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The Problem(s)

Near Earth Objects (NEO)

most are not dangerous (only
needs q < 1.3 au)
few on collision course with Earth

Potentially Hazardous Asteroids
(PHA) - NEO subgroup

MOID < 0.05 au, diam & 140 m
smaller asteroids still dangerous –
historically common

Tunguska (1908) - ∼ 80 m
Curuçá River (1930) - ∼ 20 m
Chelyabinsk (2013) - ∼ 20 m

Figure: Orbits of known PHA
as of 2013. Credit:
NASA/JPL-Caltech



Barringer Crater

Figure: ”Meteor Crater” in Arizona, formed by the impact (energy ∼10
MT) of a 50 m iron-nickel asteroid 50,000 years ago. Credit: NASA
Earth Observatory



Solution: Laser Ablation

Figure: A laser beam heats and vaporizes material off an asteroid into a
plume, generating thrust in the opposite direction.
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(from theory + lab measurements)
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Numerical Model

simple three body Newtonian system:

1 Sun
2 Earth
3 asteroid

assume asteroid density of 2 g/cm3

initial conditions generation:

1 start with Earth, asteroid at same point in space
2 select orbital elements for asteroid, then use two body solution

to (slightly) move back in time, separating the Earth and
asteroid

3 numerically integrate in reverse to laser start time

Where is the laser?
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A Hazardous Asteroid

Consider asteroid similar to 99942 Apophis:

325 m diameter =⇒ 3.6× 1010 kg

∼ 1 GT energy released if impact

orbital parameters:

semi-major axis: a = 0.92 au
eccentricity: e = 0.19
inclination: i = 6◦
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∼ 1 GT energy released if impact
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Stand-On System in Action

Deflection of Asteroid Over 5 Years

325m-5yr.anim.mp4


Deflection with 100 N / 1 MW

How much time to deflect 325 m asteroid by 2 Earth radii?



Deflection with 100 N / 1 MW

How much time to deflect 325 m asteroid by 2 Earth radii?
Which direction should the thrust be in?



Deflection with 100 N / 1 MW

How much time to deflect 325 m asteroid by 2 Earth radii?
Which direction should the thrust be in?

For β = 0◦:

α = 0◦: 2.5 years



Deflection with 100 N / 1 MW

How much time to deflect 325 m asteroid by 2 Earth radii?
Which direction should the thrust be in?

For β = 0◦:

α = 0◦: 2.5 years

α = 45◦: 3.1 years



Deflection with 100 N / 1 MW

How much time to deflect 325 m asteroid by 2 Earth radii?
Which direction should the thrust be in?

For β = 0◦:

α = 0◦: 2.5 years

α = 45◦: 3.1 years

α = 90◦: ?? years



Deflection with 100 N / 1 MW

How much time to deflect 325 m asteroid by 2 Earth radii?
Which direction should the thrust be in?

For β = 0◦:

α = 0◦: 2.5 years

α = 45◦: 3.1 years

α = 90◦: ?? years

α = 135◦: 3.0 years



Deflection with 100 N / 1 MW

How much time to deflect 325 m asteroid by 2 Earth radii?
Which direction should the thrust be in?

For β = 0◦:

α = 0◦: 2.5 years

α = 45◦: 3.1 years

α = 90◦: ?? years

α = 135◦: 3.0 years



Deflection with 100 N / 1 MW

How much time to deflect 325 m asteroid by 2 Earth radii?
Which direction should the thrust be in?

For β = 0◦:

α = 0◦: 2.5 years

α = 45◦: 3.1 years

α = 90◦: ?? years

α = 135◦: 3.0 years

For α = 0◦:

β = 0◦: 2.5 years



Deflection with 100 N / 1 MW

How much time to deflect 325 m asteroid by 2 Earth radii?
Which direction should the thrust be in?

For β = 0◦:

α = 0◦: 2.5 years

α = 45◦: 3.1 years

α = 90◦: ?? years

α = 135◦: 3.0 years

For α = 0◦:

β = 0◦: 2.5 years

β = 45◦: 3.0 years



Deflection with 100 N / 1 MW

How much time to deflect 325 m asteroid by 2 Earth radii?
Which direction should the thrust be in?

For β = 0◦:

α = 0◦: 2.5 years

α = 45◦: 3.1 years

α = 90◦: ?? years

α = 135◦: 3.0 years

For α = 0◦:

β = 0◦: 2.5 years

β = 45◦: 3.0 years

β = 90◦: ?? years
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How much time to deflect 325 m asteroid by 2 Earth radii?
Which direction should the thrust be in?

For β = 0◦:

α = 0◦: 2.5 years

α = 45◦: 3.1 years

α = 90◦: ?? years

α = 135◦: 3.0 years

For α = 0◦:

β = 0◦: 2.5 years

β = 45◦: 3.0 years

β = 90◦: ?? years
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Deflection with Smaller Lasers and More Time

What if we had more time? How big of a laser do we need then?
(100 µN/W ↔ 10 kW/N)

Using α = β = 0◦:

∆t = 5 years:
need 26 N / 260 kW

∆t = 10 years:
need 6 N / 60 kW

∆t = 15 years:
need 2 N / 20 kW
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80 m diameter =⇒ 5.4× 108 kg

∼ 15 MT energy released if impact

use Apophis-like orbital parameters as before
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How much time to deflect 80 m asteroid by 2 Earth radii?
Which direction should the thrust be in?

For β = 0◦:

α = 0◦: 0.45 years

α = 45◦: 0.57 years

α = 90◦: 0.45 years

α = 135◦: 0.4 years

For α = 0◦:

β = 0◦: 0.45 years

β = 45◦: 0.47 years

β = 90◦: ?? years
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Optimal Thrust Direction

How does optimal thrust direction change?

For α = 0◦:

∆t = 0.3 years:
optimal β = 65◦

∆t = 0.5 years:
optimal β = 5◦

∆t = 0.7 years:
optimal β =∼ 0◦

∆t = 0.9 years:
optimal β =∼ 0◦



How about with other orbits?
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How does eccentricity affect deflection? (α = β = 0◦)

50% drop in
effectiveness from
e = 0.2 to e = 0.11

slower decay in
effectiveness for
e > 0.25
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How does inclination affect deflection? (α = β = 0◦)

some decay for
i < 30◦ and i > 40◦

dependence weaker
than with eccentricity
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Stand-Off Range

Range is limited by flux density after beam divergence.
(need ∼ 107 W/m2 to ablate most rock)

Ablation range:

500 m array:
0.008 au (∼ 3 LD)

1 km array:
0.03 au (∼ 12 LD)

2 km array:
0.1 au (∼ 40 LD)

BIG array needed
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square solar array, same width D as laser array

1360 W/m2 in Earth orbit
50% efficiency: solar → laser

beam divergence half angle λ/D

circular spot with uniform illumination

thrust on asteroid directed away from Earth

no thrust when out of range
reduced thrust when spot is bigger than target
only turn on if Earth is ahead or behind the target
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Stand-Off Effectiveness

How big of an asteroid can we deflect by 2 Earth radii?

400 m array: none

600 m array: 15 m

800 m array: 30 m

1.2 km array: 100 m

1.6 km array: 250 m

2 km array: 1 km



reminder: simulation assumes constant mass

(not accurate for very small asteroids)



reminder: simulation assumes constant mass
(not accurate for very small asteroids)



A Typical Comet

high eccentricity, high inclination orbit

consider e = 0.98, i = 130◦, q = 0.8 au

typically ∆v ∼ 70 km/s from Earth to comet
stand-on mission not practical

large fraction (∼ 50%) water ice

low vaporization flux ∼ 300 W/m2
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Stand-Off Range for Comets

Need flux density ∼ 300 W/m2 to ablate water ice.

Ablation range:

500 m array: 1 au

1 km array: 5 au

2 km array: 20 au

Sun: 2 au

farther for other volatiles



Comet Deflection in Action

Deflection of Comet Over 2 Years

500m-comet-2yr.anim.mp4
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Comet Deflection Effectiveness

How big of a comet can we deflect by 5 Earth radii?

200 m array: none

400 m array: 80 m

600 m array: 450 m

800 m array: 1.4 km

1 km array: 2 km
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