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Introduction:  Although tremendous progress has 

been made in recent decades quantifying the risk of an 

Earth impact by a Near-Earth Asteroid, a complete 

understanding and mitigation of this risk has yet to be 

realized.  This presentation will outline an approach to 

fulfill this important task by 2050, covering both the 

needed infrastructure for the complete detection of 

NEOs down to sizes where an impact could have re-

gional effects (~20m), and a plan to fill the gaps in our 

understanding of the underlying geophysical parame-

ters needed for a robust mitigation approach – with 

obvious benefits to a more complete understanding of 

the formation and evolution of rubble pile small bod-

ies.  In addition to the benefits for planetary defense, a 

complete catalog and substantially improved under-

standing of NEOs has significant benefits for human 

exploration and resource utilization.     

Detection and Remote Characterization: The 

first step in mitigation of the impact risk is to find, 

characterize, and catalog the orbits of all potentially 

hazardous NEOs, a task that is already underway. To 

date, NASA’s Near-Earth Object Search Program has 

successfully discovered more than 90% of NEOs great-

er than 1 km in diameter, and is making progress to-

ward the current goal of discovering more than 90% of 

objects great than 140m in diameter.  Space-based ob-

servatories such as NEOCam [1] and ground-based 

survey telescopes like LSST [2] will realize this goal 

within the next decade.     

But as seen by the Chelyabinsk airburst event in 

2013, even the impact of an object 20m in size (which 

likely occurs every ~10^2 years [3]) can cause city-

scale devastation.  However, completion of the catalog 

of NEOs down to this size is a goal that can be realized 

by 2050.  A dedicated IR space-telescope of the scale 

of HST or WFIRST (both 2.4m aperture) has the capa-

bility to detect NEOs as small as 20m from a distance 

of ~0.5 AU; when coupled with next-generation dedi-

cated ground based telescopes for follow-up, such in-

frastructure has the potential to discover over 90% of 

NEOs down to 20m by 2050.   

Remote characterization of asteroid properties is al-

so critical for accurate trajectory refinement. Spin state, 

size, shape and albedo all factor in to the dynamical 

modeling of forward trajectory propagation.  Space-

based and ground-based assets that measure such prop-

erties as part of the follow-up observations of potential-

ly hazardous objects is a necessary part of any future 

observation network.  Of particular importance is the 

continued upgrade of ground based radar observatories 

such as Arecibo that are uniquely capable of remotely 

measuring these parameters.  In short, there is a need 

for dedicated ground and space-based systems roughly 

an order of magnitude more sensitive than currently 

being planned today, including Earth-based radar. 

In Situ Geophysical Characterization: Once 

catalogued, mitigation of any discovered impact threat 

likely requires detailed knowledge of multiple geo-

physical parameters that can only be obtained by 

spacecraft reconnaissance.  As mentioned previously, 

spin state, size, shape, and albedo all play a role in the 

forward propagation of trajectories.  Thermal proper-

ties of the target asteroid (emissivity, thermal inertia, 

and their spatial distributions) also feed into accurate 

trajetory prediction, albiet as second-order effects. But 

a detailed understanding of how these characteristics 

can subtlely affect orbital parameters is critical to accu-

rate prediction of long lead-time mitigation strategies, 

such as gravity tractor or kinetic impactor approaches.  

Perhaps more critically, we need a much better geo-

physical understanding of the nature of “rubble piles” – 

aggregations of granular material that are theorized to 

be the underlying structure of most NEOs – to make 

accurate predictions of the consequences of a kinetic 

impactor.  Missions such as AIDA will provide excel-

lent emperical information to refine our understanding 

of how such objects respond to a kinetic impact. How-

ever, follow-on missions will be needed to answer 

questions that are sure to be raised in this experiment. 

A unique opportunity to further refine impact miti-

gation design, as well as our fundamental understand-

ing of how small rubble-pile asteroids form and evolve, 

will occur in 2029 when the near-Earth asteroid 

Apophis will fly by the Earth at a predicted distance of 

4.6 Earth radii – inside the orbit of geostationary satel-

lites [4].  This close approach should significantly per-

turb the asteroid, including significant tidal stretching, 

spin state change, and possibly body-wide turnover of 

the asteroid regolith.  A second close approach with 

Earth will occur in 2036, a perfect opportunity to refine 

our understanding of the coupling between geophysical 

parameters and forward trajectory prediction.          

Realizing a Mitigation Approach: Once long-

lead-time mitigation flight experiments such as AIDA 

and follow-on missions have been demonstrated to 

provide the required precision in changing the orbital 

parameters of the target asteroid (e.g., demonstrated by 

2040, either by kinetic impact or gravity tractor), it is 
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possible to envision by 2050 the mitigation of any pre-

dicted long-lead asteroid impact discovered by current 

or next-gen survey capabilities.  Ideally, such a mitiga-

tion mission would need to include a spacecraft flying 

in tandem or in orbit around the object to help monitor 

and verify the change in asteroid orbital elements.   

 One class of potential hazardous impactors that is 

far more difficult to detect with long lead times is long-

period comets.  Presumably, future larger survey tele-

scopes for detecting small NEOs would also detect 

such incoming hazards; but detection of a 100m-class 

object beyond 10AU requires a dedicated observation-

al system much larger than that described above.  In 

addition, even if a comet on an impact trajectory were 

detected at 10AU, the lead-time prior to impact could 

be as short as 2-3 years – too short a time to build and 

implement any new mitigation system.  If the mitiga-

tion of long-period comets is to be included in this 

framework, an existing rapid-response system would 

need to be operational and in-flight, presumably with 

substantial delta-V capability (>20km/s) and high 

thrust to provide the needed momentum transfer to the 

incoming target in the short window of time available 

to deflect such an impact.  

Benefits to Human Exploration: The substantial 

increase in the number of known NEOs that would 

result from building a catalog of all objects >20m also 

has important benefits to human exploration.  To date, 

just over 15,000 NEOs have been detected with exist-

ing systems [5].  But the number of NEOs greater than 

20m in size is believed to be well-above 10^6 objects 

[6], meaning that we have detected only ~1% of all 

objects in this population.  If future human missions 

plan to exploit the resources in the NEO population to 

lower the cost of future space architectures, this ad-

vanced catalog of possible targets makes the sustaina-

ble implementation of such an approach much more 

realistic than it is today. 

Summary: Most of the technology to realize the 

goal of full characterization and mitigation of future 

asteroid impacts exists today, at least at a fundamental 

level.  However, basic infrastructure will be needed 

beyond that currently planned to fulfill this goal.  Key 

elements include: 1) Completion of a NEOCam-class 

mission, coupled with advanced ground-based capabil-

ity such as LSST, to first characterize the impact risk of 

objects larger than 140m, 2) the implementation of a 

dedicated next-generation IR space survey (WFIRST 

class) in the 2030s, dedicated to the detection of all 

NEOs larger than 20m, 3) advanced, dedicated ground 

based assets for robust detection and follow-up of po-

tentially hazardous objects, including advanced radar 

systems, 4) long-term spacecraft reconnaissance of the 

asteroid Apophis, covering both the 2029 and 2036 

Earth fly-bys, to fully understand the geophysics of 

rubble pile asteroids, and 5) implementation of AIDA 

and follow-on impactor/mitigation test missions, cul-

minating in the implementation of any needed mitiga-

tion missions for long-lead potentially hazardous aster-

oids. 
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