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Motivation for Research 
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• Low-energy transfers: a cost-effective method of transferring satellites and 
cargo to the Moon.  
– Low-energy transfers between the Earth and Moon take advantage of the Sun’s gravity 

to boost the spacecraft’s energy. 

– They require 15 – 20% less ΔV, compared to direct transfers to the same lunar halo orbit. 

– As much as 35 – 40% more payload mass compared to a direct transfer to a halo orbit, 
given a standard launch vehicle and standard assumptions about the payload. 

• Artemis is currently taking advantage of two such low-energy transfers. 
• GRAIL is expecting to launch onto a low-energy lunar transfer next year. 
  

 



Motivation for Research 
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• Low-energy transfers: difficulties 
– No analytical methods have been found to build low-energy transfers! 
– Time-intensive work to design one transfer.  Impractical to design every 

contingency situation and/or extended mission. 
• Missed maneuvers 
• Missions of opportunities 
• Extended missions 

 
• On-going research: 

– Mapping out the trade-space of  
low-energy transfers 

– Development of a rapid-design tool  
for building low-energy transfers. 

Artemis’ complex lunar transfer 
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Monthly Variations of Low-Energy Ballistic Transfers  
to Lunar Halo Orbits 













Tracing Families of BLTs 
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Identifying all points where  
hp = 185 km 
 
Black dots:   EL2 transfers  
Gray dots:  EL1 transfers 



Varieties of BLTs 

8/3/10 Low-Energy Ballistic Lunar Transfers 12 









BLT Maps Varying over Time 

8/3/10 16 Low-Energy Ballistic Lunar Transfers 

January 2017 February 2017 March 2017 

Many dominant features repeat each month, although there are small variations. 
 

Complex features observed in the map are far more sensitive. 







Surveys of Monthly Variations 

• We are now interested in surveying these transfers. 
 

• Identify trends in the data, including secular trends, monthly 
cycles, and annual cycles. 
 

• The goal:  Predict the characteristics of low-energy transfers in 
any given month 
– Benefits mission planning 
– Develop rapid design tools to generate such transfers quickly  
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Injection Inclination 
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Equatorial Inclination Ecliptic Inclination 

BLTs depart from nearly any inclination. 

Similar BLTs have very different injection inclinations from month to month. 



Filtering the Results 

• Trends while considering all transfers identified in a year: 
– Typical transfers require injection C3 values near -0.6 km2/s2. 
– Transfers that fly by the Moon during the outbound segment may require less C3 (-

2.0 km2/s2) or more (0.5 km2/s2), depending on the geometry. 
– Departure DAV values are typically in the range -10° ≤ DAV ≤ 10° relative to the ecliptic. 
– Simple, direct BLTs require 90 – 110 days of transfer duration. 
– No identified trends in the departure inclination – can be any value. 

 
• To achieve more information, we need to filter the set and observe how a 

particular family varies over time 
– Maximum transfer duration: 105 days    [ short transfers ] 
– Minimum perigee altitude after TLI:  50,000 km [ no Earth phasing orbits ] 
– Minimum perilune altitude:  20,000 km   [ no lunar flybys ] 

 

8/3/10 Low-Energy Ballistic Lunar Transfers 24 





Filtered,  C3 vs. Duration 
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C3 = -0.6 ± 0.15 km2/s2 

Transfer Duration > 89 days  
       (between LEO and 100 km from the target halo orbit) 



Filtered,  Injection Epoch vs. C3 
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There are about 15 days per month that one can 
launch on a direct BLT through EL1 or EL2 only. 
 

Longer transfers will extend this launch period. 



Filtered,  RAV vs. DAV  (EL1) 
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RAV and DAV are very tightly defined 
in the Sun-Earth frame! RAV 

Sun 

Sun-perturbed 
trajectory 

Instantaneous 
Injection Orbit 



Filtered,  RAV vs. DAV  (EL2) 
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RAV and DAV are very tightly defined 
in the Sun-Earth frame! 

RAV 

Sun 

Sun-perturbed 
trajectory 

Instantaneous 
Injection Orbit 





Filtered,  RAV vs. C3 
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There is a clear relationship between the injection 
RAV and the injection C3. 
 
To first order, one finds that by increasing RAV by 5°, 
one can reduce C3 by ~0.05 km2/s2. 



Filtered, Injection Inclination 
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Monthly Trends 

• Trends while considering all transfers identified in a year: 
– Typical transfers require injection C3 values near -0.6 km2/s2. 
– Transfers that fly by the Moon during the outbound segment may require less C3 (-2.0 km2/s2) 

or more (0.5 km2/s2), depending on the geometry. 
– Departure DAV values are typically in the range -10° ≤ DAV ≤ 10° relative to the ecliptic. 
– Simple, direct BLTs require 90 – 110 days of transfer duration. 
– No identified trends in the departure inclination – can be any value. 

 
• Trends relevant to simple, quick BLTs: 

– C3 = -0.6 ± 0.15 km2/s2 

– The injection RAV and DAV values are very tightly defined, relative to SE system. 
• DAV = 0.0° ± 10° in general, but knowledge of the Moon’s orbit reduces the variability to ±5° 
• RAV = 140° − 175° for EL1 transfers 
• RAV = 320° − 355° for EL2 transfers 

– Inverse relationship between C3 and RAV, constraining the search space further. 
– Complex relationship between departure conditions and departure inclination. 

 
• Annual Trends? 
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2017 vs. 2021,  Lunar Orbit Pole RA vs. DAV 
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      2017 Transfers 
      2021 Transfers 

The same relationship is observed in 2017 and 2021 between 
the lunar orbit pole’s RA and the DAV of injection. 



2017 vs. 2021,  Lunar Orbit Pole RA vs.  
Ecliptic Injection Inclination 
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Survey Results 

• Trends while considering all transfers identified in a year: 
– Typical transfers require injection C3 values near -0.6 km2/s2. 
– Transfers that fly by the Moon during the outbound segment may require less C3 (-2.0 km2/s2) 

or more (0.5 km2/s2), depending on the geometry. 
– Departure DAV values are typically in the range -10° ≤ DAV ≤ 10° relative to the ecliptic. 
– Simple, direct BLTs require 90 – 110 days of transfer duration. 
– No identified trends in the departure inclination – can be any value. 

 
• Trends relevant to simple, quick BLTs: 

– C3 = -0.6 ± 0.15 km2/s2 

– The injection RAV and DAV values are very tightly defined, relative to SE system. 
• DAV = 0.0° ± 10° in general, but knowledge of the Moon’s orbit reduces the variability to ±5° 
• RAV = 140° − 175° for EL1 transfers 
• RAV = 320° − 355° for EL2 transfers 

– Inverse relationship between C3 and RAV, constraining the search space further. 
– Complex relationship between departure conditions and departure inclination. 

 
• Annual Trends: 

– No significant trends observed. 
– Subtle variations 
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Discussion 

• Many of the trends identified correspond to simple, direct transfers only.  Other trends 
exist for other families of low-energy transfers. 
 

• All of these results apply to a single LL2 halo orbit. 
– Mapping technique tested successfully on a range of LL1 and LL2 halo orbits. 
– Mapping technique also tested successfully on a range of unstable distant prograde orbits about the 

Moon. 
 

• The results of these surveys provide mission managers with more information about 
the available options of low-energy transfers. 
– Assist in the development of a rapid design tool to construct low-energy transfers. 
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Background: Halo Orbits 

• Well-known three-dimensional simple 
periodic orbit 
 

• Mission Heritage 

– ISEE3 –  SOHO 

– ACE –  Genesis 

– WMAP 
 

• Potential Missions 

– James Webb Space Telescope 

– Terrestrial Planet Finder 

– Space Station (L1) 
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L1 L2 

Earth 

L1 L2 

Moon 



Background: Halo Orbit Manifolds 

Halo Orbits: Manifolds 
 

• Unstable Periodic Orbits (UPOs) have 
invariant manifolds. 

 

• Stable Invariant Manifold (WS) 

– The set of all trajectories a 
particle could use to arrive onto 
the UPO. 
 

• Unstable Invariant Manifold (WU) 

– The set of all trajectories a 
particle could take after a small 
perturbation from the UPO. 
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WS 

WU 

Halo Orbit 

(Animation) 

(Animation) 



Background: Low-Energy Lunar Transfers 
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Conley (1968);  Koon et al. (2000) 
• Demonstrated the use of invariant manifold 

theory 
– Invariant manifolds of Lyapunov orbits 

separated the energy space 
– Target the interior of WS

LL2 
• Does not scale to three-dimensions 

 
Belbruno et al. (1991+),  Ivashkin (2002+) 
• Targeting methods 

– Use a priori knowledge of the dynamics 
of the system 

– Target “Weak Stability Boundary” 
– Methods applied to save the Japanese 

mission “Hiten” 





Low-Energy Ballistic Lunar Transfers (BLTs) 
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(Click for 
Animations) 

Inertial Frame 

Sun-Earth Synodic 

Earth-Moon Synodic 
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