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Figure 16.  Close Approach Warning Times 2012-2025, D> 1 km. 

In the next 14 years, every penetration of the MOID will have been anticipated by over 
6 years, with 43% of approaches known for over 30 years.  There is still a slight chance 
of a missed approach (0 warning time) in this time period. 
 

 
Figure 17.  Close Approach Warning Times 2026-2039, D> 1 km. 

In the period from 2026-2039, 78% of approaches by large objects will have over 30 
years warning time, and 99% will have over 24 years.  There is still a very slight 
chance of a missed approach as shown in table 12.  These results were fairly obvious 
given the known success of Spaceguard with this size range. 
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The following graph sums up the anticipated progression of early warning for 

large object penetrations of the 0.05 AU MOID from 1984 through 2039.  From the end 

of the Spaceguard’s first 14 years, up through the present, these 0.05 penetration 

warning times move up significantly.  The mean is 27.4 years for projected 2012-2025 

approaches, incorporating the single missed approach.  This climbs to a mean of 38.07 

for 2026-2039 approaches, well beyond the previously mentioned 30 years in Mike 

Griffin’s testimony, which, though somewhat arbitrary, is a reasonable estimate for 

carrying out the full target-cycle, which will include first additional ground 

observations, then a precursor mission to determine the necessity of the deflection 

mission, and then the deflection mission. 

 
Figure 18.  3-D 0.05 AU Approach Warning Times 1984-2039, D> 1 km. 

This graph displays a fairly obvious high success rate for Spaceguard with large 
objects.  The right side of this chart shows the periods studied, beginning at the back 
with the earliest and moving forward to the projected periods.   
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Figure 18 displays an obvious result for large objects, Spaceguard has been a 

success.  All PHAs in this size range will be discovered and tracked with enough 

certainty to provide an average of 27 years notice of their next penetrations into the 

MOID within the 2012-2025 period.  Following this period, warning times for 

penetrations will continue to increase.  

 

Figure 19.  Close Approach Warning Times 1998-2011 D= 500-1000m. 

Depicted are the 8.69 missed approaches (in red), along with the majority of known 
approaches with under 3 years warning time. 
 

PHAs ~500- 1000 m 
 

 Spaceguard has had and will have almost as good success for PHAs in the 500-

1000 m size range.  The following graphs show that during the first period, most PHAs 

in this size range passed through the MOID with less than 6 years of warning.  There 

were approximately 9 missed approaches (in red) of undiscovered PHA in this size 

range, as shown in table 9.  In the following period, most penetrations of the MOID 

happen with between 6 and 42 years warning. However,  as table 10 shows, there are 
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projected to be eight approaches by newly discovered PHAs in this size range within 

the next 14 years, as well as 0.68 missed approaches by PHAs not yet discovered.  

Also, most warning times for MOID penetration will be above 21 years.  PHAs 

discovered during the 2012-2025 time period will have some corresponding approaches 

in the 2025-2039 period.  These estimated approaches of newly discovered objects are 

in green.  Between 2026 and 2039, 89% of penetrations of the 0.05 AU MOID will 

have early warning of over 15 years, with no missed approaches.  In the following 

period, 92% of penetrations will have over 30 years warning time. 

 
 

Figure 20. Close Approach Warning Times 2012-2025 D= 500-1000m. 

Here we see a small chance of having a missed approach (in red).  Additionally, an 
estimated 8 penetrations will occur during this time period of PHAs discovered after 
2011 (see table 11, row 1c.).  These are given warning times of less than or equal to 
zero due to lack of information, although it is more likely that some spread around zero 
would be the case.  The rest of the penetrations have over 6 years warning time. 
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Figure 21. Close Approach Warning Times 2026-2039 D= 500-1000m. 

About 52% of 0.05 AU penetrations after 2026 will have over 30 years warning time, 
when accounting for missed approaches and approaches of objects discovered after 
2011. Projected discoveries after 2012 are given a uniform distribution (in green). 

 

 
Figure 22.  Close Approach Warning Times 2040-2053 D= 500-1000m. 

Including all missed approaches, approaches of objects discovered after 2011, and 
approaches of all currently known (prior to 2011) objects, 92% will provide over 30 
years warning time for penetration of the 0.05 AU MOID. 



75 
 

By 2011 80% of 500-1000 m objects have been detected.  Warning times for 

penetration of the 0.05 AU MOID are projected to move up to a mean of 20.9 in the 

next 14 years.  Mean penetration warning time grows to 33.5 years for 2026-2039 

approaches, because by this time, most objects will have been discovered, with only a 

slight chance of a missed approach.  By the period 2054-2067, all approaches will be 

anticipated by over 30 years, and 61% of approaches will have over 60 years of 

warning time.  This gives enough time to go through all necessary decision points in a 

layered planetary defense.   

 
Figure 23.  3-D 0.05 AU Approach Warning Times 1984-2039, D= 500-1000. 

Warning times for penetration are already moving up quickly for this size bin.  By 2026, 
30 years warning time for penetration of the MOID will be common. 
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PHAs ~300- 500 m 
 

Spaceguard has some success for PHAs in the 300-500 m size range, but 

progress in the next two periods will be critical in establishing completeness within this 

size range.  The following graphs show that during the first period, most PHAs in this 

size range passed through the MOID with less than 1 year of warning.  Table 9 displays 

48 missed approaches (in red) of undiscovered PHA in this size range.  The following 

period shows little progress, because of an anticipated 30 missed approaches and 36 

approaches of newly detected objects.   Between 2026 and 2039, only 29% of 

penetrations within the MOID will likely have early warning of over 24 years, due to 

the anticipated number of missed approaches and new discoveries still occuring in that 

period.  A factor that causes a delay of completion in this size group is the higher 

uncertainties in the trajectories.  In the following period, 33% of penetrations will have 

over 24 years warning time, and 63% will have over 10 years warning time.  

 
Figure 24.  Close Approach Warning Times 1998-2011, D= 300-500 m. 

A high number of approaches in this size bin, estimated at 48, have been missed since 
the 1998 congressional mandate, which applied only to larger objects.  84% of 
penetrations had warning times less than 1 year, (the first two columns). 
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Figure 25.  Close Approach Warning Times 2012-2025 D= 300-500 m. 
Approaches of newly discovered PHAs and missed approaches will bring the average 
penetration warning times down close to 0 in this period.  
 

 
Figure 26.  Close Approach Warning Times 2026-2039 D= 300-500 m. 

As newly objects projected for discovery after 2012 provide longer warning times in 
this period, the picture improves a little.  About 30% of penetrations should have 
warning times over 24 years in this time period. 
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Figure 27.  Close Approach Warning Times 2040-2053 D= 300-500 m. 

Here, the missed approach rate declines, as the population of 300-500 m objects 
reaches completion.  Newly discovered objects also decline as the population reaches 
completion.  By the next period there will be virtually no missed approaches or newly 
discovered objects.   

The following summary chart shows that early warning times for penetration 

will go from near 0 to over 24 years for 33% of PHAs in this size range by the end of 

2053.  By 2067, after completion, warning times will reach the required 30 years for 

most objects.    

 
Figure 28.  3-D 0.05 AU Approach Warning Times 1984-2039, D= 300-500. 

In the first period, penetration warning times were below 0, and moved to below 1 in 
the period since the 1998 congressional mandate.  In the next period (2012-2025) 38% 
of penetrations will provide over 10 years warning time.  63% of penetrations from 
2040-2053 will provide over 10 years warning time, and 33% will provide over 24 
years. 
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The delay in having reliable warning times comes from the high uncertainties in 

trajectories of 48.5% of PHAs (see table 8) in this size range.  This uncertainty, 

accompanied by the high number of PHAs in this size range, has the potential to delay 

completion for several decades.  If the uncertainty level can be reduced through greater 

funding, the length of time until completion can be cut significantly, giving more 

warning time for penetration of this early layer for planetary defense.  The reduction of 

uncertainties may require re-observation, re-discovery, and observation over long arc 

lengths for new discoveries.  Uncertainty in the orbital trajectory plays an even greater 

role in the 100-300 m bin, which is addressed next.  

PHAs ~100- 300 m 

 PHAs in this size bin are more numerous than all of the PHAs larger than 300 m 

combined.  Table 5 shows the estimate of total PHAs in this size range at 3,807, 

whereas there are only an estimated 478 PHAs in the 300-500 m range.  Because 

progress is much slower in this size bin, only every other period is shown in the graphs 

below.  In the first period, over 500 missed penetrations of 0.05 AU occur.  In the 

2026-2039 period, there are still 500 projected missed penetrations and 168 approaches 

by newly discovered PHAs.  Even as late as 2054-2067, there are 463 missed 

penetrations and still some 168 approaches by newly discovered (or re-discovered) 

PHAs.  Because the population is so large, and uncertainty so high, completion will 

take a very long time for this size bin, and warning times will remain very low for the 

majority of approaches.  
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Figure 29.  Close Approach Warning Times 1998-2011 D= 100-300 m. 

Note the high number of missed approaches, because so many PHAs in this size bin 
remain to be discovered.  Warning times for a only few approaches are greater than 1 
year, barely discernible compared to the number of approaches with less than 1 year 
warning time. 

 

 
Figure 30.  Close Approach Warning Times 2026-2039 D= 100-300 m. 

Missed approaches are still high, overshadowing the also high number of approaches 
by newly discovered PHAs.  Many newly discovered PHAs in this size bin have high 
uncertainties to their orbital trajectories, requiring them to be re-discovered.    

 



81 
 

 
Figure 31.  Close Approach Warning Times 2054-2067 D= 100-300 m. 

By this time period there are slightly fewer missed penetrations, and penetrations by 
newly discovered PHAs continue.  The number of approaches with warning times over 
24 years, at 78, is fairly high compared to other size bins, but the percentage is very 
low. 
 

Projections were only carried out to 2067 for this project.  However, as 

discussed regarding table 5, if average rates of discovery continue for the foreseeable 

future, it would take 86.3 years (past 2011) to reach completion, without taking into 

account trajectory uncertainties.  Because uncertainties are high in this size bin, it could 

take several hundred years to reach completion of the population.  However, even 

before completion is reached, a great many objects will be discovered, yielding a good 

chance of finding an EI among them.  For this reason, the 100-300 m size bin may yield 

both a surprise strike by an EI and an EI with well over 30 years of warning time. 
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Figure 32.  3-D 0.05 AU Approach Warning Times 1984-2039, D= 100-300. 

This graph shows that progress will be slow for warning times in this size range.  On 
the left side, the total of missed approaches and new discoveries remains high well into 
the period of 2054-2067.  Most approaches even in 2054 will have less than 1 year of 
warning time.  If one of these turned out to be a potential EI, there would be little 
opportunity to employ the rest of the layers of defense.  However, this population also 
provides some opportunity for discovery of an EI with over 30 years warning time, due 
to the high discovery numbers relative to other size bins. 

Very Small PHAs ~ 25- 100 m 

 Because projections were only accomplished out to 2067, the Very Small PHAs 

of 25-100 m in diameter (~22.8< H<25.7) did not show any progress in terms of 

warning time for MOID penetration.  The number of missed approaches in each period 

is over 1,700, and the new and lost detections so high that it will take potentially an 

order of magnitude improvement in finding and tracking NEOs to consider this size  

viable for early warning. Yet this is also the bin containing the next most likely 

surprise EI (no warning) to cause damage somewhere on the Earth. 
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 It may take over a millennium to reach completion for this size bin, and to 

therefore have reliable warning for every penetration of the MOID.  However, counter 

intuitively, this size bin may still provide an EI with over 30 years of warning, simply 

because there are so many PHAs being discovered in this size range all the time, as 

discussed in the following section. 

The Next Known EI versus the Next Surprise Strike 

 Several of the graphs for the smaller objects previously shown have bimodal 

distributions, displaying both high number of MOID penetrations with under 1 year 

warning, and a high number with over 30 years warning time.  This illustrates the 

reality of the PHA targeting problem: there is a reasonable chance that the size bin will 

yield both an EI with over 30 years warning time as well as a surprise EI that strikes 

with very little, if any, warning.   

It is well known that the smaller the object is (down to 25 m), the more likely it 

will strike the Earth, because of the high numbers in the lower diameter populations.  

Our PHA population estimates in table 5 show over ~19,400- 400,000 PHAs in the 25-

100 m range, with over ~18,260-399,000 left to detect.  In the 100-300 m range, there 

are over 3,800, with over 3,300 left to detect.  This means that there is over an 83-99% 

chance that the next EI to strike without warning will come from the 25-100 m 

population of PHAs, followed by a 1-15% chance it will come from the 100-300 m 

bin.  There is an exceedingly small chance (<<1%) that the next surprise EI will be  

greater than 300 m, and this chance will continue to decline as the remaining 

population is discovered. 
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However, determination of the size of the next EI to strike with over 30 years of 

warning time is more complex.  These must come from the population of discovered 

objects.  Small PHAs are discovered frequently.  Yet, as discussed in depth in Chapter 

II, a great number of small PHAs have too few observations to reliably predict their 

orbits for more than a couple of decades, and generally not out to 30 years.  The 

following table considers our previous estimates of discovery rates and uncertainty 

rates.  

Table 14.  Probability of Next EI with 30 Years Warning Time Coming from a Size 
Bin. 

 
2012-2025 

 
> 1km 

500m-1km 301-500m 100-300m 25-100m  
Total 

Est. PHA 
Discovery 
rates (14 yr) 

9 47 193 539 1661 2448 

Est. Level 2 
PHAs 

0% 0% 48% 80% 95%  

Level 1 PHAs 9 47 100 109 84 349 

% next 
known EI: 

2.5% 13.5% 28.7% 31.2% 24.1% 100% 

Note: This table, with data pulled from previously explained tables 5 and 8, shows that 
three times as many PHAs are currently discovered in the 25-100 m bin as in the 100-
300 m bin.  And almost three times as many PHAs are discovered in the 100-300 m 
bin as in the 300-500 m bin.  Yet objects whose trajectories have high uncertainty are 
more common in the 25-100 m range (95%) than in the 100-300 m range (80%).  Once 
all objects with high uncertainty are removed from the discovery population, the 100-
300 m bin is left with 109 objects whose trajectories can be projected out to 2200.  
Only 84 objects have such certainty among the 25-100m size bin. 
 

 Estimates in the above table are discussed in the “Detection Rates for New 

Objects” section and the “Level 2 PHAs: High Orbital Uncertainties” section in 

Chapter II.  The main conclusions drawn from this analysis is that the next EI with 

over roughly 30 years of warning time has a fairly equal likelihood of being drawn 

from the 100-300 m, 300-500 m, or 25-100 m size bins, with the most likely to be 
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found in the 100-300 m size bin (31%).   This probability distribution will change in 

future periods, as the larger size bins reach completion.  Currently, if an EI with over 

30 years warning time is discovered in the next period, there a reasonable chance it 

could come from the 300-500 m bin (28%).   It should be emphasized that this does 

not mean there is a high chance of an impact for objects 300-500 m in diameter.  As 

Don Yeomans, manager of NASA’s NEO program office at the Jet Propulsion 

Laboratory explained to Space.com, for 500 meters (1640 feet), this is a mean interval 

of about 100,000 years. 

When you get down to 50 meters, the mean interval is about 700 years, and for 

30 meters, about 140 years or so, but by then you’re getting down to a size where you 

won’t expect any ground damage, as they burn up in the atmosphere at about 25 

meters in diameter and smaller, probably for an impressive fireball event.  (Choi, 

2009, p. 1)      

Dr. Yeoman’s statement above underscore that if an object is less than 25 

meters, there is little need to be concerned about the risk.  For this reason, this lower 

threshold was used throughout this analysis.  Objects above 25 m may, with the right 

composition and trajectories, make it through the atmosphere to cause impact the 

Earth.  Clearly, objects in the 25-100 m and 100-300 m size ranges have a higher 

chance of containing an EI than the population above 300 m.  However, when looking 

purely at the chance for finding an EI with over 30 years of warning time, the outlook 

changes somewhat.  The 100-300 m range may very well have the highest chance of 

yielding an EI with warning time over 30 years, but only slightly greater than the 

chance of such an EI coming from the 25-100 m range or the 300-500 m range.  
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The uncertainty in these answers lies principally in the estimates for the total 

number of PHAs in each size bin.  While the total number of NEOs have been 

estimated through simulation, the number of PHAs is still unknown, though there are 

some estimates stating that the total number of PHAs should be 21% of the number of 

NEOs (L. Johnson, personal communication, Feb 12, 2012).  Further refinement of 

these estimates would help reduce the error levels of this thesis.  However, the answer 

will still involve a high number of very small objects along with a high uncertainty in 

the trajectories of their orbits, yielding a low number of objects discovered with 

predictable orbits. 

One assumption in this analysis is that observation technology, techniques, 

funding, and focus of the scientific community will remain the same.  If the 

community decides that focusing on the small objects is not worthwhile, the time for 

survey completion could remain quite a long period.  However, if technology 

continues to increase rapidly, completion of even the 25-100 m objects might be 

conceivable.



87 
 

CHAPTER IV 
 

APPLICATION OF RESULTS:  MISSION CAMPAIGNS 

Subsequent Layers:  The Importance of a Transponder Mission 

Within the layered defense approach, our results show distributions of the time 

between detecting an object and its next close approach to the Earth as a parallel to 

impact warning times and as a time frame within which a decision must be made for 

further action.  As discussed in our overview at the beginning of this thesis, possible 

decisions to be made within the early warning period for each close approach include, 

in order of necessity: 

1.  Ignore the NEA.   

2.  Focus additional ground based telescopes at the NEA.   

3.  Focus RADAR assets on the NEA if possible. 

4.  Launch a precursor characterization/transponder mission.   

5.  Launch near-simultaneous observation and deflection missions.   

6.  Evacuation.   

7.  Recovery operations.    

Beyond the initial layer of knowing that an object is coming within the 0.05 AU 

MOID, the probabilities of impact must be further refined.  Additional ground 

observations, radar, and a precursor mission are the next layers. Possibly the most 

significant single piece of information that a precursor mission would need to 
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determine would be the answer to the questions “What are the odds of the object hitting 

us?”  There is a great deal of uncertainty in orbital refinements. Several passes of a 

NEO may be required before ground observations can tell if a NEO will have a high 

probability of being an EI.  Chesley and Spahr (2004) accomplished a case study of the 

“rate at which the probability of an impending impact increases after discovery” 

(Chesley & Spahr, 2004, p. 34).  In their simulation, an object discovered in 1983 and 

destined to hit in 2000 is determined to be harmless after initial observation.  Years 

later, when the object is again observable, the future impact is confirmed, leaving less 

time for deflection attempts (Chesley & Spahr, 2004, p. 35). 

A recent example of the application of this concept is 2011 AG5, an object 

which currently has the highest known chance of impacting the Earth (on its pass in 

2040).   The chance is estimated at 1 in 625.  “Processing additional observations in the 

2013-2016 time period,” Don Yeomans told space.com, “will almost certainly see the 

impact probability for 2011 AG5 significantly decrease.” (David, 2012, p. 1).  In this 

case, enough observational opportunity will exist for 2011 AG5 well prior to 2040 to 

ease the pressure on decision-makers.  However, if the next chance for observation was 

not until 2030 or 2035, the US government would have to decide if a 1 in 625 chance of 

impact merits launching a precursor transponder mission to the object. 

For this reason, the author advocates a multi-layered approach with defined 

probability levels past which the next stage is activated.  For example, a potential EI 

whose probability of impact reaches above some predefined amount should become the 

immediate subject of a global observation campaign, including RADAR observations.   

Once uncertainties are further resolved, if the NEA still provides a sufficient 
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probability of threat and enough time, the next stage should be implemented- that of an 

immediate, inexpensive and uncomplicated precursor transponder mission.  As the 

transponder mission is flying to the NEA, more expensive long-term transponder-

observation and deflection missions could be designed and assembled as necessary. 

Tens of billions of dollars could be spent to deflect or destroy a PHA presumed, 

incorrectly, to be on a collision course with the Earth.  For this reason, sending a 

transponder mission to a PHA with a reasonably high chance of being an EI might be 

essential for determining if the NEO is indeed an EI.  However, it is a difficult and 

politicized decision to determine the best minimum probability before such a mission is 

deemed necessary.  For example, if a PHA in the 140 m size range has a 1 in 625 

chance to strike, how long are NASA, congress, the President, and other nations likely 

to wait before taking action?  In our current fiscally constrained environment, if added 

ground observations are soon possible, clearly the proper decision is the wait.  

However, what if the same odds applied and no more ground-based observations would 

become available prior to the threatening flyby?  What level of risk are we willing to 

tolerate, and at what level do we make the hard decision to send a precursor mission?   

Decisions currently take place on a case by case basis, and no known NEO represents 

sufficiently high probability of near term impact to justify an expensive mission. But 

more ideally, there would be some minimum parameters above which the government 

would fund and mandate action, first in the form of a low-cost precursor observer-

transponder mission, and secondly in a more expensive campaign of observer and 

deflection missions. 
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Purpose of a Transponder/Observer Mission in the Targeting Cycle 

  As discussed, a precursor transponder mission could determine orbital 

parameters to such a degree that the EI is determined to no longer be a threat, 

potentially saving the international community from large expenditures related to 

deflection attempts.  Moreover, if the trajectory of the NEA is shown to be on a near 

miss with the Earth, deflection techniques might be better avoided, so as to not disturb 

the object and turn it into an EI.  And if deflection is necessary, a transponder would 

likely be required for any deflection attempts and for post-deflection observation to find 

out the level of success.  In the Air Force, this sort of post- impact assessment is 

analogous to “Battle Damage Assessment,” an essential part of the Air Force’s 

targeting cycle.   

 
Figure 33.  Joint Publication 3-60 “Joint Doctrine for Targeting”. 
This Time-Sensitive Targeting Process can easily apply to the NEA target set. 
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Figure 33 contains a typical example of the unclassified joint targeting cycle. In 

my professional career, I was part of this targeting process during the intense 

Afghanistan bombing campaign in the months after 9-11, and also in weaponeering 

prior to the second Gulf War.  What is striking is how relevant this targeting cycle is to 

the NEA problem set.  Detecting, locating, and identifying NEAs is currently being 

carried out by Spaceguard, and would be further carried out by the precursor observer-

transponder mission.   The decision point in the target cycle, one would presume, must 

lie with the President and/or Congress with (currently) recommendations from NASA 

for funding a campaign of missions to the NEA.  Once deflection is attempted, 

assessment of the target would be required through the still active observer/transponder 

mission, after which a new decision for retargeting would take place. 

The first key element in any targeting cycle is to gain as much detailed 

information about the target as possible.  During the targeting of potential Weapons of 

Mass Destruction (WMD) going into the second Gulf War, a widespread assumption 

was that there was, indeed, WMD in Iraq.  This assumption, however, was not 

supported by all in the targeting community.  During subsequent congressional 

inquiries, it became apparent that no considerable amount of WMD existed, and an 

investigation began to find out how the error was allowed to propagate (Senate Select 

Committee on Intelligence, 2006, p. 4).  A critical series of informational errors had 

taken place, causing or allowing immense resources to be allocated towards a lengthy 

war. This serves as an example of how the early stages of targeting- ascertaining the 

true nature of the target- are without a doubt the most critical.   
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Subsequent important stages of the process include developing targeting 

packages that address the most likely characteristics of the target.  After adequate 

characterization, an attempt to destroy the target takes place, followed by another 

important process, assessment of the target after impact.  All of these must take place in 

the targeting of an EI. 

Characterization Data Necessary for Mitigation 

 Most importantly, a precursor observer- transponder mission could supply 

precise orbital parameters and mass/density distribution, due to the fact that these are 

required to determine whether the NEA is an EI, and if so, how much damage it can 

inflict.  Other important data needed include shape models, rotation rates, gravity 

distribution, moment of inertia, chemical composition, and internal structure. Prior to 

embarking on a precursor mission to obtain this data, all attempts from ground-

observation to yield as much data as possible should be carried out, both to determine 

the necessity of the precursor mission and to assist the mission, in the event that it must 

take place.   

Prior to sending a precursor mission, it is important to have a general idea of the 

size and mass of the threatening NEA. The most likely size will be in the 100-300 m 

range, with possibilities in the 300-500 m and 25-100 m ranges.  Close-proximity 

operations around small bodies such as these are complex.  Scheeres (2004) states that 

orbits about small bodies can become rapidly destabilized and result in impact or 

escape velocity in a matter of hours, rather than thousands to millions of years 

(Scheeres, 2004, p. 2). He emphasizes that small bodies, with their large range of 

physical parameters, will merit very different concepts in terms of close-proximity 
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operations.  He discusses a case study of the NEAR approach to Eros versus 

Hayabusa's approach to the smaller Itokawa.  These missions required substantially 

different designs due to vast differences in the bodies, particularly the mass difference.  

This meant that for Itokawa, the spacecraft used more station-keeping, in essence 

almost hovering around the object, which meant differences in terms of fuel, placement 

of instruments, and more (Scheeres, 2004, pp. 1-2).  Therefore, radar imaging and 

precise optical imaging of a NEO would be ideal prior to embarking on a threat 

mitigation mission or a precursor to that mission.   

Alternatives and Mission Times for a Precursor/Transponder Mission 

  A precursor transponder mission could involve placement of a device onto the 

surface of the NEO, or simply conducting long term close-proximity orbits of the object 

using a radio science package for distance measurements from Earth.  The mission 

could be designed for a direct short term stay near the body (a few years) using already 

developed technologies for costs that would be low relative to a deflection mission, 

which might be determined to be unneeded due to the refinement of the orbit.  Or it 

could be designed for more sophisticated, long-term stay for pre- and post- deflection 

purposes, which would likely cost more.  The design and test of an inexpensive, rapidly 

deployable precursor transponder mission would be a step in the right direction.  The 

precursor mission should be designed for objects in the 100-300 m range, based on this 

analysis.  Another  recommendation is continued design of a robust suite of observation 

and deflection missions that would follow the initial precursor mission.  Finally, testing 

of a kinetic deflector against a benign NEO in the 100-300 m size range would provide 

real world experience for planetary defense.   
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 Charania, Olds, and Koenig of Spaceworks carried out recent work on 

Foresight, an inexpensive precursor mission designed as an Apophis mission. The 

Planetary Society’s Apophis Mission Design Competition awarded first prize to the 

Foresight mission for its “low-cost, conventionally propelled orbiter with only two 

instruments and a single band [X-band] radio tracking system” (The Planetary Society, 

2008).  Spaceworks wrote a mission design document for a transponder mission that 

would co-orbit the sun with Apophis.  NASA scientists at JPL initially thought 

Apophis, a roughly 270 m object, had a reasonably high 2.7% chance of impacting the 

Earth in 2029 (Brown, 2009).  With additional observations, they were able to rule out 

the 2029 impact, but will be watching it closely as it passes very close to the Earth to 

the Earth at around 31,000 km (Brown, 2009), which is inside the orbit of our 

geosynchronous satellites.  Initially, scientists were also concerned that in 2029, “if 

Apophis passes through a several-hundred-meter-wide ‘keyhole’ in space during this 

approach, it will impact the Earth in 2036” (Charania, p. 1).   However, “updated 

computational techniques and newly available data indicate the probability of an Earth 

encounter on April 13, 2036 for Apophis has dropped from one-in-45,000 to about 

four-in-a million” (Brown, 2009).   Nevertheless, Apophis’ close passes to the Earth 

make it ideally suited for testing a transponder precursor mission.  

Wertz breaks down a spacecraft into the following subsystems: propulsion, 

control systems, on-board processing, communications and power, and structures and 

thermal, as well as payload, ground system, and launch operations (Wertz, 2011, pp. vi-

vii).  Looking at the Foresight mission for these elements, Charania uses “a single bi-

propellant chemical main engine and a number of small thrusters” for Foresight’s 
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propulsion (Charania, p. 2).  Ion propulsion has recently matured enough to where this 

might be the preferred mechanism (M. Gaffey, personal communication, 18 Apr, 2012). 

 On-board processing includes a central processing unit (PowerPC 750FX), a 

solid state drive, and an electronics module. Control systems include four reaction 

control system thrusters, several sun sensors, two star trackers, and an inertial 

measurement unit.  Foresight uses both high and low gain antennas for 

communications, and it has two solar arrays as its primary power source, augmented by 

batteries (Charania, p. 1).  For the payload design, Charania et al. felt that a laser 

altimeter and camera were “the minimum suite of instruments one would need in order 

to provide the data to reduce future orbital uncertainty (A. Charania, personal 

communication, December 4, 2012).  All of these fit into an 85 cm X 85 cm X 70 cm 

box, with a total mission cost estimate of only $131 M (FY2007 constant U.S. dollars) , 

including the $22 M stated for the Minotaur IV launch vehicle.  For the launch, 

Charania used a Propulsive Transfer Vehicle (PTV), “a simple bi-propellant chemical 

stage, to assist in achieving the necessary Earth departure velocity”, after initial launch 

on an Orbital Sciences Corporation (Orbital) Minotaur IV launch vehicle from Wallops 

Flight Facility in Virginia (Charania, pp. 1-2).   

 The Foresight would, if launched on May 9, 2012, take 310 days to transfer 

from Earth to Apophis, followed by a 10 day Initial Survey period and a 30 day 

Observation period during which it would orbit Apophis to determine its shape, 

rotation, and gravity model.  It would then retreat from orbiting Apophis and enter a 

trailing orbit 2 km behind the asteroid’s center of mass, for the modeled minimum of 

300 days required to reduce the error ellipse down to 6 km (Charania, pp. 3-4).  Added 
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together, this would yield 650 days for mission success, plus a waiting time for the 

window of approximately 5 years after the initial design, for a total of approximately 7 

years’ time to mission success after the proposal.   

 This 7-year time to mission success provides a direct link in to the warning time 

estimations.  After ground –based instruments determine some minimum chance of a 

NEA being an EI, we can see that the precursor transponder mission alone will 

consume a sizeable chunk of time.  Bruce Willis would age perhaps a decade or more 

before being able to board the Space Shuttle and rocket off with a nuclear weapon.  

Early warning is vital. 

The second (A-Track) and third-prize (APEX) competitors estimated their costs 

at $387.2 M and $497.8 M respectively.  A-Track proposed a payload of 2 cameras, a 

thermal radiometer, a visual and near-IR spectrometer, and a dual band (Ka and X) 

tracking system.  It was larger and more massive than Foresight (540.2 kg versus 100.2 

kg), with a correspondingly larger solar panel size (6 m2 versus 1.2 m2).  A-Track 

proposed a 2013 or 2014 launch on a Boeing Delta II 7926, with rendezvous at Apophis 

10-15 months later.  Like Foresight, it would orbit Apophis for a preliminary period (5 

months, longer than Foresight’s 30 days).  However, in lieu of leaving orbit to trail 

behind Apophis, Deimos Space, the creators of A-Track, proposed having the 

spacecraft withdraw to a stable orbit, well-away from Apophis, further out for a six-

month tracking period (The Planetary Society, 2008).  Again, with the waiting time for 

an appropriate launch window, the total time would be on the order of 6-7 years to 

mission success. 
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APEX, the most expensive of the three winners was a solar-electric propelled 

spacecraft that would be theoretically launched on a Soyuz Fregat between 2012 and 

2015, to arrive 9 to 21 months later.  Like the other two, it would arrive and accomplish 

a preliminary study of the asteroid’s parameters, with added capabilities due to its 

extensive sensor suite of six instruments: 2 cameras, a laser altimeter, a visible and 

near-IR spectrometer, and an accelerometer, along with a dual band (KA and X) 

tracking system.  With this more sophisticated instrument suite, EADS can accomplish 

a thermal mapping campaign for what it argues are essential estimates of the Yarkovski 

effect and Solar Radiation Pressure (SRP) on both Apophis and the spacecraft.  APEX 

would track Apophis for at least an Apophis year after its initial observation period, 

with a potential additional year under some conditions (Allouis, et al., 2007, pp. 1-5).  

The total time to mission success for APEX is on the order of 5-7 years when adding 

launch window wait time to transit time and mission completion time.di 

Proposed Campaign Architecture 

For a 100-300 m object with warning time of over 30 years, the use of a mission 

similar to one of the above Planetary Society winning proposals for an inexpensive 

rapidly deployed precursor mission would be desirable.  Secondly, a more robust 

observation mission to follow is advocated, should the initial precursor mission 

demonstrate conclusively that a NEA is indeed an EI.  This mission would be required 

to loiter near the NEA, providing similar transponder and other characterization data as 

the above missions, with the potential addition of an observation role during and after a 

potential mitigation attempt.  This follow-on precursor campaign would either require a 

more robust power source to keep it active for a longer period, or it would need to 
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involve of a series of inexpensive observer spacecraft that would be launched 

periodically to replace and/or augment previous observer missions. 

  Rather than orbit the NEA, or after doing so for a period of time, the spacecraft 

would pull back and co-orbit the sun in close proximity to the NEA, far enough from it 

so that a deflection mission would not adversely affect it.  This might not be too 

complicated if the deflection method chosen were a kinetic strike or the use of a gravity 

tractor.  However, the use of a nuclear bomb as a deflection device may create 

complexity in terms of the radiation effects on the spacecraft.  The degree of hardening 

and distance from the center of mass of the NEA might require modeling, likely based 

on models used within the Department of Energy and DoD for modeling nuclear blasts.  

A solution for preparing for such an environment might be to have the observation 

mission positioned on the opposite side of the NEA from the blast.  Because there is no 

atmosphere involved, this could very well be enough to protect the spacecraft (M. 

Gaffey, personal communication, 18 Apr 2012).  

Alternatively, a new transponder mission could be launched to arrive shortly 

after the mitigation mission.  The campaign would include a means of initial scouting 

(the precursor), a follow-up long term observation mission, the mitigation, and the 

critical post-mitigation assessment-observation mission.  After deflection attempts, a 

critical period would ensue to re-measure the orbit of the NEA, with the hopes that it 

shifted enough.   

If warning times are less than 30 years, the multiple spacecraft in this campaign 

might be sent near simultaneously.  For this reason, an already designed, inexpensive 

precursor mission, ready for rapid launch would be an important part of such a 
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campaign architecture.  With 10 years warning time, for example, the precursor would 

launch as soon as a certain probability for impact threshold is reached, and as soon as a 

window became available, completing its mission within the next 7 years.  The follow-

on observer mission and mitigation missions would be built in a crash program similar 

to the Apollo program to get to the moon, and might be sent while the precursor is still 

enroute. 

The Most Likely Target 

 Such a transponder mission and/or campaign of several spacecraft, if launched 

within the next few decades to centuries, would most likely be sent to an object in the 

100-300 m range, as the research in this thesis points to.  If observation technology 

advances significantly, so that uncertainty rates for smaller objects decline 

significantly, then the most likely object for a transponder mission would move to the 

25-100 m range.  With the high frequency of discoveries in this very small object 

range, the only thing preventing an EI from being discovered is the uncertainty in its 

trajectories.  Until these uncertainties are overcome, the next detected EI giving any 

time for a transponder mission will most likely come from the 100-300 m range, 

followed by the 300-500 m range, and then the 25-100 m range.  Therefore, close-

proximity operations may be designed around these three general size ranges, and the 

corresponding likely mass.  While the mass range between 25 m and 500 m is 

significant, it is far better constrained than trying to design for larger NEAs.  This 

means that the mission designs for Apophis, if tested, would provide proven technology 

in the range of objects considered.
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CHAPTER V 

DISCUSSION 

The next EI with actionable warning times (greater than 30 years) will most 

likely come from the 100-300 m size bin, followed by the 300-500 m size bin, and 

lastly the 25-100 m size bin.  This conclusion came from a combination of estimates of 

approach warning times, missed approaches, rates of occurrence of highly uncertain 

orbits, and projected detection rates.  Possible campaigns for dealing with potential EIs 

discovered with enough actionable warning time to launch a precursor mission were 

discussed.  Examples of mission designs for the initial precursor transponder mission 

were discussed, as well as a proposed campaign for follow-on observation and 

deflection missions, using the Department of Defense Joint Targeting Cycle as a model 

for carrying out such a deflection mission. A discussion of some technologies that 

should probably be improved over the next few decades follows, along with a synopsis 

of recommended paths forward to prepare for the different threats the Earth will face. 

Future Technologies Essential to Spaceguard 

This analysis has attempted to help focus the planetary defense efforts on 

current capabilities and help identify gaps in them.  One such gap comes from the high 

uncertainties for the orbits of most objects less than 300 m, which, if overcome, will 

rapidly ramp up the warning time for these objects.  Until this is rectified, there will be 

a substantial threat of little to no warning for many objects in the 100-300 m size-bin
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 for several decades.  For objects 25-100 m, this threat will remain for several centuries, 

unless several order of magnitude improvements take place in observation technology 

(ground and space-based).  The following technologies should be maintained, and 

improved if possible. 

Radar Observations 

Arecibo, at 300 m in diameter, is the most sensitive radar system in the world, 

although it cannot be steered as well as the runner-up, NASA’s Deep Space Network 

70 meter antenna in California.  The Arecibo radar has carried out 65% of all radar 

observations of NEOs, discovered 47% of known binary NEOs, and provided data for 

higher precision orbit determination for a significant number of NEOs  (Campbell, 

2007, p. 2). But even with these impressive statistics, Arecibo faced the prospect of 

being closed down, until Congress allocated funds to NASA with the charge to keep it 

running. 

New Methods of Surveying 

Detection methods have advanced greatly in recent years. Chesley and Spahr 

(2003) noted that “surveys will most readily detect impactors  . . . in two fairly small 

‘sweet spots’ situated within 15° of the ecliptic and 90-120° from opposition.  Fainter 

objects will be preferentially found in the opposition region” (p. 36).  This has heralded 

a new focus on observing in areas outside of opposition, yielding great results.  

Dr. Spahr states that what we need is a “consistent survey to visual magnitudes 

(V) of 23 or 24, or a dedicated follow-up system that can get us to V = 24 quickly.”  (T. 

Spahr, personal communication, March 1, 2012).  He and other scientists involved in 

Spaceguard have a wealth of understanding of the potential for improvements in 
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existing technology.  Surveying methods also need to work well with the overall goal 

of finding objects that might strike Earth.  Spahr explains that we need a way to flag the 

NEAs that we are interested in and focus observations on them “at the discovery 

apparition. Then key objects won’t ever get lost” (T. Spahr, personal communication, 

March 1, 2012). 

Diversion of just a few percent of funds from a major DOD or DHS program, 

which may provide only marginal increases in national security considering our large 

lead in that area, could enable huge dividends in planetary defense and inspire more 

scientists to pursue space-related research. 

New Space-Based Observations 

Scientists such as Dr. Mainzer at JPL have made efforts for more space-based 

observations in the IR, with proposed projects such as NEOCAM.  NEOCAM will, if 

approved, attempt to observe at low solar elongations. (A. Mainzer, personal 

communication, September 26, 2011).  With such technology, current efforts might 

more quickly lead to a precursor mission to a small EI destined for impact decades to 

centuries from now.  A space-based constellation added to increased ground-based 

technology, with automated target recognition and tracking technology, might also be a 

means to handle the tremendous number of objects in the smallest of size bins, which 

contains most likely next surprise impactor.  Space-based assets can provide more 

precise orbits of objects, due to being above atmospheric distortions and potentially 

positioned better for observations.  This would be a valuable addition for detection of 

small objects, in the 25-100 m and 100-300 m range.  As astronaut Rusty Schweickart 

stated in a 2007 testimony to congress:  
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It is an unfortunate reality that ground-based telescopic tracking produces, for 

many challenging NEOs, discontinuous information; data dropouts may last for 

several years at a time. . .The orbital phasing responsible for this interrupted 

tracking can be eliminated by selecting any of several space-based search 

options in NASA’s analysis to augment the ground-based systems.  While 

NASA reports that overall costs for space and ground tracking are comparable 

(a controversial claim), the tracking quality provided by a telescope in a Venus-

like orbit, in particular, is vastly superior.  The dual-band IR telescope is 

especially preferable since it also improves greatly our estimates of NEO mass 

(and thus impact energy) (Schweickart, 2007, pp. 57-58) . 

Recommendations 

The following two charts represents our conclusions and recommended actions 

for possible scenarios occurring out to 2200.  The top entry (Highest, High, Medium, 

Low, Negligible), gives their general estimate for the likelihood of that scenario taking 

place within this time frame.  Recommended actions after the discovery of the 

impending EI are provided.  Finally, recommendations for what to do to prepare for 

each eventuality are provided, to include recommendations against preparing for 

negligible chance events.  For example, the highest probable scenario is that of a 25-

100 m object striking with no warning.  The only actions available are recovery, and 

potentially an attempt at last minute evacuation.  Recommendations for reducing this 

danger include improvements to detection and tracking technologies (through space- 

and ground-based technologies), and preparations for recovery from such an event 

within the emergency management system.  Objects in this size range have a low 
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probability of being detected long in advance because of the difficulties in resolving 

their orbits.  In the 100-300 m range, there is a lower total chance of a surprise EI 

within this smaller population.  However, the number of discoveries in this size bin is 

quite high, so if an EI is in this population, there is a moderate chance of finding it well 

in advance of its strike.  Objects in this size range are numerous enough and pose 

enough damage potential to merit recommending an on-call pre-built precursor mission 

ready to deploy to the object quickly, followed by more long-term planning of a host of 

pre- and post-observing missions and deflection missions.  Another strong 

recommendation is for the testing of a live deflection mission against such a small 

NEA, albeit one that could not be deflected such that it would later hit the Earth!   

Table 15.  Actions and Preparatory Recommendations by Size, Warning Times  
(<300 m). 
  Warning → → 
  Size/Danger 

0- 1 year  
          warning 

1- 30 years  
             warning 

30- 1000 years  
warning 

25-100 m: 
 
-Large thermo 
nuclear blast   
 
- .3% high death 
toll & damage in 
air burst (3-
8,000/km2) 
 
- 12% Sparsely 
populated land (0-
50/ km2) 
 
- 17% Lightly to 
Moderately 
populated  
 
- 71% water strike- 
no death/ 
damage 
 

Most likely size 
group 
 
Action:  
1. Trajectory 
calculations 
2. Warning 
3. Evacuation 
4. Recovery 
 
Recommend:  
-Improve detection/ 
tracking for precision 
impact location 
 
 
 

Action:  
1. RADAR ground 
observation 
2. Precursor mission 
3.  Quick Follow-up 
observation/ 
mitigation missions 
 
Recommend: - 
- On-call precursor 
mission pre-built 
- Design observation/ 
mitigation missions 
- Conduct kinetic 
deflection tests in space 

Action:  
1. Extended RADAR/ 
ground observation 
2. Precursor mission 
3.  Observation/ 
mitigation missions 
 
Recommend:  
- Conduct space mission 
design for precursor 
missions to small PHAs 
- Conduct kinetic deflection 
tests in space 
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Table 15. Cont. 
 

   

  Warning → → 
Size/Danger 

0- 1 year → → 
       warning 

1- 30 years → → 
          warning 

30- 1000 years  
warning 

100-300 m 
 
- 71% water strike- 
tsunami with 
coastal death/ 
damage 
 
- 26% significant 
land strike 
(excludes 
Antarctica)- local/ 
regional 
destruction 

Action:  
1. Evacuation   
2. Post-strike 
recovery 
Recommend: 
-FEMA evac/ 
recovery prep 
- Augment space-
based and ground 
based observation 
technology 
- Improve 
interplanetary lift 
capabilities 

Action:  
1. RADAR/ground 
observation 
2. Immediate precursor 
mission 
3.  Quick follow-up 
observation/ 
mitigation missions 
Recommend: 
- On-call precursor 
mission built 
- Design  & Test 
observation 
mitigation missions 

Most likely size group 
 
Action:  
1. RADAR/ ground 
observation 
2. Precursor 
3.  Observation + 
mitigation msn 
Recommend: 
-On-call precursor mission 
-Design Observation/ 
mitigation missions 

Note: The first column contains PHA size and estimate of damage levels.  The second contains, at the 
top, a ranking of this event occurring within the next several centuries, and actions to take if it does 
occur.  It also contains recommended advanced preparations to take to prepare for and prevent such an 
event.  The third and fourth columns contain the same, for longer warning time periods.  The highest 
chance event is a surprise EI under 100 m.  A medium probability event is a 100-300 m EI with a very 
long warning time (30-1000 year). 
 

Events in the 300 m and larger size bins have low to negligible chances of 

occurring; however, damage/death rates become so high projecting out all current orbits 

for several millennia would be a very good step to allow for very long term observation 

and mitigation planning.   

Crash mitigation- observer missions (missions designed with urgency and very 

little time) should be designed for objects in the 100-300 m range and the 25-100 m 

range, in that order of precedence.  Such crash missions would include near- 

simultaneous low-budget solar-powered precursor missions accompanied by higher-

budget observer and mitigation missions.  Emergency management agencies such as 

FEMA should design evacuation plans and post-impact recovery plans for objects in 

the 25-100 m and 100-300 m range, in that order of precedence.  For objects greater 

than 500 m, emphasis should be on continuing to accelerate the discovery and orbital 
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prediction for this limited population of NEAs out several centuries, to allow adequate 

time for several deflection attempts. 

Table 16. Actions and Preparatory Recommendations by Size, Warning Times 
 (>300 m). 

  Warning → → 
Size/Danger 

0- 1 year  
           warning 

1- 30 years  
             warning 

30- 1000 years  
              warning 

300-500 m 
 
- Regional 
destruction with 
land or water 
strike 

Action:  
1. Evacuation  
2. Post-strike 
recovery 
Recommend: 
-Evac/ recovery prep 
- Augment space-
based and ground 
based observation 
technology 
 

Action:  
1. RADAR/ground 
observation 
2. Immediate precursor 
mission 
3.  Quick follow-up 
observation/ 
mitigation missions 
Recommend: 
- On-call precursor 
mission built 
- Design & Test 
observation & 
mitigation missions 

Action:  
1. Extended RADAR/ 
ground observation 
2. Precursor  
3.  Observation/ 
mitigation missions 
Recommend: 
- On-call precursor mission 
built 
- Design observation/ 
mitigation msn 
 

500-1000 m 
 
- Regional/ 
hemisphere 
destruction with 
land or water 
strike 
 

Action:  
1. Evacuation   
2. Post-strike 
recovery 
 
Recommend:  
- Increased 
observation 
technology  

Action:  
1. RADAR/ground 
observation 
2. Immediate precursor 
mission 
3.  Quick follow-up 
observation/ 
mitigation missions 
Recommend:  
- Refine trajectories 
 

Action:  
1. Extended RADAR/ 
ground observation 
2. Precursor  
3.  Observation/ 
mitigation missions 
Recommend:  
- Refine trajectories 
 

>1000 m 
 
- Global chaos, 
long term struggle 
to survive 
 

Very low chance 
 
Action:  
1. Evacuation   
2. Post-strike 
recovery 
 
Recommend:  
- Increased 
observation 
technology 
 

Very low chance 
 
Action:  
1. RADAR/ground 
observation 
2. Immediate precursor 
mission 
3.  Quick follow-up 
observation/ 
mitigation missions 
Recommend:  
- Refine trajectories 

Very low chance 
 
Action:  
1. Extended RADAR/ 
ground observation 
2. Precursor  
3.  Observation/ 
mitigation missions 
Recommend:  
- Refine trajectories 
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Summary and Conclusions 

Throughout this analysis, the Department of Defense targeting cycle was 

applied to the EI challenge.  This application began with characterizing early warning 

times for different size objects.  An attempt was made to measure the success of the 

Spaceguard efforts in increasing warning times for different size bodies, and along with 

projections for future warning times for penetration of the 0.05 AU MOID.  In doing 

so, a multi-step method to build a model consisting of aggregated differences in the 

dates of first discovery and close approach was carried out, along with estimates for 

missed approaches, projections of new discoveries, and estimates for high uncertainty 

trajectory rates.  Conclusions for PHAs of different sizes were provided.  The most 

significant of these conclusions was that the 100-300 m size range contains the most 

likely EI we will discover with enough warning time to take some form of action.   

Also provided were time frames as to when populations would reach enough 

completion that a high percentage of 0.05 AU MOID warning times would grow to 

greater than 30 years. 

In the second half of the analysis, mission campaigns based on the results of the 

first were discussed, to include specific focus on use of a precursor transponder mission 

against small objects, likely in the 100-300 m size range.  Recommendations against 

different EI scenarios were provided, given different warning times and sizes.  Overall, 

the recommended campaigns included additional observation technology; an 

inexpensive short-termed precursor transponder mission; a long-term observation 

mission; and a suite of simultaneous observation and mitigation missions.  A 

conclusion is that additional resources should be allocated toward more robust survey  
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technology, the first layer of defense, with continued development of precursor 

characterization-transponder mission technology, the second layer of defense.   

Another conclusion is that the Spaceguard effort has brought about the 

beginnings of a true targeting process that could either be maintained within NASA or 

spread out among the Department of Defense and Department of Homeland Security in 

some ways, against the day that mitigation of an EI becomes a real necessity.  NASA 

began a process in 1998 that could result in an eventual successful mitigation of an EI.  

However, without “finishing the job”, by far the most likely scenario, that of a small 

object penetrating and striking with negligible warning time, will still occur.  It is quite 

possible, in fact that two situations will occur within the next few centuries.  It is quite 

possible that we will find and attempt to mitigate the threat of an EI with decades to 

centuries of warning time (100-300 m diameter), and in the meantime have another 

smaller EI (25-100 m diameter) hit us without warning.  Now that the technology is 

viable and the effort is expanding, the President and Congress would best serve our 

country by allocating additional resources towards finishing the job.  
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