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Sun 

Dia = ~ 7 meter 

Vinf   =17.1 km/sec 

Min miss = ~ 45K km 

(8.3 Earth radii) 

Energy imp = ~ 250 

KT 

ΔV imparted = ~1.5 

km/sec 



A Decision Program re 

NEO threats, submitted 

to the UN by the ASE 

and its international 

Panel on Asteroid 

Threat Mitigation 

 

Presented to STSC in 

February 09 & full 

COPUOS in June 09.  

Being coordinated 

within COPUOS by 

Action Team-14 





Key Recommendations 
Defined functional responsibilities 



Agenda 
 

1) Early Warning 

2) Orbital Dynamics 

3) Deflection Options 



Early Warning 
 

1) NEO Inventory 

2) Statistical size-frequency distribution 

3) Future discovery rate 



> 1,000,000 

Total by  

~2025 

> 300,000 

Tunguska 

or larger 





87% 

40% 

10% 

<0.5% 









Orbital Dynamics 
 

1) Geometry 

2) Line of  Variations (LOV) 

3) Keyholes 

4) Risk corridor & implications 



MOID – minimum orbit  

               intersection distance 

LOV – line of  variation 

VNEO 

VEarth 

VREL 



Vinf  = 5.87 km/sec 

Vinf  = 5.87 km/sec 

deltaV = 2.83 km/sec 
28 deg 

Apophis 
close encounter 

geometry 

Friday, 13 April 2029 

~21:00 UT 

Incoming period 

P = 323.588 days 

= 0.886 yrs 

Outgoing period 

P = ~426.125 days 

= 1.167 yrs 

cge – close gravitational 

           encounter 

Sun 



3-sigma error ellipse 

2.96 Re 

18,960 km 

centroid 

2036 2035 2034 2037 2046 2048 return date 

orbital period, days 

(currently 323 days) 

408 414 417 426 438 457 

5.60 Re 

(426.125 days – 3.4 minutes) = Period = 426.12499 days 

Note: all calculations 

based on JPL data as 

of  4/11/05. 

Resonances & Keyholes 

Early Apophis situation as example 



Total impulse required 

1.15e8 newton seconds 

10900 kilometers 

(5140  x 2.12) 

12,840 kilometers 

Total impulse required 

1e4 newton seconds 

0.6 kilometers 

Primary Deflection = 

Miss the Earth 

Shepherding = 

Guide between keyholes 

Both strength AND 

precision are needed for 

a successful deflection 

campaign 



Risk Corridors, “elevated concern” by 2025? Risk Corridor, Apophis, 13 Apr 2036 



Deflection Options 
(characteristics & capabilities) 

 

1) ΔV required (1 Earth radius) 

2) Targetting (minimum miss?) 

3) Precision to avoid Keyholes 

4) Kinetic Impact & Nuclear 

5) Gravity tractor (or equivalent) 

6) Deflection Campaign 



Keyholes and ∆ V requirement 



Kinetic Impact 
 

Pushes the asteroid via direct 

impact 

(KI = robust but imprecise) 

Current Deflection 

Capability 

Gravity Tractor 
 

Pulls the asteroid using mutual 

gravity as a tow-rope 

(GT = weak but precise) 



Nuclear Explosion 
 

Explodes surface off  NEO 

to create impulsive push 
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Gravity Tractor 

1 metric ton 

1 year 

1 day 

x10 Kinetic Impactor 

1 metric ton @ 5 km/sec x1 

Keyholes and ∆ V requirement 

12.4 days 

@ 0.4n 

= 42,160 ns 



Key Parameter  

– Total Impulse – 
(= NEO momentum change) 

(Units = n-sec or kg-m/sec) 

Kinetic Impact* 

M∆VNEO = βmVIMP 

∆VNEO = β(m/M)VIMP 

2 < β < 10 

Gravity Tractor 

F = GMm/r2 

∆VNEO = tGm/r2 

Independent of  M 

 

* Nuclear standoff  explosion subject to different but comparable uncertainties. 



Primary Deflection 

Multiple keyholes 

within uncertainty 

zone 



Secondary Deflection 

or 

Shepherding the NEO error ellipse 

Step 1 

- collapse the primary deflection error 

ellipse 

 

Step 2 

- shepherd the error ellipse between 

adjacent keyholes 

Probability of  success goal 

 

1:1,000  -  ~ 3 error ellipse 

1:1,000,000  -  ~ 5 error ellipse 



Discussion 






