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Executive Summary 
Near Earth objects (NEOs) are attractive targets for spacecraft missions with the purpose of obtaining 
greater insight to the nature of the original bodies from which the terrestrial planets formed, without 
having to visit the Main Belt itself. Greater knowledge of NEOs directly sheds light on the origin and 
evolution of the asteroid belt, the formation of planets, and the history of the Solar System.  

This report describes a search for NEOs that would be accessible for missions launching in 2020–2024. A 
broad trajectory search was done to find the best rendezvous and sample-return trajectories available to 
7,030 asteroids. The search found 624 NEOs with spacecraft trajectories available in 2020–2040 and 345 
NEOs with Earth-return trajectories available in the same period. These results clearly show that there is 
a wealth of mission targets available, representing a broad diversity of asteroid types. 

This report also discusses the trades behind choosing either chemical or solar electric propulsion to the 
targets on this list. There are 132 NEOs for which chemical propulsion (using an Atlas V 401 class 
launcher) could deliver in excess of 1,500 kg for a rendezvous, and 46 NEOs where chemical propulsion 
could return a 1,500 kg or heavier spacecraft to Earth after an asteroid rendezvous. For these targets, 
chemical propulsion is likely to be sufficient. For other targets, solar electric propulsion could allow for a 
larger spacecraft to be flown without stepping up the launch vehicle size. In addition, solar electric 
propulsion enables more ambitious missions such as rendezvous with multiple asteroids. 
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1. Scientific Objectives 
Background 
The near Earth object (NEO) population of asteroids derives from the substantially larger Main Asteroid 
Belt population between Mars and Jupiter. Objects in the Main Belt that stray into areas of diffusive 
resonance (possibly by collision, or more likely by thermal drag forces [1]) can be readily injected into the 
inner Solar System (e.g.,[2]) where they reside for ~10 Ma on average until colliding with a planet such as 
Earth or the Sun, or are ejected from the solar system. 

Because the NEO population represents a random sample of small Main Belt asteroids, and with it a 
sample of primitive bodies, NEOs are attractive targets for spacecraft missions with the purpose of 
obtaining greater insight into the nature of the original bodies from which the terrestrial planets formed, 
without having to visit the Main Belt itself.  In many cases the NEO is known in some detail, for instance 
its photometric properties and rotation state, and even a radar-derived shape model, and this focuses the 
mission science and enables mission planning.  

Specific science questions that could be addressed by missions to NEOs include: 

1. What is the elemental and mineralogical composition and water content of primitive bodies? (This 
is the goal especially of sample return missions.) 

2. What is the interior structure of small bodies? Are they rubble piles or are they intact bodies? 

3. How do small asteroids respond to perturbations such as artificial cratering events? 

4. What is the origin and evolution of binary asteroids? 

5. What are the morphological and surface properties of a microgravity planetesimal? 

6. What is the origin of primitive bodies, and by extension, the origin of terrestrial planets? 

The NEO population is not only the focus of great scientific interest, but also of societal interest. To 
mitigate the threat of an NEO collision with Earth, Congress in 2005 mandated a search to locate all 
NEOs having a diameter of greater than 140 m by 2020. Furthermore, the recently released Augustine 
Report [3], providing recommendations for the future of human spaceflight, recommended a ‘flexible path’ 
to inner Solar System locations including NEOs, rather than a singular focus on a Moon-Mars strategy. 

For all of these reasons, it is of great interest to investigate the possibilities of NEO exploration. This 
report details the results of a trajectory design study that specifically addresses the most attractive targets 
for spacecraft missions using impulsive trajectories, and the possibilities for a solar electric powered 
‘grand tour’ of NEO targets for a reasonable cost. The report does not address mission architecture 
options (i.e., spacecraft, payload, in-situ elements, etc.), but rather concentrates on mission design.  

Study Goals 
The goal of the study was to highlight some of the best candidates of NEO targets for New Frontiers and 
Discovery class missions, for rendezvous and for sample return, for chemical and for solar electric 
propulsion.  

The parameters of the study were as follows: 

• Launch dates shall be 2020–2024.  

• Performance shall be of the NASA Evolutionary Xenon Thruster (NEXT) system. Total SEP 
mission duration shall be no greater than 5 years for rendezvous. 

• Total SEP mission duration shall be no greater than 8 years for sample return. 

• For sample return missions, the time at the target shall be 2–6 months. 
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2. NEO Trajectory Search 
Search Methodology 
The search for chemical-propulsion NEO missions included both rendezvous and sample-return 
trajectories. Initially, a broad search was conducted using a simplified, non-optimal, patched conic 
approximation. The best cases from this search were then optimized as impulsive trajectories using a 
Sequential Quadratic Programming (SQP) optimizer [4]. This process found rendezvous trajectories for 
624 NEOs and sample-return trajectories for 345 NEOs.  

The ephemerides and physical parameters for the NEOs were taken from the ssd.jpl.nasa.gov site. From 
the small body search tool on this website, a list of 7,030 asteroids was generated for the initial broad 
search. This list was comprised of both numbered and unnumbered asteroids classified as NEOs that had 
an orbit condition code of 4 or less. The condition code, defined below in Table 2-1, is a measure of the 
quality of the orbit knowledge for an object. 

Table 2-1. Orbit Condition Code 

U 

10-Year Orbital Longitude Runoff 
(Arc-Seconds) (Degrees) 

Min. Max. Min. Max. 
0  1.00 — — 
1 1.00 4.42 — — 
2 4.42 19.56 — — 
3 19.56 86.53 — — 
4 86.53 382.76 — 0.1 
5 382.76 1692.98 0.1 0.5 
6 1692.98 7488.30 0.5 2.1 
7 7488.30 33121.80 2.1 9.2 
8 33121.80 146502.30 9.2 41.0 
9 146502.30 — 41.0 — 

For rendezvous trajectories, the following constraints were placed on the search: 

1. Launches from 1-Jan-2020 to 1-Jan-2025 

2. Maximum flight time to the asteroid of 5 years 

3. Launch C3 less than 25 km2/s2 

4. Rendezvous ∆V less than 3 km/s 

5. One flyby of Mars or Venus allowed before rendezvous 

For sample-return trajectories, the following constraints were placed on the search: 

1. Launches from 1-Jan-2020 to 1-Jan-2025  

2. Maximum flight time to the asteroid of 5 years 

3. Maximum flight time to Earth return of 8 years 

4. Minimum stay time at asteroid of 60 days 

5. Launch C3 less than 25 km2/s2 

6. Rendezvous ∆V less than 3 km/s 
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7. Departure ∆V less than 3 km/s 

8. One flyby of Mars or Venus allowed before rendezvous 

9. One flyby of Mars or Venus allowed before Earth return 

For both the rendezvous and sample-return searches, no constraint was placed on the launch declination. 
Mission-specific implementation details such as launch declination constraints were intentionally 
overlooked so as to allow for a more straightforward and general presentation of the results. 

Trajectory Search Results 
Appendices C and D present the search results for the rendezvous trajectory search and sample-return 
trajectory search, respectively. For each asteroid, the trajectory with the highest delivered spacecraft 
mass is shown. (In general, the asteroids in the table will have additional trajectories not shown that 
would require either more deep space delta-V or a higher launch energy and would deliver a lower 
spacecraft mass as a result.) 

The table in Appendix C has the following columns:  

1. Trajectory ID number  

2. Asteroid name (and number for numbered NEOs) 

3. Absolute magnitude 

4. Albedo (if known) 

5. Estimated diameter based on absolute magnitude and albedo. If albedo is not known, a 15% 
albedo is assumed 

6. Diameter (if known) 

7. Rotational period (if known) 

8. Spectral type, SMASSII classification system (if known) 

9. Spectral type, Tholen classification system (if known) 

10. Asteroid orbit mean semi-major axis 

11. Asteroid orbit mean eccentricity 

12. Asteroid orbit mean inclination relative to ecliptic plane 

13. Minimum orbital intersection distance (MOID) with Earth’s orbit 

14. Orbit condition code (as in Table 2-1) 

15. Path, i.e., sequence of bodies in trajectory starting with “E” for Earth launch. “A” denotes an 
asteroid encounter and “M” or “V” denotes Mars or Venus flybys respectively. 

16. Trajectory time of flight (TOF) 

17. Launch date 

18. Asteroid arrival date 

19. Launch C3 (i.e., launch v-infinity squared) 

20. Total mission deterministic delta-V (statistical delta-V is not included) 

21. Launch mass on Atlas V 401 (chosen as a representative of class of small EELVs) 
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22. Spacecraft arrival mass estimate (i.e., launch mass minus the fuel mass associated with the total 
mission deterministic delta-V column, assuming an Isp of 325 seconds)1

The table in Appendix D has the following additional columns for the sample-return trajectories: 

 

1. Asteroid departure date for Earth return leg 

2. Earth return date 

3. Earth return entry speed at 125 km altitude (It is assumed that the sample capsule does a direct 
entry into the Earth atmosphere.) 

4. Spacecraft Earth return mass estimate (i.e., launch mass minus the fuel mass associated with the 
total mission deterministic delta-V column, assuming an Isp of 325 seconds)1 

Figure 2-1 plots the rendezvous trajectories from the table in Appendix C. The TOF from the table is 
plotted against the spacecraft mass. The size of the “bubbles” for each asteroid is based on the estimated 
diameter column from the table. Figure 2-2 is a similar plot for the sample-return trajectories. Figure 2-1 
and 2-2 show the impact of constraints on flight time or spacecraft mass to reduce the trade space. 
However, it is important to remember that more spacecraft mass is possible with a larger launch vehicle 
or with the use of SEP. Furthermore, each point has been optimized for spacecraft mass and not for flight 
time. Shorter flight time trajectories are possible for the target asteroids at the expense of less delivered 
mass. 

 
Figure 2-1. Rendezvous Trajectories 

                                                      
1 This mass estimate neglects launch period variations, statistical delta-V, and spacecraft mass margins. As such, it 
is representative of trajectory performance, but over-estimates the mass of an actual spacecraft. 
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Figure 2-2. Sample Return Trajectories 
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3. Solar Electric Propulsion (SEP) 
Applicability of Trajectory Search Results to SEP Missions 
The trajectories in the last section were presented as chemical propulsion trajectories with the spacecraft 
masses calculated using typical performance for a bi-propellant chemical system (i.e., an Isp of 325 
seconds). All of these trajectories may be converted to SEP. However, there are classes of SEP 
trajectories that do not have an analogous chemical trajectory and these would not be represented in the 
search results given in the tables in Appendices C and D. 

Broad searches of SEP trajectories must address two problems that do not arise in similar searches for 
chemical trajectories: (1) SEP trajectories are generally more tightly coupled with the spacecraft design 
than chemical trajectories in that they are dependent on the spacecraft launch mass, spacecraft power 
system, and the performance characteristics of the electric propulsion system. This makes it difficult to 
formulate a generic search for SEP trajectories as opposed to a search formulated to a specific 
spacecraft configuration. (2) SEP systems generally enable a much greater capability in shaping the 
trajectory than chemical systems. This greatly expands the range of feasible trajectories and can 
overwhelm broad searches. Both of these problems are currently the subject of ongoing astrodynamics 
research. 

Since we do not currently have the capability to do broad SEP trajectory searches like the chemical 
propulsion trajectory searches behind the tables in Appendices C and D, this report instead provides 
specific point examples of how SEP could be used for a NEO exploration mission. 

Trading Chemical vs. SEP with Analogous Trajectories 
Currently, chemical propulsion systems for deep space missions are generally less expensive than SEP 
systems (including both power and propulsion systems). If compared using the same trajectory, a SEP 
mission typically needs to enable the use of a less expensive launch vehicle in order to be more 
affordable than a comparable chemical propulsion mission. As an example, trajectory #208 from the table 
in Appendix D was converted to SEP. This is a 7.9-year sample return trajectory in 2024 to the D-type 
asteroid 2002 AT4. This trajectory has a launch C3 of 18.6 km2/s2 and a total deterministic delta-V of 2.98 
km/s. With an Atlas V 401 launcher, and a chemical Isp of 325 seconds, the Earth return mass is 938 kg.2

To convert this trajectory to SEP, a spacecraft with 10 kW solar arrays (like those used on Dawn) with a 
single NEXT ion engine was assumed. Many other configurations are possible which would vary 
performance, but this configuration is representative for a general comparison between SEP and 
chemical propulsion. Figure 3-1 shows a 7.8-year trajectory to 2002 AT4 that also launches on an Atlas V 
401. This trajectory increases the Earth return mass by 45% to 1,362 kg.

 

3

In addition to enabling smaller launchers, SEP trajectories can lower both mission and implementation 
risk. SEP reduces mission risk by enabling more robust operations due to the much lower time criticality 
of maneuvers. SEP reduces implementation risk by enabling much longer launch periods and by better 
handling slips of launch dates, in general, than chemical propulsion. 

 To exceed this mass with a 
chemical trajectory, an Altas V 531 or larger launcher would be needed. For a mission concept using this 
trajectory, the cost of using a SEP system would have to be traded against the cost of the larger launcher 
needed to achieve similar performance using chemical propulsion. 

                                                      
2 This mass estimate neglects launch period variations, statistical delta-V, and spacecraft mass margins. As such, it 
is representative of trajectory performance, but over-estimates the mass of an actual spacecraft. 
3 As with the chemical spacecraft mass estimates, the SEP trajectory masses over-estimate the mass of an actual 
spacecraft, but are calculated in a way to offer the best comparison to the chemical trajectories in the tables in 
Appendices C and D. 
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Figure 3-1. Example SEP Sample-Return from D-Type NEO 

Trajectories Enabled by SEP 
SEP provides a spacecraft with a dramatically higher delta-V capability than chemical propulsion. This 
could enable new types of trajectories that are not feasible with chemical propulsion. The Dawn mission, 
which will orbit both Vesta and Ceres is a great example of this enhanced capability. This section 
presents two similar SEP asteroid tours that rendezvous with multiple NEOs. These two trajectories are 
example point-designs from a larger set of possible SEP asteroid tours. 

For these tours, a spacecraft with 10 kW Dawn-like arrays and a single NEXT ion engine was assumed. 
This configuration was assumed as an example for the point design and was not optimized for cost or 
performance.   

Figure 3-2 shows a 5-year tour of the C-type 1999 JU3, the Q-type 2001 QC34 [5], and the V-type 
Orpheus [6]. This trajectory launches at the end of 2021 on an Atlas V 401. It then arrives at 1993 JU3 in 
2023, spends 90 days at the NEO, and leaves for 2001 QC34 for a 90-day rendezvous in 2025. The 
trajectory then arrives at Orpheus in 2026 with a mass of 1652 kg. For this trajectory, the SEP system 
provides 12.72 km/s of delta-V, and takes the same suite of instruments to asteroids of three very 
different taxonomic types. 

Figure 3-3 shows another 5-year tour that launches on December 30, 2019. (This trajectory could be 
converted to a January 2020 launch to meet the 2020–2024 launch period.) This tour also visits 2001 
QC24 and 1999 JU3, but substitutes a flyby of the D-type 2002 AT4 for a rendezvous with Orpheus. It 
finishes in 2024 with 1,633 kg at 1999 JU3. For this trajectory, the SEP system provides 13.24 km/s of 
delta-V. 

Both of these asteroid tours are infeasible with chemical propulsion. It is possible that an asteroid tour of 
another set of NEOs could be found that would be feasible to fly with chemical propulsion. However, the 
set of such tours feasible with SEP is much larger, which makes it more likely to find a tour of scientifically 
interesting NEOs using SEP than chemical propulsion. 
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Figure 3-2. Example 2021 NEO Tour 

 

 
Figure 3-3. Example 2020 NEO Tour 
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4. Resources 
The NEO asteroid physical and orbital characteristics in the tables in Appendices C and D were obtained 
from the JPL Solar System Dynamics group website: http://ssd.jpl.nasa.gov/.  

The SEP trajectories in this report were calculated using the low-thrust trajectory design tool, MALTO [7]. 
MALTO was developed by JPL for NASA’s In-Space Propulsion Program. MALTO is considered a 
medium-fidelity trajectory design tool and is available to NASA contractors and civil service and academia 
directly through the JPL website: https://download.jpl.nasa.gov/. Commercial licenses can be obtained 
through the Caltech Office of Technology Transfer: http://www.ott.caltech.edu/. 
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Appendix A. Acronyms 
EELV evolved expendable launch vehicle 

JPL Jet Propulsion Laboratory 

MALTO mission analysis low-thrust trajectory optimization 

MOID minimum orbital intersection distance  

NEO near-Earth object 

NEXT NASA Evolutionary Xenon Thruster 

NRC National Research Council 

SQP Sequential Quadratic Programming 

TOF time of flight 
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Appendix C. NEO Rendezvous Trajectories 
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Appendix D. NEO Sample-Return Trajectories 
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