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Introduction 
This paper describes recommended spacecraft technology development to support preparation for 
in situ planetary defense missions to near-Earth objects (NEOs), including missions for 
reconnaissance (characterization, monitoring mitigation attempts, etc.) and mitigation 
(deflection/disruption). These planetary defense technology developments map to actions in the 
National Near-Earth Object Preparedness Strategy and Action Plan (NSTC, 2018), hereinafter 
denoted as NNPSAP for brevity. The NNPSAP describes specific actions currently assigned to 
U.S. government agencies for improving preparedness to effectively and reliably execute planetary 
defense. Technology development activities must contribute to the completion of those actions 
during the next decade. The technology development areas covered in this paper include: rapid-
response NEO reconnaissance, Kinetic Impactors (KIs), Nuclear Explosive Devices (NEDs), 
Gravity Tractors (GTs), Ion Beam Deflection (IBD), Solar Electric Propulsion (SEP), and 
spacecraft Guidance, Navigation, and Control (GNC). 
 
Rapid-Response NEO Reconnaissance Technology for Planetary Defense Missions 
The NNPSAP (NTSC, 2018) includes actions to develop, test, and implement NEO reconnaissance 
mission technologies. As well, the 2019 Planetary Defense Conference hypothetical NEO threat 
exercise found that: “An early, fast-response characterization mission is highly recommended, and 
may be key to a successful deflection campaign.” (IAA PDC, 2019). 
 
(Miller et al., 2015) and (Barbee, 2020a) list notionally prioritized NEO properties to be measured 
during a threat scenario, summarized in Table 1. These inform models of Earth impact 
consequences and mitigation outcomes. Although some properties can be at least partially 
measured by Earth-based observatories, an in situ reconnaissance mission is generally required to 
provide sufficient measurements. A rendezvous mission can provide more data than a flyby 
mission. However, for most NEOs, flyby mission opportunities are more frequent and prolific than 
rendezvous mission opportunities. Planetary defense mission studies have found that SEP 
significantly increases the number and quality of opportunities for all mission types, including 
rendezvous or flyby reconnaissance. We recommend continued investment in SEP technologies, 
as well as continued investment in rendezvous reconnaissance instruments such as NEO surface 
sensors, including seismometers (e.g., Huang, H. et al., 2013), spectrometers, and radiometers. 
 
Although flyby reconnaissance missions are generally more responsive, only some of the NEO’s 
properties can be measured. To improve flyby reconnaissance mission performance, we 
recommend continued technology developments in high rate and acceleration gimbals, high rate 
data acquisition, dust instruments, and concepts to improve mass measurement sensitivity (e.g., 
Atchison, 2015).  
 
Table 1. Comparison of NEO reconnaissance options. Priority decreases left to right, and 
lighter shading indicates less measurement capability. 

 
 
 

Orbit Mass Binarity Shape Rotation Composition Structure Strength Volatiles
Earth Observatories
Flyby Mission
Rendezvous Mission



 

 2 

Kinetic Impactor Technology for Planetary Defense Missions 
NEDs, KIs, and GTs are the three most mature concepts for in-space mitigation of hazardous NEOs 
(NRC, 2010). As such, those three concepts are identified for development towards operational 
status for planetary defense purposes in the NNPSAP (NSTC, 2018). A KI deflects an NEO by 
colliding with it at very high relative speed, thereby changing the NEO’s heliocentric orbit in a 
way that prevents the NEO from colliding with Earth (Barbee, et al., 2018). NASA’s Double 
Asteroid Redirection Test (DART) mission (Agrusa et al., 2020; Cheng et al., 2018; Stickle et al., 
2020), which is being managed and built by the Johns Hopkins University Applied Physics 
Laboratory (JHUAPL), is currently on schedule to launch during the summer of 2021. It will 
perform the first demonstration of the KI technique by intercepting and colliding with Dimorphos, 
the ~150-meter sized smaller secondary body of the binary NEO Didymos, in early October 2022. 
 
KIs function by changing NEO momentum through simple collision mechanics, principally 
requiring the ability to launch quickly and perform high-speed intercepts of NEOs accurately under 
challenging circumstances. As such, the vast majority of their technology development needs are 
shared with rapid-response NEO reconnaissance spacecraft: rapid deployment capability; robust 
autonomous onboard GNC; and efficient, powerful SEP systems (Barbee, et al., 2019b). KI 
spacecraft will generally require even more capable GNC systems than high-speed flyby NEO 
reconnaissance spacecraft. This is due to more stringent terminal guidance requirements arising 
from the need to strike the NEO at an aimpoint on its surface, rather than simply fly past the NEO 
within a specified close approach corridor. The need to continue evolving KI GNC capabilities by 
building upon the upcoming DART mission via subsequent KI flight test missions with expanded 
scope is described in (Barbee, et al., 2020b). 
 
Nuclear Explosive Device (NED) Technology for Planetary Defense Missions 
An NED deflects an NEO by detonating near the NEO’s surface, releasing radiation that rapidly 
vaporizes a thin layer of NEO surface material. The vaporized material blows off to the 
surrounding vacuum pressure, imparting a powerful, controlled impulse to the NEO and thus 
changing its orbit so as to miss the Earth (Dearborn, et al., 2020). NEDs also have the unique 
capability to disrupt NEOs when the situation calls for it, by detonating closer to the NEO and 
imparting a stronger impulse capable of breaking the NEO apart and widely scattering the 
fragments (Kaplinger, et al., 2012). 
 
Using NEDs for planetary defense requires developing procedures and protocols for timely 
delivery of a packaged NED into the appropriate part of the spacecraft integration process prior to 
launch. As with rapid-response NEO reconnaissance spacecraft, a packaged NED should be able 
to be made available on a rapid-response timeline. The NED packaging must be designed to 
provide an appropriate environment for the NED throughout the mission lifecycle, facilitate 
operational security, and ensure safety in the event of a launch failure. For example, the NED 
packaging should be capable of surviving launch vehicle destruction, with no leakage of 
radioactive materials; the NED should be unable to detonate under any circumstances without 
being properly commanded to do so (i.e., not even launch vehicle destruction could cause 
accidental detonation); and should be impervious to unauthorized access (either physical or 
remote). These recommendations are important, but a more complete set of requirements for the 
NED, its packaging, and all other relevant factors should be developed by collaboration among 
appropriate U.S. government agencies. 
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Towards those ends, the spacecraft packaging that would accommodate an NED—including all 
circuitry and spacecraft system interfaces external to the NED itself—must be designed and tested. 
Procedures, protocols, and systems must also be designed to provide for the safety and security of 
the NED throughout the mission lifecycle. That will include secure communications. The end-to-
end NED system, including the command/control, must also facilitate reliable detonation of the 
NED at the correct distance / time from the NEO, within acceptable tolerances. Additionally, 
spacecraft sensor systems must be developed that are capable of accurately sensing the distance to 
the NEO’s surface. This is especially important during a very high-speed approach (e.g., ~5—20+ 
km/s relative to the NEO). That sensor capability is key to ensuring that the NED detonates at the 
correct distance from the NEO surface for mission success because distance at detonation has a 
major effect on the change in velocity and peak stresses imposed on the target. As was noted above, 
all of these development tasks, and others to be defined, should be carried out by collaboration 
among appropriate U.S. government agencies. A spacecraft flight mission for testing the 
packaging, procedures, protocols, systems, etc.—but without use of a NED—is described in 
(Barbee, et al., 2020b). 
 
Gravity Tractor Technology for Planetary Defense Missions 
The GT concept for NEO deflection uses the gravitational attraction between a rendezvous 
spacecraft and an NEO to alter the NEO’s trajectory over time in a controlled manner (Lu and 
Love, 2005). The GT requires a low-thrust, high-efficiency propulsion system, such as SEP, to 
balance the gravitational force of the NEO on the spacecraft while minimizing propellant required 
for the duration of the deflection action, which would generally span several years or more. A GT 
concept shortcoming is that the force applied to the NEO comes from gravity due to the small mass 
of the GT spacecraft and is, therefore, exceedingly small. Thus, many years or decades of operation 
are required to alter the NEO’s trajectory enough to avoid Earth impact. That, in turn, requires at 
least a couple of decades of warning time. Additionally, a GT requires rendezvous with the NEO, 
which limits available launch opportunities compared to high-speed NEO intercept launch 
opportunities (e.g., for KI deflection missions), which are generally more frequent. 
 
The Enhanced Gravity Tractor (EGT) concept addresses some of the GT concept’s shortcomings 
by using mass collected from the NEO in situ to augment the mass of the spacecraft, thereby greatly 
increasing the gravitational force of the spacecraft on the NEO (Mazanek et al., 2015). This results 
in the NEO being accelerated more quickly, reducing the total time required for the EGT to deflect 
the NEO’s orbit enough to avert an Earth impact. That, in turn, reduces the warning time required 
for deployment of the EGT, making it more responsive than the GT. The mass of the collected 
material for an actual planetary defense effort would likely range from tens to hundreds of metric 
tons based on the size of the impactor and warning time available.  Depending on the SEP system’s 
capability (i.e., power, thrust, and propellant) and the mass collected, the EGT approach can reduce 
the times needed for GT deflection by approximately two orders of magnitude. Thus, the several 
decades of deflection time needed for a GT can be reduced to several years or less using an EGT. 
 
The EGT requires the development of complex technologies for efficiently and reliably collecting 
tens to hundreds of metric tons of material from the NEO’s surface and stowing it securely on the 
EGT spacecraft. Additionally, the EGT, like the standard GT design, depends on efficient and 
powerful low-thrust SEP technology, as well as onboard autonomous closed-loop position and 
attitude control, NEO-relative navigation, fault protection and response, and decision making. 



 

 4 

Onboard autonomy technology developments are required because round-trip light times make 
standard ground-in-the-loop operations inadequate. 
 
Ion Beam Deflection (IBD) Technology for Planetary Defense Missions 
The NNPSAP states that technology development assessments should include less mature in-space 
NEO mitigation techniques (NSTC, 2018), and here we identify IBD as such a technique. IBD 
shares technology development needs with SEP, and SEP is a key enabling technology for all other 
planetary defense mission types. Thus, it is logical to discuss IBD technology development 
considerations here. IBD is a gradual deflection technique, like the GT or EGT, requires NEO 
rendezvous. IBD is a simple extension of SEP technology. It involves simply directing the SEP 
exhaust beam of high-energy ions into the NEO’s surface, which transfers the ions’ momentum to 
the NEO, thereby changing the NEO’s orbit over time so as to avoid Earth impact (Brophy, 2015). 
Near/medium-term IBD is probably best suited to NEOs ~50-150 m in size. For such cases there 
is appreciable overlap between the power levels of relatively near-term SEP vehicles and NEO 
size. Larger NEOs would likely require much higher power vehicles, the use of multiple vehicles 
simultaneously, or significantly longer deflection times. IBD readiness would be enhanced through 
the development and life testing of a high-power, ≥20 kW, ion thruster with a demonstrated ion 
beam divergence angle of ≤4 degrees. Flight demonstration of the concept of operations for 
maintaining vehicle attitude control while keeping the ion beam on the target and stationkeeping 
from the target would substantially reduce risk for a future planetary defense mission with IBD. 
 
Solar Electric Propulsion (SEP) Technology for Planetary Defense Missions 
Studies of planetary defense mission design scenarios have found that SEP is highly enabling for 
the full spectrum of planetary defense missions, including NEO reconnaissance via either flyby or 
rendezvous and NEO mitigation missions for either deflection or disruption.1 Additionally, as 
noted in previous sections, SEP is a key enabling technology for GTs, EGTs, and IBD. SEP power 
levels of 6-11 kW have been found to be reasonably effective for moderately challenging planetary 
defense scenarios, but additional capability will be needed to respond effectively to more 
challenging scenarios. The recommendation given previously in the context of IBD for 
development and life testing of ≥20 kW SEP systems is considered sufficient for currently 
envisioned planetary defense spacecraft mission trajectories. 
 
Guidance, Navigation, and Control (GNC) Technology for Planetary Defense Missions 
GNC technology development spans all of the above mission scenarios.  The current state-of-the-
art in GNC relevant to planetary defense includes multiple flybys of asteroids and comets, starting 
with the Galileo mission in 1991, and including missions such as Deep Space 1, Stardust, and New 
Horizons. Also, although not a planetary defense mission, the Deep Impact mission succeeded in 
deploying a kinetic impactor to collide with the approximately 7 km wide comet 9P/Tempel 1 in 
2005, at a speed of 10 km/s (Kubitschek et al., 2006). Barbee et al. (2015) surveyed the history of 
spacecraft missions that performed high-speed flybys of asteroids and comets, finding that the 
smallest of those objects were on the order of ~2000 m in size, much larger than the NEO size 
range of interest for planetary defense (generally, <1000 m, with an emphasis on the exponentially 

 
1 See the mission design results for the 2019 Planetary Defense Conference hypothetical NEO threat scenario, 
available at https://cneos.jpl.nasa.gov/pd/cs/pdc19/pdc19_briefing2.pdf (pp. 27-38), 
https://cneos.jpl.nasa.gov/pd/cs/pdc19/pdc19_briefing3e.pdf, and 
https://cneos.jpl.nasa.gov/pd/cs/pdc19/pdc19_briefing4c.pdf.  
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more prolific objects 50-150m in size). However, analysis has shown that the same techniques 
used for the Deep Impact mission can be employed at speeds up to 20 km/s relative to target objects 
as small as 100 m (Bhaskaran, 2014). In October 2022, NASA’s DART mission will demonstrate 
the deployment of a kinetic impactor to the ~150 m target asteroid Dimorphos at a relative speed 
of 6.1 km/s (Agrusa et al., 2020; Cheng et al., 2018; Stickle et al., 2020). Additionally, the NEAR-
Shoemaker, Hayabusa, Hayabusa2, and OSIRIS-REx missions have all demonstrated proximity 
operations and landings on NEOs. 
 
Although the GNC technologies largely exist for the missions described above, several 
advancements can increase the robustness and capabilities of future missions. For high-speed 
kinetic impactors and reconnaissance flybys, these include improvements in camera performance, 
with high dynamic range to enable simultaneous imaging of bright stars and dim objects, and 
increased camera sensitivity to enable imaging of small, dim objects, at potentially high phase 
angles, long before the encounter.  Additionally, sensors that do not depend on the NEO being 
illuminated, such as thermal infrared (IR) imagers, need to be developed.  These technologies will 
improve precision targeting capabilities for flyby/impact scenarios. For NEO proximity operations 
during rendezvous missions, current ground-in-the-loop capabilities are sufficient for 
characterization. However, for mitigation techniques such as gravity tractoring or IBD, tight 
closed-loop position and attitude control would be required. Since such control is not possible with 
standard ground-in-the-loop operations due to round-trip light time, onboard autonomy is required, 
specifically in the areas of NEO-relative navigation, fault protection and response, and decision 
making.  Limited functionality in these areas has been demonstrated on Hayabusa2 and OSIRIS-
REx over short periods of time (several hours), but planetary defense applications require the use 
of such technology over much longer time periods, such as months or even years.  
 
Summary of Recommendations 
In closing, we encourage the inclusion of the following recommendations for planetary defense 
technology development in the appropriate portion of the forthcoming Planetary Science and 
Astrobiology Decadal Survey 2023-2032. These may be accompanied by as much detail as may 
be needed from the previous sections. 
 

• NEO reconnaissance mission technology development recommendations [These help 
address NNPSAP actions 3.1 and 3.3]: 

o NEO reconnaissance instrument suites capable of (a) making adequate 
measurements for planetary defense purposes in either rendezvous or high-speed 
flyby mode, and (b) being rapidly readied for deployment. Hardware in particular 
need of research and development includes: 

§ High rate and acceleration gimbals suitable for instrument tracking of NEOs 
during high-speed reconnaissance flyby missions. 

§ Instruments/systems to measure NEO mass during a high-speed flyby (e.g., 
radio beacons for satellite-to-satellite tracking and optical gravimetry). 

§ Instruments/systems to measure the dust environment around an NEO. 
• Nuclear explosive device (NED) technology development recommendations [These help 

address NNPSAP actions 3.4, 3.6, and 3.7]: 
o Develop NED requirements, technology, etc. for planetary defense via 

collaboration among appropriate U.S. government agencies. 
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o Design robust NED packaging systems for integration into spacecraft, including all 
interfaces, command and control systems, security systems, etc. 

o Develop procedures, protocols, systems, etc. for safe and secure handling of the 
NED in its packaging throughout the mission lifecycle. 

o Develop spacecraft sensors for measuring distance to an NEO’s surface during a 
very high-speed terminal approach with sufficient speed, accuracy, and reliability 
to enable NED detonation at correct distances for mission success. 

• EGT technology development recommendations [These help address NNPSAP actions 3.4, 
3.6, and 3.7]: 

o Develop technologies and techniques, e.g., robotics, suitable for efficiently and 
reliably collecting tens to hundreds of metric tons of material from a NEO’s surface. 
These systems should be robust to the various circumstances they might encounter. 

• SEP/IBD technology development recommendations [These help address NNPSAP 
actions 3.1, 3.3, 3.4, and 3.7.]: 

o Development and life testing of a high-power, ≥20 kW, ion thruster with a 
demonstrated ion beam divergence angle of ≤4 degrees. 

• GNC technology development recommendations [These help address NNPSAP actions 
3.1, 3.3, 3.4, 3.6, and 3.7.]: 

o Improved onboard autonomy capability, including hardware (larger memory, CPU 
speed, radiation tolerance, lower mass/power/volume requirements) and 
algorithms/software to enable long period closed-loop control for mitigation 
techniques involving long stay times (e.g., GTs, EGTs, IBD). 

o Improved precision terminal GNC algorithms for reliable and accurate intercept of 
NEOs as small as ~50 m at relative speeds as high as ~20 km/s, and under 
challenging conditions (e.g., poor solar phase angles and visible wavelength 
terminal guidance sensors). This supports KIs. 

o Improved visible light cameras with high dynamic range and increased sensitivity. 
o New terminal guidance sensors, e.g., thermal IR, which isn’t affected by solar phase 

angle, i.e., does not depend on the NEO being illuminated (in visible wavelengths) 
by sunlight reflected from the NEO’s surface towards the spacecraft sensors. 

 
Finally, per NNPSAP Action 3.4, we also recommend supporting—when appropriate, and at an 
appropriate level—investigations of less mature technology concepts for NEO deflection and 
disruption, in addition to the IBD concept discussed herein. 
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