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Background and Purpose

• Background
– Excalibur Almaz (EA) has been working to establish optional 

locations for our commercial station for several years
• Low Earth Orbit (LEO)

– ~200 km circular orbit
• Locations beyond LEO

– Earth Moon Lagrange Point 2 (EM L2)
– In September 2012, EA contracted with Dr. Edward Belbruno, a 

mathematician and recognized low energy transfer orbital 
mechanics expert from Princeton college to evaluate low energy 
transfer options for our station to EM L2

• Purpose
– This presentation summarizes the results of Dr. Belbruno’s efforts in 

support of EA’s evaluation of transfer options for a large commercial 
spacecraft to EM L2 and return of a crew vehicle
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Why Employ Low Energy Transfer?

• Low Energy Transfer Overview
– Provides a means for interstellar travel which utilizes gravity wells and weak stability 

boundary conditions present within the solar system to provide a means of transfer 
assist between interstellar destinations
• Multiple pathways (also referred to as manifolds) exist based on the specific relationships between gravity 

wells
• Technique has been successfully demonstrated in several space programs to date to transfer spacecraft 

between locations with limited thrust and/or propellant usage

• The major advantages of this transfer technique are:
– Large masses can be moved utilizing relatively low thrust
– Propellant requirements are significantly reduced allowing for more usable payload 

capability for a given spacecraft mass
• The major disadvantages of this transfer technique are:
– The most direct path (shortest distance) is generally not employed 
– Calculation of transfer manifolds is much more complex than traditional means (e.g., 

Hohmann transfer)
– Transfer travel times tend to be significantly longer
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General Methodology (EM L2 Example)

Identify possible stable transfer manifolds Identify most direct manifold branch(s)

Compute total transfer time
(Spiral +low energy manifold)

3) Transfer to destination via most
direct manifold branch

1) Spiral to intersection point 
with most direct manifold branch

2) Arrive at 
Intersection
Point
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EA’s Low Energy EM L2 Transfer Project

• Project Goals

– Establish the feasibility of placing a large (~21-32 metric tonne) 

spacecraft in an Earth Moon (EM) Libration Point 2 (L2) halo orbit 

utilizing a low energy transfer trajectory based on hall effect 

thrusters and returning a smaller (~11 metric tonne) portion of 

the spacecraft (crew vehicle) to earth

• As a result of the feasibility assessment, define:

– Trajectory approach (internal and/or external transfer)

– Transit duration (days) for the trip from the earth to EM L2

» ~32 metric tonne spacecraft 

• Combination of habitation module and crew return vehicle

» ~21 metric tonne spacecraft 

• Habitation module only

– Transit duration (days) for the return trip from EM L2 to earth for crew return 

vehicle

» Evaluate trajectory options 

• Without or with Lunar fly-by
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Mission Scenario 1 (~32 mt Spacecraft)
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Mission Scenario 2 (~21 mt Spacecraft)
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Vehicle Configuration Information
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Combined Crew and Station Vehicles
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~120 meters

~25 meters
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~11 meters



Station Vehicle
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• Russian Salyut class station
• ~ 21 metric tons at launch
• ~ 14 meters long
• ~ 4.2 meters maximum 

diameter
• ~ 90 cubic meters habitable 

volume  
• ~ 10 to 15 year useful life 
• 2 spacecraft are now at EA’s 

facility on the Isle of Man
• Similar space station frames 

have operated continuously in 
LEO for many years – e.g. the 
Salyut, MIR core module and 
the ISS Zarya module

Zarya module from ISS
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Station Vehicle Features

11

Excalibur Almaz Limited Proprietary Data 



Station Master Equipment List (Initial Draft)
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Crew Vehicle (On-orbit Configuration)

Crew Reusable 

Re-Entry 

Vehicle

Attitude Control 

System Retro-Rocket

Intermediate 

Stage w/ 

Tunnel

Habitation 

Module

Docking 

Adapter
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EA station design does not preclude use of 

other properly outfitted vehicles for crew 

transfer (Mission Scenario 2) including: 

Space X Dragon, Boeing CTS 100 and Orion

Note:  Emergency Escape System and 

EES Adapter Not Shown



Crew Vehicle Master Equipment List
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Project Organized into 3 Tasks

• Task 1
– Evaluate low energy transfer of combined crew and 

station vehicles (~32 metric tonnes) to EM L2 Halo orbit 
to establish mission duration and propellant mass 
requirements

• Task 2
– Evaluate low energy transfer of station vehicle (~21 

metric tonnes) to EM L2 Halo orbit to establish mission 
duration and propellant mass requirements

• Task 3
– Evaluate crew vehicle (~10 metric tonnes) return options 

(direct return/Lunar fly-by) to establish mission duration 
and propellant mass requirements 
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Project Results

3a 3b
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Return from EM L2Travel to EM L2
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Results Interpretations/Conclusions

• General

– Application of low energy transfer is best suited for “slow transfer” 

applications and appears feasible for large masses utilizing low thrust levels

– Project assumed initial starting altitude of 200 km with a circular orbit

• Injection into a higher altitude initial orbit would reduce spacecraft propellant 

requirements and shorten the time associated with spiraling out to a given stable manifold 

location

– Shifts responsibility to launch vehicle/upper stage

– Preliminary design includes 4 hall effect thrusters (1 Newton of thrust each)

• Addition of more engines/higher thrust capability could reduce transfer time

– Would most likely increase overall propellant requirements

– If longer transfer time is acceptable, reductions of number of engines 

and/or engine thrust levels are possible

• Lower thrust hall effect thrusters would reduce power generation requirements (e.g., solar 

array size)
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Results Interpretations/Conclusions

• Task 1 – Combined Station and Crew Vehicle transfer
– ~569 days required for transit from 200 km LEO to insertion in EM 

L2 halo orbit
– 3590 kg of added propellant required over initial 3000 kg budget
• Reduces overall payload capacity by ~20%

– Mission duration could be reduced through any of the following:
• Added engines
• More powerful engines
• Higher initial insertion altitude prior to initiating spiral

– Conclusions
• Demonstrates ability to transfer a large mass (~32 mt)

– Flight without crew could be undertaken with crew vehicle’s purpose to provide the 
assured crew return capability for subsequent missions

• Having a crew on-board during the 569 day transition would:
– Provide limited commercial value
– Add significant programmatic and technical risk
– Require significant consumables to support a crew of 3 or more
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Results Interpretations/Conclusions

• Task 2 – Station only transfer
– ~365 days required for transit from 200 km LEO to insertion in EM L2 halo 

orbit

– ~1320 kg of added propellant required over initial 3000 kg budget
• Reduces overall payload capability by ~7%

– Mission duration could be reduced through any of the following:
• Added engines
• More powerful engines

• Higher initial insertion altitude prior to initiating spiral

– Conclusions
• Demonstrates the possibility to transport and pre-position a large mass (~21 metric 

tonnes) asset at EM L2 within a 1 year time period
• Eliminates risks associated with 

– Facility check-out prior to crew occupation at the final destination 
– Long duration (>1 year) crew transit times
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Results Interpretations/Conclusions

• Task 3 – Crew Vehicle Return
– Task 3a – Direct earth return

• Use of low thrust chemical engines and low energy direct trajectory results in an ~7 day 
return time

• ~957 kg of additional propellant required over initial budget of 2000 kg 
– Task 3a - Conclusions

• Requires ~ 1/3 more time then the Apollo direct return (~4 days average)
• Added propellant mass would reduce overall payload capability by ~10%

– Task 3b – Low energy earth return with Lunar fly-by
• Use of low thrust engines and low energy direct trajectory results in an ~23 day return 

time
• Only ~700 kg of propellant required resulting in a net savings of ~1300 kg from the 

initial budget of 2000 kg 
– Task 3b - Conclusions

• Provides commercial benefit of Lunar fly-by
• Provides ability for ~1300 kg of added payload (>10% increase)
• Advantages of propellant savings would be offset by added consumable requirements 

and other added risks associated with the longer mission duration
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Back-up Information
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Project Milestones

• Milestone 1:  Final agreement on mission scenario and project tasks

– Completion:  Sept. 7, 2012 (Complete)
• Milestone 2:  Transfer method(s) options evaluated and simulation approach 

defined 

– Completion:  Sept. 14, 2012 (Complete)
• Milestone 3:  

– Task 1 – Combined spacecraft from 200km circular orbit to Earth Moon L2 Halo Orbit

– Completion:  Sept. 28, 2012 (Complete)
• Model prepared, tested and debugged

• Simulations complete

• Results compiled and provided to EA

• Milestone 4:

– Task 2 - Evaluate space station spacecraft only  for Task 1 mission 

– Completion:  October 19, 2012 (Complete)
• Model prepared, tested and debugged

• Simulations complete

• Results compiled and provided to EA
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Project Milestones (Continued)

• Milestone 5: 

– Task 3a – Capsule Return from Earth Moon L2 Halo Orbit, Station remains in EM 

L2 halo orbit 

– Completion:  November 2, 2012 (Complete)
• Model prepared, tested and debugged

• Simulations complete

• Results compiled and provided to EA

• Milestone 6:

– Task 3b– Capsule Return from Earth Moon L2 Halo Orbit with Lunar Fly-by, 

Station remains in EM L2 halo orbit 

– Completion:  November 16, 2012 (Complete)
• Model prepared, tested and debugged

• Simulations complete

• Results compiled and provided to EA
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