE = SPH
(grid-based ‘ = | (particle




"‘““'“‘”” ¢ | aboratory Experiments of Impacts intoReqolith

Simulant'& Glass:Beads

Experimental Setup:
* Chourey et al. 2020, PSS:
— v~1-3 km/s
— target materials:
= glass beads
" quartz sand
" regolith simulant
— formation of ejecta
curtain
— crater size
— momentum
enhancement
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i 4 | aboratony b

Simulant'& h]J

Capacitor bank

Flash illuminator

regolith
simulant

Experimental Setup:
* Chourey et al. 2020, PSS:
— v~1-3 km/s
— target materials:
= glass beads
" quartz sand

"0 o0m o002 003 " regolith simulant

— formation of ejecta
curtain

— crater size

— momentum
enhancement
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1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6
Impact velocity, U [km/s]
Strength model Lundborg, Y,=1.4 kPa, {=0.77

2.8

Porosity model
D=42%

g-a-model (iISALE), «=0.96
P-a-model (SPH), P,=100 Pa, P=1.5 GPa

estsofilmpactsintoRegolithSimulant:

* similar material models & parameters for
1ISALE-2D and SPH

* both codes agree with experimental data

* some deviation towards faster impact
velocity between codes

Density [g/cm?]

X [cm

v =2.2 km/s, m = 24 mg (PVC), regolith simulant
(experiment: Chourey et al. 2020, PSS)
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2.2 ValidationTests ofimpactsintoRegolith Simulant:

Crater,Diamete

| X Experiment * similar material models & parameters for
g 77 ® SALE-2D 1ISALE-2D and SPH
S 6- = SF;H * both codes agree with experimental data
43’:} o X y ¥ " & * some deviation towards faster impact
é N 9 velocity between codes
§ . X X
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1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6
Impact velocity, U [km/s]

v =2.2 km/s, m = 24 mg (PVC), regolith simulant

Strength model Lundborg, Y,=1.4 kPa, f=0.77 (experiment: Chourey et al. 2020, PSS)

Porosity model e-o-model (iISALE), ¥=0.96 b
D=42% P-a-model (SPH), P,=100 Pa, P.=1.5 GPa
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2.2 ValidationTests ofimpactsintoRegolith Simulant:

Crater,Diamete

| X Experiment * similar material models & parameters for
g 77 ® SALE-2D 1ISALE-2D and SPH
S 6- = SF;H * both codes agree with experimental data
43’:} o X y ¥ " & * some deviation towards faster impact
é N 9 velocity between codes
§ 3 - X X )

1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8
Impact velocity, U [km/s]

v =2.2 km/s, m = 24 mg (PVC), regolith simulant

Strength model Lundborg, Y,=1.4 kPa, f=0.77 (experiment: Chourey et al. 2020, PSS)

Porosity model e-o-model (iISALE), ¥=0.96 b
D=42% P-a-model (SPH), P,=100 Pa, P.=1.5 GPa
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pit £ \/2li0atioN TESES Of ]mams intoRegolithiSimulant:

Momentum Enhancement

. X  Experiment  similar material models &
o 187 ® ISALE-ZD parameters for iSALE-2D and
@ A SPH
£ 16- SPH
5 1.4 » " e * both codes agree with
= X .
S 1. g( s N experimental data
5 * results from both codes agree
. X .
g =0 with each other
2 0.8- A
B=Ap/ P
0-6 I 1 I 1 I 1

1.0 1.2 1. 4 1.6 1.8 2.0 2.2 2.4 2.6 2.8
Impact velocity [km/s]
Strength model Lundborg, Y,=1.4 kPa, {=0.77

Porosity model e-a-model (iISALE), k=0.96 b
D=42% P-a-model (SPH), P,=100 Pa, P.=1.5 GPa
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Benchmark study/of DART-likeVertical Impacts

oniRegolith Targets

| Qe .
3.5 - SALEID. V. —ikPa & SPhIY. = 1kPa Similar material models for

—®- iSALE-2D, Yo=10kPa  =A: SPH, Yo = 10kPa 1ISALE-2D and SPH
~@0~ iSALE-2D, Yo =100kPa  —A-- SPH, Y, = 100kPa

3.0+ * results from both codes agree

with each other for a range of
material parameters

* some deviations occur for
small porosities (¥,=1 kPa &
100 kPa) and at 50% (Y,=10
kPa)

1.0 I 1 I I

Porosity, ¢o (%)
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Benchmark study/of DART-likeVertical Impacts

oniRegolith Targets

35 - —@— iSALE-2D, Y, = 1kPa
~®- iSALE-2D, Y, = 10kPa
3.0 - ~0~ iSALE-2D, Y, = 100kPa

B~=+23%

1.0 I 1 I I

—A- SPH, Y, = 1kPa
—4& - SPH, Y, = 10kPa
~/-+ SPH, Yo = 100kPa

Porosity, ¢o (%)

10

* Similar material models for
1ISALE-2D and SPH

* results from both codes agree
with each other for a range of
material parameters

* some deviations occur for
small porosities (¥,=1 kPa &
100 kPa) and at 50% (Y,=10
kPa)
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Benchmarkistudy of DART-likeVertical Impacts

oniRegolith Targets

| Qi .

3.5 - SALEID. V. —ikPa & SPhIY. = 1kPa $1m11ar material models for
—~®- iSALE-2D, Yo=10kPa  —A- SPH, Y, = 10kPa 1ISALE-2D and SPH

3.0 - ~0~ iSALE-2D, Yo =100kPa  —/A - SPH, Yo=100kPa

* results from both codes agree
p=+23% with each other for a range of

_______________________ material parameters

* some deviations occur for
small porosities (¥,=1 kPa &
100 kPa) and at 50% (Y,=10
kPa)

1.0 I 1 I I 1

Porosity, ¢o (%)

P,
Ry A .
ATy ﬁ Imperial College
7Y MUSEUM FUR Londor
b 7 NATURKUNDE
1 1 UNIVERSITAT BERLIN
BERN




< Benchmarkstudy/of DART-like Vertical Impacts

on/RegolithiTargets

1.5 4

1.0

—@— iSALE-2D, Y, = 1kPa — i
—@- iSALE-2D, Y, = 10kPa —hc
@~ iSALE-2D, Yo =100kPa  —/-

B~=+23%

____
—— e —
. .
— e —
____

* SPH, Yo = 1kPa
+ SPH, Yo, = 10kPa
- SPH, Yo =100kPa

12

Porosity, ¢o (%)

* Similar material models for
1ISALE-2D and SPH

* results from both codes agree
with each other for a range of
material parameters

* some deviations occur for
small porosities (¥,=1 kPa &
100 kPa) and at 50% (Y,=10
kPa)

Effect of impact angle?
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oniRegolith Targets

D=20%, £=0.6 —&— iSALE-3D, Yy = 10 kPa
~#— SPH, Yo = 10 kPa

* same material models
& parameters for

s 1ISALE-3D and SPH
% 2.0 1  results from both
Q.

codes agree with each
other for all impact

angles

B = Ap / (p; sin0)
1-0 1 1 1 1 1 1 1
30 40 50 60 70 80 90

Impact angle, 6 [° ]

Imperial College
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oniRegolith Targets

3.0
D=20%, £=0.6 —&— iSALE-3D, Yo = 10 kPa
—A— SPH, Yo = 10 kPa e same material models
2.5+
& parameters for
s 1ISALE-3D and SPH
< 4 .
a 2.0 259/, results from b(.)th
codes agree with each
1 5 1 I R R SR SRR SRR Other for all impact
angles
B = Ap/ (p; sin0)
10 1 1 1 1 1 1 1
30 40 50 60 70 80 90

Impact angle, 6 [°]
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oniRegolith Targets

D=20%, £=0.6 —&— iSALE-3D, Yy = 10 kPa
~#— SPH, Yo = 10 kPa

* same material models
& parameters for

1ISALE-3D and SPH
 results from both

codes agree with each

other for all impact

angles

B = Ap / (p; sin0)
1-0 1 1 1 1 1 1 1
30 40 50 60 70 80 90

Impact angle, 6 [° ]

Imperial College
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Conclusion

* We have run validation tests in the Hera-relevant low strength regime for iSALE & SPH
against experimental results for regolith simulant, including measured values of f
- both codes agree with independent experimental data in terms of diameter, ejection
behaviour and momentum enhancement

* Expanding the benchmark to further materials (Y,=1, 10, 100 kPa, ®=20-50%) shows good
agreement between the codes (<23% deviation in f, in agreement to Stickle et al. 2020)

* Deviations for the impact angle scaled momentum between both codes for different impact
angle are below 9%

* We plan further validations with other materials
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NASA/Double Asteroid Redirection Test:
Orbital perturbation by the ejecta-collision driven
reshaping of Didymos after the impact event

Ryota Nakano and Masatoshi Hirabayashi
STAR Lab, Auburn University

IAA Planetary Defense Conference
26 — 30 April 2021
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Motivation

Didymos is spinning at close to its spin limit.

 Didymos is a ~/80 m dia. top-shaped asteroid, spinning at 2.26 hr.
* May be structurally sensitive to reshaping

— Even small perturbations may trigger reshaping.
* Ejecta cloud hitting on Didymos (delivers kinetic energy)
* Seismic shaking attenuation due to the DART impact

Understanding the orbital perturbation due to reshaping is important to
determine the momentum transfer coefficient and
to assess the DART deflection capability.



Approach

Statistically determine the effect of asymmetric reshaping.

How Didymos’ reshaping affects the orbital period after the DART impact?

While the reshaping magnitude is unknown, we have knowledge of
possible reshaping processes of top-shaped asteroids.

Ejecta will distribute heterogeneously on Didymos, which will lead to
asymmetric reshaping.

— We developed a shape model generator to create “reshaped” shape models.



Approach

6,000 asymmetric reshaped cases are prepared.

We characterize the reshaping with 4
parameters: @, X_y, A4y, and a_,,.

Each represents the ratio of the +x or
+ vy axis for the reshaped body to
that of the original body.

We randomly define a value for each,
in a range from 1 to Ay, 44

(= maximum reshaping magnitude).

a for z axis is uniquely determined by
keeping the volume constant
regardless of the shape.

EX: Gmax = 1.1 =40m

ay, =1.099 = 38m
a_, = 1.085 = 33m
ayy = 1.021 =8m

a_y, =1.049 = 19m

z
R

12 different a,,, 44,
500 cases for each a,,, 4
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— 6,000 simulation cases in total



Result

Dimorphos’ orbital period change after 180 days from the impact

Amax = 1.05 Amary = 1.001
— less than 20 m of reshaping — less than 1 m of reshaping
Mean = 423.2249 sec; STD = 112.2344 sec Mean = 8.1162 sec; STD = 2.3501 sec
140 T T | T T T | 120 T T T T r T
120 - 100 -
100
_ ._‘80~
g 5 60
g o0 3
- 40
40 -
20} 0T

o

100 200 300 400 500 600 700 2 4 6 8 10 12 14 16
Orbital period change [sec] Orbital period change [sec]



Result

Reshaping magnitude can be constrained with the spin period change.

Didymos’ angular momentum should be conserved.

— The spin period changes during the reshaping event.

Amax  (Reshaping scale) | APsy;y, [sec] 0
1.1 (= 40 m) 840.57 T —200-
1.05 (=20 m) 415.09 S oo
101 (~4m) 82.684 2

S —600 -
1.009 (~ 3.5m) 74.192 5
. . E —800 -
1.002 (= 0.8m) 15.701 ® _1000-
1.001  (~ 0.4 m) 8.0486 oo

0 200 400 600 800 1000
Spin period change [sec]



Conclusion

The orbital period linearly decreases as reshaping mag. increases.

From the statistical investigation, we found:

For a shape change of less than 40 m, the reshaping-driven orbital
period change is characterized to be linear.

We predict the relationship: APy, = —0.9831 AP, — 3.905

The orbital period should always become shorter than the original
period, for the head-on DART impact scenario.

Detailed observation of Didymos’ spin period change can constrain
the magnitude of reshaping,

from which we can decouple the reshaping-driven orbital period change
and can accurately determine the momentum transfer efficiency.



Thank you!

|AA Planetary Defense Conference f‘a "
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12 different a,;, 4, 500 cases for each &, 4, 6,000 simulation sets

Result (Backup)

Xmax AFSpirl AFo rb

1.004 32.844 34.983
1.003 24.762 26.054
1.002 15.701 16.078
1.001 8.0486 8.1162

Xmax AFspin AForb

1.1 840.57 824.47
1.05 415.09 423.22
1.01 82.684 87.354
1.009 74.192 78.527
1.008 65.933 69.719
1.007 57.823 61.155
1.006 47.863 51.004
1.005 40.937 43.781

APgp;n: Mean spin period change
AP .1,: Mean orbital period change




Approach Result (Backup)

Relative phase angle evolution 180 days after the DART impact

Amarx = 1.1 — less than 40 m of reshaping in each axis
Mean = 824.4741 sec; STD = 240.7448 sec
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Approach Result (Backup)

Relative phase angle evolution 180 days after the DART impact

Amax = 1.05 = less than 20 m of reshaping in each axis
Mean = 423.2249 sec; STD = 112.2344 sec

2500 140 :
_g; 120 |
— 2000
Q0
> 100 |
@ T
Q : -
% qé' 60
+= L () I
5 1000 2
®]
o 40 f
=
= 500
o 20 +
o
0 r i { 0
0 60 120 180 100 200 300 400 500 600 700

Time [day] Orbital period change [sec]



Approach Result (Backup)

Relative phase angle evolution 180 days after the DART impact

Amar = 1.001 — less than 1 m of reshaping in each axis
Mean = 8.1162 sec; STD = 2.3501 sec
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* Nuclear Disruption of a Fiducial Small Body

* N-Body Methodology

* Results for the PDC 2021 Scenario



Nuclear Disruption of a Fiducial Small Bod

Simulation conducted with s DT 14000 3
Spheral hydrocode Yoz, YOS "'Qf':’a

Pseudocolor
Var: CELLS/pressul
1.000 L\

20% scaled model of 101255 " ’x’:‘-
Bennu (corresponds to 100 meter e b
d iamete r) 0.0001778 . “‘:” \
Modeled as uniform granite with

Pseudocolor
Var: CELLS/specific_thermal_energy
—0.005600

25% microporosity; Collins
strength model with Tillotson EOS

Uniform bulk linear resolution
(~1.6 meter linear resolution) with
ratioed zoning deposition zone for o

source

1 MT device at 15 meter height- \ 1
of-burst (65 meters from center) " 5 L ~ :
at equator 2 % il |
Consistent with simulation P 50 Zeom |
scheme described in Dearborn et ¢ ===
al. 2020 L I

o 10°  10* 10 10?10 " 1(11's 1;" 1(1)'3 10° 10"

depth (cm) depth (cm)
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Nuclear Disruption of a Fiducial Small Body

Simplified treatment of
fragmentation: using bulk particles
as estimate of disrupted debris field

Delivered about 60 kT of yield to
the target; about 4 kT of this was
debris field kinetic energy (~0.35%
KE yield efficiency)

Kinetic Energy/Mass of ~17000
J/kg (much greater than Q*p)

Center of mass velocity (a
deflection) of 46.96 m/s

COM frame expansion velocity
(disruption) of 48.89 m/s

Expansion field in COM frame is
nearly uniform and radial

Details to appear in King et al.,
submitted to Acta Astronautica

w Patrick King
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N-Body Methodology

Approach is to insert an approximate fragment
field directly into a realistic N-body model of
the solar system and evolve fragment orbits

Fragment field based on disruption simulation
and consists of deflection and disruption
components

Softening is employed to ensure stability and
speed; carefully controlled for accuracy
bounds

Care is taken to ensure the initial trajectory
results in an impact

Effects such as gravitational focusing included
to orbital evolution accuracy

Fragment-fragment gravity is included

W Patrick King  LLNL-PRES-821496
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N-Body Methodology

Can apply a naive yield scaling to
accommodate either different yields or , _ Disruption/Deflection Velocity Scale Factor
uncertainty in target size
(om0
100 m

VUscaled _ ( Y )

Vnominal 1 MTTNT
Study should be repeated with dedicated
high-fidelity disruption simulation using best
available target data

—
o

- 102

10% velocity scale factor

1/2 ~3/2

[
o
w

Nominal Siz

102

Primary metric is the impact fraction (quantity

Effective Target Diameter (meters)

of impacting mass relative to total mass) = d L0
This study has been conducted for the PDC Nomihal .
2019 scenario and several other reasonable 101 10-2

. dis t K al 101 Ta0r d0r 208
scenquos and is to appear |_n ing et al., Device Yield (kT TNT)
submitted to Acta Astronautica

=
o
(=]

Impactor Size
Uncertainty
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Results for the PDC 2021 Scenarlo

 The nominal disruption model can disrupt
the impactor efficiently enough to result in
only 1% impacting mass by two weeks

- By 2 months the nominal disruption has likely
achieved 0.1% impact fraction, but this estimate
is limited by the fragment resolution of our
simulations

* The less efficient disruptions require more

time before impact to work effectively

- The 10% scaled disruption achieves impact
fraction of 10% by 2 months; 5% scaled
disruption requires 3.5 months

» Deflection direction appears to have a
modest effect; the strongest performing
direction is the radial direction and the
weakest is the ecliptic direction

W@ PatrickKing  LLNL-PRES-821496
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Photon transport is necessary to accurately
model deflection scenarios using x-ray deposition

= |nertial confinement fusion (ICF) anc
share some commonalities anc

- Both have large length, density, a

= ICF codes discretize i

— Zones "
— o/‘

v

— Hydr
r

Lawrence Livermore National Laboratory



The transport equation describes the motion of
photons includin ‘%lnteractlons with moving matter

Absorption (Doppler-shi

101(v, 2 Thermal emission
g (815 ) + Q- VI(v,Q) = — Do I( Doppler-shifted
A1 (v, Q)
Photons In-scattering f— / dv’ / dQ (V' =1, = I, ) {1 ol 573 }
move in dm ) Stlr?tulgted
straight IV, QY scattering
|inesgat Out-scattering fep  — / dv/ / dQ'os(v — v/, Q = Q)I(v,Q) [1 + 2(h1/’3 )]
0 47

speed ¢
2\ ~% . . . 3 e . A
with 7= <1_ %) and D=1-9Q- % arising from material motion and B(v,T) = 2hua [exp <h”) - 1} the Planck function describing

c? kT Ny .
thermal emission in Local
Thermodynamic Equilibrium

= This is the Boltzmann equation written in terms of Intensity
- | has units of Energy/(Length?-Time-Steradian)

= Material motion corrections (MMC) need to be included
« Emission isn’t isotropic, absorption is angle dependent

« There are many O(v/c) MMC approximations; also many numerical
simplifications are employed, some inaccurate

= Radiation exchanges energy and momentum with matter

Lawrence Livermore National Laboratory T



The two common numerical methods for
transport simulations are IMC and S

Implicit Monte Carlo (IMC) simulates radiation by computational particles with
randomly selected emission positions and directions

Emit, scatter, track, and absorb “fake” photons

“implicit” refers to a numerical extrapolation in time of the matter temperature used in emission
Allows accurate simulation of scattering and Doppler shifts

— Energy-angle correlation in Compton scattering can be simulated

Use of random numbers causes statistical noise ~ N,rices 2 in the results

— Reducing the slowly-declining noise leads to long simulation times

— Discretization errors in thermal emission, both temperature and emission location, require small Ax and At
— Stimulated Compton is approximated or ignored

Sy or Discrete Ordinates represents | at fixed angles using finite element basis
functions in each zone

The discrete angles are selected to enable Gauss integration of spherical harmonics
Faster than IMC (>10x in opaque problems)

Fully implicit in emission temperature; smaller spatial discretization error

Can simulate stimulated Compton

The use of discrete angles makes anisotropic scattering approximate and can lead to simulation
artifacts

Lawrence Livermore National Laboratory T



Computational artifacts of IMC and S

abs(Fraq)
le-08 AN abs(Fion)
fﬂ\v abs(Ferec)
le-12
= |MC simulation of radiation flux in an - |
. . . . . . a0 e- ‘
iluminated asteroid shows statistical noise Sle o Aoy rapn
= The electron and ion conduction flux also e — |
shows noise, seeded by the IMC through its T .
effect on the electron temperature
le-32
le-36
-10.0 -75 =50 =25 0.0 2.5 5.0 7.5 10.0
z (cm)

Simulation with an isotropic point source in an
absorbing non-scattering medium

= [MC simulation (top) shows statistical noise

= Sy simulation shows ray effects

Lawrence Livermore National Laboratory T



Flux-limited Diffusion is a quick but very
approximate transport simulation technique

= Averaging the transport equation over angle plus an ansatz for the flux
results in diffusion equatlon / Material motion correction terms

OF - A
— + V. |[-LF]+ gV - (Ev) + a0 VE = coal” — co E

ot
Here E = —%/ d€2! is the radiation energy density (Energy/Length3) and
47
C
i — & VE s the radiation flux (Energy/Length?-Time)
(00 +05) » This expression for F is an approximation

= Diffusion can’t model angular information — no shadows

= Diffusion is accurate when radiation is isotropic AND gradients in E are
small

« Ad hoc flux limiter £ in [0,1] needed to suppress superluminal energy flow (F > c AE)
when o is small

= For heat conduction in electrons and ions, which typically have small flux, a
similar diffusion approximation is accurate

6/13
PRES-821466 LLL
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The Multigroup approximation is used to express
frequency dependence of oc and | (or E)

= We pick O(10)-(100) fixed values of v; each range is called a “group’
« Group bounds are constant in time and space in a simulation
- We solve one transport or diffusion equation per group

- Scattering and absorption-reemission couple the groups and the per-group
equations
— This requires iteration in Sy and FLD

J

SiO, opacity p=2.65-2,, T=1.723 x 107 oo -
—o, « QOpacities are constant in each
= e group during a time step
\ * Recalculated in each group at
Lines can be Compton scattering > the begmnmg of the tlm_e Step
absorption at high v to account for changes in p

le+06-

le4-

100

- represented with
O
< enough groups
2 ! and T
B ———————

le-02-

le-04

le-01 1 10 100 1000

v (keV)

Lawrence Livermore National Laboratory WA,



We are using IMC in our deflection calculations
because they contain vacuum and point sources

= Diffusion has poor accuracy in vacuum
« It also can’t simulate the directionality of a point source

= S\ suffers from ray effects in vacuum
« Can’t accurately model strongly peaked scattering like

Compton
= IMC can simulate point and ray sources

« We have to incur and mitigate the drawbacks:
— Statistical noise

. We must use lots of
— Long runtimes particles and processors

— Use lots of zones and time steps

Lawrence Livermore National Laboratory WA,



2.): T(keV); v(108<%)

ol

1D simulations simulate surface absorption,
reemission, and momentum transfer

1 sq. cm chunk ~ 60 cm deep
Source equivalent to 1 kiloton 85 m away

» Spectrum = 1 keV Planckian
200 groups in [3 x 10-3, 1000] keV log-spaced
Run to ~ 1e-4 sec

« Atin[10-76, 109 sec
2000 zones with Ax in [10,.4] cm
106 computational photons
Materials = SiO2, Fe, H,O, Fosterite
Simulations take ~ 1 Day on 144 2.1 MHz procs :
Hydrodynamics is Lagrangian 68

Finely zoned asteroid material

* Mesh moves with the material

Ingoing shock

{

Ejected material

Energy escaping through asteroid surface

1 large vacuum zone

Computational photons
are created moving
parallel on vacuum face

Lo be vy

0.0

erg/keV)

spectrum (1016

0.2

11777777777

ol
=
o

0.4 0.6

Escaping spectrum

1 1
v (keV)

Lawrence Livermore National Laboratory
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2D simulations provide more realistic exploration
of deposition as a function of angle

Source photons

Pseudocolor 3.

Var: Trad

0.002053
B

— 0.0009643

_ 0.000453%

— 0.0002128

Max: 0.002053
Min: 5.318e-05

Pseudocolor
Var: Telec

0.002245
—

0.
— 0.001031

— 0.0004738

_o.002127

.— 0.0001000

Max: 0.002245
Min: 1.000e-10

T, showing
reradiated photons

1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5
zZ (x10°3)

The computational photons have exact positions on a spherical shell
The jaggedness is an artifact of the coarse vacuum zoning

R (x1073)

Zz (x10°3)

Y2 of 35 m asteroid on an axisymmetric mesh
Source is 1 kiloton, 85 m from surface

» Spectrum = 1 keV Planckian
200 groups in [3 x 10-3, 1000] keV log-spaced
20719 zones; sizes in [10%, 100] cm
108 computational photons
Materials = SiO2, Fe, H,O, Forsterite
Simulations take ~ 1 Week on 144 2.1 MHz procs
Hydrodynamics is Lagrangian

* Mesh moves with the material

Lawrence Livermore National Laboratory
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Radiation hydrodynamics simulations using IMC
will contribute to asteroid deflection modeling

= We are currently running radiation hydrodynamics
calculations in 1 and 2D
« These expensive calculations model absorption and
reemission, shock physics, and asteroid momentum

= These simulations allow us to characterize energy
deposition with relevant physics

= WWe are investigating whether we can use that
deposition in hydro-only calculations and still obtain
accurate results for momentum coupling

« These simulations ignore radiation transport but are much
faster

Lawrence Livermore National Laboratory T



A derivation of FLD with MMC

g or, i - vi Energy conseryatigm in lab fr4ame: V. T =
1) ot N B — cogal™ — cogbp — Ut; Fi  with ¢% = ¢% +vigh, g = cogaT” — co, Er and
s —Lori [See [2], Egs.(6.31)—(6.38)]
B Vi A, : - 1 OFy
2) B = Er + 262 Fri~ EF since we will drop c ot  Express lab frame radiation
Fr;,=Fp; +v,Ep +v;Pp;: + O(E) quantities in fluid frame to O(v/c) via
’ ’ TN C Lorentz transformation [2] Eq.(6.30)
1 1 1 :
) Ppij=- | IrQQ; dQ =~ ZEpdy; i gl . Fy) RISHEE
F ij . /47r F J 3 F%j - assuming Ir = i (CEF + Qp FF) anisotropic
. . 0 0 V; 0
N _ﬁci OEp ~ _ECL 9EF  Flux ansatz in fluid frame and S 9w T 2
- 301 0z 301 07 _ i oy
Ot OTF,i 7t 9%i_xwith £ € [0,1] the flux limiter, used in 2 term
5) FF - —Ci oF Inconsistent !
4 30 Ox; Flux ansatz in fluid frame without the flux

S . V;
limiter, used in UtZFF,z’ term

Steps 1-5 finally yield the standard form of the diffusion equation with MMC
DE 0 1 OF 4 81),6- Eq.(11.9) in [2],

— - G _E — coaT* — co E :
Dt 92, 30,0z, 3 9s, O T@ Eq.(7.18) in [6]

Lawrence Livermore National Laboratory T
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