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Railguns have been studied in great detail when firing small projectiles in terrestrial 
applications. The majority of recent work has been focused on kinetic-kill devices for defense 
applications. Using railguns to launch small unmanned payloads into low earth orbit has 
been explored though great challenges still remain. The moon has very little atmosphere and 
a smaller gravitational well and thus a lunar railgun launch system may be easier and 
cheaper to build and operate. NASA's "Vision for Space Exploration" defines a goal of 
working toward a colony on the lunar surface. The moon houses many potentially attractive 
resources such as Helium-3, water-ice, and various other metals. To more closely examine the 
tradeoffs involved, a study has been conducted on the design, construction, maintenance, 
and integration of a railgun on the lunar surface. The proposed rail gun design differs from 
a regular rail gun design in that the magnetic field is augmented by magnets on the 
armature. This induces a greater magnetic field so that less current is required, cutting 
power consumption. Also, weight is saved by having these on the armature rather than on 
the rails, like a coil gun concept. A small scale railgun experiment was constructed to test a 
novel armature design featuring wheel mounted disc magnets. Different armatures were 
built to test material types and conduction methods. The designs were evaluated based on 
the muzzle velocity and acceleration of the armature. From the results, a baseline design for 
the lunar railgun has been selected and recommendations are made for further testing. This 
study furthers understanding of the use of a railgun to launch small scale payloads from the 
moon using the augmented magnetic field system. 

Nomenclature 
a = acceleration 
B = magnetic field 
ε = Electro-Motive Force (EMF) 
ΦB = magnetic flux 
i = current 
L = length of current-carrying element 
dt = differential time 
dx = differential distance 
s = fixed distance 
x = variable distance 
r = radius 
μo =  permeability of free space 

I. Introduction 

THIS paper was written by the 2009 NASA Academy at NASA Glenn Research Center at Lewis Field for their 
group project. It discusses the tradeoffs involved with the construction and use of an electro-magnetic launch 

system in a lunar environment. 

II. Background
 In 2004 the president set a new Vision for Space Exploration calling for manned missions to the moon, Mars, and 
beyond. The lunar phase calls for manned missions by 2020, and for the construction of a lunar outpost within a few 
years. The program is known as the Constellation Program and much research has been conducted as to what 
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materials are necessary for such an outpost. The goals of the lunar outpost include science missions concerning low 
gravity environments, lunar geology, Earth observation, astronomy, human reaction to the lunar environment, Mars 
forward testing, and general science3. 

Initially manned missions will be similar in length to those of Apollo as NASA tries to test and discover 
additional challenges for the development of a lunar outpost. Investigations of the lunar surface to find the optimal 
outpost site, ISRU testing, and equipment testing will be performed.4 Assumptions, requirements, and constraints for 
initial outpost operations have been identified. These are listed below.21 

• Will house a crew of 4-6 rotating every six months 
• Will be on an elevated area near the south pole to provide long durations of lighting 
• Not in continuous view of Earth 

• The Deep Space Network and Tracking and Data Relay Satellite are available to support outpost activities 
• Descent stage is capable of delivering 15 metric tons of mass to surface 
• A nuclear reactor is the primary power source 
• Demonstrated ISRU technologies in O2 production, H2/H2O extraction, and excavation of regolith 
• Developed lunar gravity potential model 

The outpost must have many capabilities to meet NASA’s goals including assets to maintain continuing and 
varying science, life-support, and observation. The initial capabilities are enough to meet the minimum outpost 
requirements, but capabilities will grow with time. These basic capabilities are essential for human survival in the 
lunar environment and ensure the ability to meet mission goals. The requirements are listed below.21 

• Enable a continuous, sustained human presence 
• Enable frequent local (3-km radius) and near-field (15-km radius) EVAs 
• Enable in-depth, in-situ data collection and analysis 
• Field experiment deployments 
• Lunar geosciences 
• Human physiological adaptation 
• Enable ISRU demonstrations/pilot operations 
• Regolith excavation and transportation 
• Oxygen production from regolith 
• Long-term cryogenic fluid storage and transfer of oxygen 

After the outpost has been established for a number of years and many unidentified obstacles have been 
mitigated, evolved capabilities are desired. These will be a result of an evolutionary process from the simple initial 
capabilities. These are the ultimate goals of the lunar outpost as this essentially establishes a human presence 
capable of life on an extra-terrestrial body with few materials needed restoration from the Earth.21 

• Maintain and grow logistics chain 
• Landing and traversable zone build-up and clearance 
• Lunar-produced logistics augmentation 
• Enable mid-field (30 km radius) and far-field (30+ km radius) EVAs 
• Provide the ability to add additional lunar-based science infrastructure 

• Space Physics 
• Astronomy 
• Enable large-scale ISRU production 
• Large-scale regolith excavation and manipulation 
• Consumable and propellant production 
• Surface construction (pads, berms, roads, etc.) 

• Mobile habitat moved by ATHLETE4 

This developed outpost must also have many general qualities. It must be flexible, in a scientific laboratory 
structure and in variable human interaction. It also must be able to safely and cost effectively launch payloads and 
humans back to Earth. The outpost will need to be easily traveled to and from because of the volume of exploration 
EVAs desired. The travel distances and methods are broken down as follows21: 

• Within 3 km of the outpost, EVA crew travel by foot (without a rover) 

• Up to 15 km from the outpost, at least one unpressurized rover will always be within 200 m of the EVA 
crew 
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• Between 15 km and 30 km of the outpost, at least two unpressurized rovers will always be within 200 m 
of the EVA crew. 

• Over 30 km (and approaching 100 km) of the outpost, at least one pressurized rover will always be within 
500 m of the EVA crew. 

The location of the outpost is very important, as it will gauge what can be reached during EVAs. The south pole 
is the preferred location for a multitude of reasons. First, it is almost always sunlit. This makes temperature control 
much simpler as the fluctuating of temperature between direct sunlight and no sunlight is not an issue. Also, things 
can be kept in shade if desired. Another advantage to this location is its ease of ability to communicate with Earth. 
The location with respect to Earth is not varying nearly as much as it would if it were on the equator. The final 
reason is science value. This is known to be the oldest basin terrain on the moon, which makes it a very interesting 
geological study. There is also some suspicion some water is located in a solid form under the surface21. 

Many other subsystems will be in use to maintain this outpost. Power will be delivered initially using solar cells 
but evolving to nuclear sources. These are selected for their low mass compared to their power output. The proposed 
power architecture will generate 25 kilowatts initially and evolving up to 100 kiloWatts21. Another subsystem 
studied is fluid storage. Fluids will most likely be stored cryogenically to save both mass and volume. The fluids 
will be converted to gasses for use in most cases. Many structures have been explored for use in the outpost. Both 
pressurized and unpressurized rovers will be used3. These will house the astronauts during EVA sorties and they will 
be multipurpose (i.e. have land moving capabilities). There will also be a habitat module to house the astronauts and 
conduct science. Current proposals are being developed to have these moved by the multipurpose ATHLETE4. 

The rail gun would be a large asset to this outpost architecture. The rail gun would not be constructed and 
integrated until a well established outpost has been formed. The rail gun assists in many of the goals listed above. It 
helps streamline travel, lower costs of launching payloads, provides flexibility of launch operations, and extracted 
regolith could couple well with ISRU giving copious amounts of regolith ore. The rail gun would be labor intensive 
up front but give good returns in its reusability and safety. 

B. Proposed Payloads 
The focus of lunar missions so far has been to launch crew or payload to the moon. Future lunar missions will 

look at establishing a lunar base on the moon, valuable resources from which could be transported back to the Earth. 
W.H. Siegfried and J.E. Santa from The Boeing Company Space & Communications Group in Huntington Beach, 
California1  have proposed that the water ice on the moon could be used to produce propellants in the form of H2 and 
O2, which can then be transported in a Lunar Transport Vehicle (LTV) to a lunar stage point, typically in low-lunar 
orbit. (See diagram) The lunar stage point would serve as a refueling point for a vehicle launched from the Earth, the 
Earth Transport Vehicle (ETV). The LTV launched from the moon would carry the lunar propellant as well as lunar 
cargo (valuable resources such as Helium-3) to the lunar stage point, which would be delivered to the ETV, allowing 
the ETV to deliver lunar cargo to the Earth. Similarly, the earth cargo needed to initialize many lunar activities 
would be transferred from the ETV to the LTV at the lunar stage point and carried back to the lunar surface by the 
LTV. This proposed scheme would reduce the cost of a lunar mission or a mission to another planet, as the ETV 
would only have to carry enough fuel to get to the lunar staging point. The fuel needs for the remaining parts of the 
mission, i.e. delivering earth cargo from the staging point to the moon or delivering lunar cargo from the staging 
point to the earth or further sending the ETV from the staging point to a tertiary destination such as Mars, would be 
met by the in-situ generation of H2 and O2 on the moon which would be delivered by the LTV that is launched from 
the moon to the lunar stage point. 

Here in lies the direct application of the BLAST ‘EM technology. The BLAST ‘EM technology can be used to 
cheaply launch the LTV from the moon to the lunar stage point at a trivial cost compared to using propellant fuel for 
launching, thus further enhancing the economic benefits of using a lunar re-fueling staging point in the design of 
missions from the earth to the moon and to other bodies in the Solar System such as Mars. Thus, having the BLAST 
‘EM technology in place on the moon would allow for an economically appealing transport mechanism for bringing 
materials back to the Earth and enhance a transportation system that would greatly reduce the costs associated with 
future lunar missions and missions beyond the earth system. 

1 Siegfried, W. H., Santa, J.E., “Use of Propellant from the Moon in Human Exploration & Development of Space.” Acta 
Astronautica. Vol. 47, Nos. 2-9, 2000, pp. 365-375, 2000. 
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Figure 1. The BLAST ‘EM technology on the moon would transport lunar propellant to the re-fueling point.  
This would provide fuel to the Earth Transport Vehicle headed to farther destinations such as Mars. 

Helium-3 (3He) is a non-radioactive isotope of helium with two protons and one neutron, and is being considered  
as a potential profitable lunar resource. Traditional fusion reactions use hydrogen-3 (3H) which generates high-
energy neutrons that might attack the nuclear reactor. The fusion reaction involving 3He (3

2He +  3
2He  →  4 

2He +  2  
1

1p) produces  4He and two high energy protons. The reactant  3He itself is non-radioactive.  4He, the abundant isotope  
of helium on Earth is also non-radioactive. The only high energy products of the reaction are the protons which can  
be contained using electric and magnetic fields and can be used for direct electricity generation.2   3He is considered  
to be a clean, safe and controllable fuel for powering nuclear fusion reactors on Earth. It is a rare isotope on earth 
(about 2.0 x 104 Kg) and is orders of magnitudes smaller than the amount of 3He found in the lunar regolith ( about 
6.50 x 108 kg, where 3.72 x 108 kg is on the lunar nearside and 2.78 x 108 kg is on the lunar far side.) The high 
abundance of 3He on the moon and its qualities of being a clean, safe and non-radioactive fuel make it an appealing 
candidate for the replacement of fossil fuels. 

The leading advocates for mining 3He from the moon are Gerald Kulcinski, a professor who leads the Fusion 
Technology Institute at the University of Wisconsin at Madison and Harrison Hagan “Jack” Schmitt, an Apollo 17 
astronaut who is the chair of the NASA Advisory Council which is NASA’s top civilian leadership arm. NASA’s 
“Global Exploration Strategy” includes the study of 3He for “fusion reactors on Earth” to reduce “Earth’s reliance on 
fossil fuels.3 

Some critics of energy production through 3He fusion reaction argue that since both reactants of the deuterium-
helium-3 reaction (2

1H and 3
2He) have to be mixed together to fuse, side reactions (2

1H + 2
1H and 3

2He+ 3
2He) occur, 

the first of which is not aneutronic. Thus, the deuterium-helium-3 reaction is not completely free of radioactivity 
problems. However, Kulcinski refutes this claiming, "the radioactivity in our deuterium-He3 system is only 2 
percent of the radioactivity in a deuterium-tritium system.”4 

The utility of 3He brought from the lunar surface to the Earth assumes that by the time the BLAST ‘EM 
technology would be aiding in the transportation of 3He from the moon to the earth; the research in nuclear fusion 
would have advanced enough to produce commercial sized fusion reactors. It is speculated that commercial-sized 
fusion reactors are at least 50 years away. 5Frank Close, a theoretical physicist at Oxford in UK claims that two 3He 

2 Williams, M., “Mining the Moon.” Technology Review Published by MIT [online review], URL: 
http://www.technologyreview.com/Energy/19296/ [cited 8 August 2009] 

3 Lasker, J., “Race to the Moon for Nuclear Fuel.” Wired [online news], URL: 
http://www.wired.com/science/space/news/2006/12/72276 [cited 8 August 2009]. 

4 Williams, M., “Mining the Moon.” Technology Review Published by MIT [online review], URL: 
http://www.technologyreview.com/Energy/19296/ [cited 8 August 2009] 

5 Lasker, J., “Race to the Moon for Nuclear Fuel.” Wired [online news], URL: 
http://www.wired.com/science/space/news/2006/12/72276 [cited 8 August 2009]. 
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nuclei cannot realistically be made to fuse with each other in current fusion reactor designs. According to Close, the 
3He reaction occurs even slower than deuterium-tritium fusion and would require heating temperatures up to six 
times the temperature of the sun’s interior which would be well-past the temperature tolerance for any tokamak-
based reactor. But there is a huge potential for the exploitation of lunar 3He on earth through the use of non-tokamak 
based alternative reactors that are being developed and studied at the Fusion Technology Institute headed by Gerald 
Kulcinski. The 3He - 3He reaction that Close claims is impractical or cannot be realistically done, has been done 
successfully in Kulcinski’s reactor that uses a technology called inertial electrostatic confinement (IEC). Even 
though the current nuclear fusion technology may not be ready to use 3He to produce energy on a commercial scale, 
significant advances have been made in the research towards conducting 3He – 3He reactions and there is great 
potential in the future for using lunar 3He as a valuable resource to meet the energy demands on Earth. 

Other critics of bringing lunar 3He back to the Earth are concerned about the overall net energy benefit. Jim 
Benson from SpaceDev claims that overall it would require more energy to retrieve 3He and bring it back than it 
would yield. He is concerned that the process “would cost billions in rocket fuel.”6 However, if the BLAST ‘EM 
technology is used to send the 3He back to earth, the energy cost associated with bringing 3He back to earth can be 
greatly reduced, hence making the idea more appealing to pursue. 

3He is not the only reason to explore using BLAST ‘EM technology. The BLAST ‘EM technology could play an 
important role in executing economically appealing missions not only to the moon but also to other bodies in the 
Solar System such as Mars or asteroids. The idea behind this application of BLAST ‘EM is based on the fact that the 
water ice on the moon could be used to produce propellant fuel in the form of H2 and O2, which then using the 
BLAST ‘EM technology can be transported in a Lunar Transport Vehicle (LTV) to a lunar staging point in or 
around low lunar orbit. The lunar staging point would serve as a “gas station” or re-fueling point for Earth Transport 
Vehicles heading further to Mars or other planets or heading back to the Earth after receiving the lunar cargo and/or 
lunar propellant fuel (H2 and O2). This way the vehicle launched from the earth only has to carry enough fuel to get 
it close to lunar orbit where it would be supplied with the propellant fuel (launched from the moon) for the rest of 
the mission to Mars or any other final destination. Without re-fueling, a maximum load of 20,000 kg of Earth 
payload to be returned to the Earth from the moon would require 55,000 kg of propellant. With the refueling option, 
the vehicle would practically “return for free” as the cost for transporting the propellant from the moon to the 
refueling point would be minimal provided the BLAST ‘EM technology is used for transporting lunar propellant. 

Several libration points for the Earth and the moon are possible candidates for serving as staging and re-fueling 
points. A libration point is a point where the gravitational forces from two or more bodies cancel each other, 
resulting in no net gravitational force at that point. These points are the five singularities derived from the third body 
problem by restricting mass of the third body to be negligible compared to the other two masses (Earth’s mass and 
moon’s mass). 7For the purposes of lunar exploration, the L2 liberation point (see fig.2) requires the smallest amount 
of velocity for the Moon-earth trajectory. From the L1 liberation point, the escape velocity for the ETV to get back 
to the Earth is 14.29 km/s while the escape velocity from the L2 liberation point to get back to the earth is only 
13.46 km/s. Thus, BLAST ‘EM would launch payload (carrying lunar propellant) from the lunar surface to the L2 
liberation point, which would require an escape velocity of 2.53 km/s. The escape velocity needed to launch to the 
L1 liberation point from the lunar surface is not significantly different (2.52 km/s). The escape velocity to get from 
the lunar surface to the libration point in low lunar orbit is only 1.87 km/s. However, the escape velocity from the 
low lunar orbit libration point to get back to low Earth orbit is 1.31 km/s, significantly higher compared to 0.77 km/s 
for L1 and 0.28 km/s for L2. In other words, the L2 liberation point is the point that has the lowest total delta V for 
Earth to Moon and lowest total delta V for Moon to Earth and it is the point that the BLAST ‘EM on the moon 
would launch to, thus requiring the BLAST ‘EM technology to be capable of launching at an escape velocity of 2.53 
km/s.8 

6 Lasker, J., “Race to the Moon for Nuclear Fuel.” Wired [online news], URL: 
http://www.wired.com/science/space/news/2006/12/72276 [cited 8 August 2009]. 

7 Siegfried, W. H., Santa, J.E., “Use of Propellant from the Moon in Human Exploration & Development of Space.” Acta 
Astronautica. Vol. 47, Nos. 2-9, 2000, pp. 365-375, 2000. 

8 Siegfried, W. H., Santa, J.E., “Use of Propellant from the Moon in Human Exploration & Development of Space.” Acta 
Astronautica. Vol. 47, Nos. 2-9, 2000, pp. 365-375, 2000. 
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Figure 2. Earth-Moon System Lagrange Points 
For a direct launch to Mars from Earth with no re-fueling, a total velocity of 18 km/s is needed with no 

aerobreaking while 15.5 km/s is needed with aerobreaking. If instead, the ETV is sent via the re-fueling point at L1, 
the velocity required to reach the staging/re-fueling point, which requires earth propellant is 13.5 km/s. Assuming 
that the cost of propellant production on the moon is minimal and assuming that the cost of transporting the lunar 
propellant to the staging/re-fueling point is also minimal (the latter assumption would be true if the BLAST ‘EM 
technology is used for transporting lunar propellant to the staging/re-fueling point), the cost of transporting the ETV 
from the staging/re-fueling point to Mars would also be minimal. The only major cost would be the cost to transport 
the ETV from the Earth to the staging/re-fueling point. Thus, re-fueling (assisted by the transportation of the lunar 
propellant to the refueling point by the BLAST ‘EM technology) can save 2 to 4.5 km/s for the Earth-launched 
vehicle. For Mars missions, a vehicle with a gross weight of 1.7 M kg is required for a mission weight of 52,000 kg 
with re-fueling but 2.4 M kg is required for the no refueling option. The BLAST ‘EM technology could primarily be 
responsible for the transportation of the lunar propellant to the refueling point would greatly reduce the Earth liftoff 
weight for a mission to Mars and hence significantly reduce the economic burden associated with it. The BLAST 
‘EM technology would provide an ideal way for transporting 3He and propellant from the lunar surface to the 
staging/refueling point and hence not only invest into the energy needs on Earth but also advance the missions to 
moon, mars and beyond that are economically feasible. 

C. Why a rail guns? 
Rail guns are an attractive method to launch small payloads from the moon. Due to the nature of space flight, 

exploration, and government funding; subsystems of the lunar architecture must have programmatic flexibility, 
participant flexibility, and exploration flexibility. 

a. Programmatic Flexibility 

A rail gun is a highly flexible lunar ascent mechanism, providing a method for cargo to be transported into lunar 
orbit. The research and technology development that would go into building the mechanism would have broad 
applicability to Earth-based warfare and satellite launch systems as well as to Mars-based ascent systems, making it 
adaptable to changes in national priorities. Since a rail gun requires significant up-front cost and a small variable 
launch cost, the majority of the required funding can be allocated during a single election cycle, which protects it 
from drastic changes in government budgets and policies. 

b. Participant Flexibility 

A rail gun lends itself well to shared cost and use initiatives. The system would act as the primary mechanism for 
cargo desired to be launched from moon, which means that an international partner or commercial entity with a 
presence on the moon would have a vested interest in its health and well-being. The need of a non-human cargo 
launch capability on the moon remains a large unknown. In the case that there is a need for non-human cargo launch 
operations, a rail gun system would provide a low fuel cost solution. In the case that there is a change in the 
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priorities of stakeholders; a cost-shared rail gun would be able to accommodate transfers of ownership. 

c. Exploration Flexibility 

The priorities of the exploration systems mission directorate will certainly change as our lunar exploration mission 
becomes more defined. A rail gun launch system has several key benefits that make it adaptable to the inevitable 
changes in exploration priorities and methods. The system would be capable of launching a large assortment of 
cargo, minerals, and other resources from the moon, making it flexible to the varying current needs of the lunar 
programs. Additionally, the system provides a method to enter into lunar orbit without having to use traditional 
rocket fuels, lowering the cost per launch and increasing the cargo to total launch mass ratio. 

III. Railgun Introduction 

A. Theory 
An electromagnetic railgun is a simple electric circuit which utilizes the interactions of moving charges in the 

presence of a magnetic field to produce an accelerating force on a projectile. This method of propulsion has many 
distinct advantages over more traditional methods for accelerating projectiles. Specifically, when considering 
chemical propellants (gunpowder) the projectile’s final velocity is limited by the propagation velocity of the 
shockwave formed after the powder has initially burned. Additionally, it is nearly impossible to make “on-the-fly” 
corrections to a projectile’s speed once a chemical propellant has been burned, however, the amount of current 
present in a railgun can be easily and precisely controlled such that quick adjustments of the projectile’s speed is 
possible. Finally, length of the railgun is not limited by the same factors which limit that of a chemically propelled 
gun. This means that the acceleration profile of a railgun’s projectile can be tailored to operations which would be 
impossible to achieve using chemical propellants. 

The simplest form of a railgun consists of two parallel, conductive rails which have an 
electrical potential difference placed between them via an energy source. This energy 
source could come in the form of a power supply, but is often manifested as a bank of 
capacitors or a compulsator. An armature is placed between the two rails such that it is free 
to move and remains in electrical contact with the rails at all times during the operation of 
the railgun. When the armature makes contact with the rails, a short circuit is created 
which allows charge to flow up the high potential rail, across the armature/projectile, and 
down the low potential rail.  

A line of moving charges, or current, (in the rails in this example) constitutes an 
elecrodynamic condition which induces a magnetic field azimuthally around the wire. 
Using the right hand rule, if one were to consider the plane formed between the two rails, 
one would note that the contribution of the magnetic field of each rail points in the same 
direction, down. Next the Lorentz Force on the armature must be calculated. The Lorentz 

Force is expressed as: v v v v .= ( v × B )F q E + 
Since there are no electric fields to consider, the only contribution Figure 3. Basic railgun design. 

to the net force on the armature comes from the v 
v× B 
v 

term. Note that 
qv can be rewritten as il, the current times the path length. Thus the 
force can be rewritten as: v v v .dF = idl × B 

Note that the direction which the current in the armature is pointing is towards the low 
Figure 4. Railgun potential rail. The magnetic field between the rails is in the ẑ -direction. Thus, according to 

with current shown. the right hand rule, the cross product determines the direction of the force on the projectile 
as along the rail (down the track). It can be shown that the precise force acting on a projectile in 
the railgun is: 

µoi
2 ⎛ d − r ⎞ .F 

v 
= ln ŷ⎜ ⎟2π ⎝ r ⎠ 

For a complete derivation of the force acting on the projectile, please see Appendix A. 
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B. Forces on Rails 
In general, the two current-carrying rails will experience a repulsive force between them since they are carrying 

current in opposite directions. This can be clearly seen if one considers the direction of the magnetic field induced 
by one rail near the opposite rail (from the right hand rule) and then performs the cross product as dictated by the 
Lorentz Force. Each rail will repel itself with a force per unit length of: 

F µoi
2 

. 
L 2π d 

This force represents a horizontal pressure on the rails and shall influence the design considerations of the lunar 
railgun. It is also important to be aware of the fact that this load will be present along the rail’s current path. 
Additional stresses will be experienced locally which corresponds to the relative position of the armature to the rail. 
Since these local stresses last only momentarily, are highly dependent on geometry, and often are difficult to 
calculate, they are not considered in this paper. 

= 

C. Back EMF 
The railgun system will experience a slight electromotive force (EMF) or voltage which will act counter to the 

direction the armature moves. This retarding force arises from Faraday’s Law of Induction which says that the EMF 
of a closed circuit is equal to the time rate of change of the magnetic flux passing through that circuit. As the 
armature travels down the rails, it expands the circuit path and creates an area which contains new magnetic field 
lines. The EMF of this expanding circuit can be calculated from Faraday’s Law of Induction: 

dΦBε = − . 
dt 

Once the calculation is preformed, one will find the induced EMF of the circuit to be: 

µoi ⎛ d − r ⎞⎛ dy ⎞ε = − ln .⎜ ⎟ ⎜ ⎟2π ⎝ r ⎠⎝ dt ⎠ 
Please refer to the appendix for a detailed derivation of this result. 

When looking at the above equation, one will note that it has a functional dependence on the velocity of the 
armature. To get an idea of the scale of this EMF, first consider the order of magnitude of the permeability of free 
space: 10-7. The escape velocity of the moon is on the order of 103m/s, meaning the current would be on the order of 
104A before the EMF amounts to anything more than a few volts. Since this effect appears to be minimal for a 
substantial current, it will typically be ignored in future calculations. 

D. Augmentation of Magnetic Field 
When referring to the equation of the force exerted on the armature, one will note that the force goes as a 

function of the current squared. One should also observe that the current is multiplied by the permeability of free 
space, an incredibly small number. As a result, the amount of current necessary to create an appreciable amount of 
force is in the kiloamp range or larger. While it is theoretically possible to achieve this amount of current using large 
energy storage devices, it is very difficult to manage. The large currents, coupled with high voltages, often lead to a 
significant amount of wear in the rails. This wear may occur from arcing between various components of the 
rail/armature interface, or from the creation of high temperature plasma between the armature and rails. Ohmic 
heating in various locations of the rail/armature would also become quite significant with a large amount of current. 

If the magnetic field induced by the current-carrying rails was instead augmented by an external magnetic field, 
the amount of current needed for a given force would be vastly reduced. For simplicity, it will be assumed that the 
augmenting magnetic field is much larger than the magnetic field induced by the current carrying rails. Thus the 
equation: v v v 

F = il × B 
will be sufficient to calculate the force exerted on an armature of length l in the presence of an external magnetic 
field, B. If we assume that l=1m, B=1T, and i=104A then the total amount of force the armature experiences will be 
on the order of 104N. This force is sufficient to launch a sizable mass at a significant acceleration. 

Now that an argument has been made for the augmentation of the magnetic field it is necessary to discuss its 
implementation. There are two basic methods to augment the magnetic field of the rails. The first method is to line 
the center of the rails with some type of magnet, either permanent magnets or electromagnets. If the magnets were 
electromagnets, they could be energized in sequence to follow the motion of the projectile being launched such that 
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only the electromagnets in the region of the projectile were consuming current. This method, however, has the 
disadvantage of a large increase in mass, complexity, and cost of the system because numerous electromagnets 
would be needed to line the length of the rails. 
A more feasible system would include the augmenting magnet in the projectile itself, rather than keeping it 
stationary. In this way a single, smaller, more powerful magnet could be used to augment the magnetic field. Since 
the size of this magnet is relatively small in comparison to the magnets used in the previous design, the utilization of 
a superconducting electromagnet becomes feasible. One would only need to cool a relatively small region of the 
projectile to attain the desired superconducting properties. Once the superconducting electromagnet is activated, it 
could operate self-sufficiently thought the duration of the launch.  This design would reduce the amount of mass and 
cost associated with augmenting the railgun system. 

IV. Railgun Design 
For a potential lunar rail gun propulsion device, a few major design considerations must be taken into account. 

Ideally, the rail gun will be as short as possible so that minimal materials are used and potential failure points are 
kept to a minimum. The complexity of the device must be taken into account: the more complex it is, it will take 
longer to put together, have more potential points of failure, and require more materials to put together. Materials, 
specifically, are a hefty price, due to the cost of putting resources from the Earth on the moon. 

Also, if the lunar rail gun would be used to launch humans off of the moon, the problem of G-Forces arises. “G-
Forces” is another term for acceleration in reference to the Earth's gravitational pull. One G would equal an 
acceleration of 9.81 m/s2 with 2 Gs being two times that value and so on. Even fighter pilots utilizing special G-suits 
can only withstand 8 to 9 Gs for an extended period of time, with the average human starting to black out at 4 to 5 
Gs24. Even the space shuttle only pulls about 3 Gs on liftoff, more than in the acceptable limits14. In order to achieve 
a minimal lunar orbit, one that discounts any kind of significant altitude, the railgun must accelerate the projectile, a 
spacecraft in this case, to roughly 1700 m/s. To keep the G-forces under the desired 5 Gs, high-end for the average 
human, the craft can only accelerate at 49 m/s2, resulting in a launch sequence that would take 35 seconds to 
complete and 29 km to traverse. Quite simply, this is unreasonable to expect, even with the liberal assumptions of 
the future technology used to build the moon base, the cost and time necessary to both generate that amount of flat 
land for a track and transport the required materials is beyond the realm of feasibility for a reasonable time span for 
this project. Conversely, if G forces were thrown out and increased to 100 and only inanimate objects were launched 
as payload, the track would only have to be 1.5 km long to achieve the same final velocity of 1700 m/s. 

We explored using a circular track instead of a linear track to launch the payload. By using a circular track, the 
payload could "reuse" track by traveling over each section more than once as it accelerates. After doing the analysis, 
with a given acceleration constraint a circular track will not save track length. Centripetal acceleration increases with 
v2, but only decreases linearly with radius, and so when the centripetal acceleration of the payload is equal to the 
maximum allowable acceleration, the payload has only traveled a fraction of the way around the track. Because the 
payload cannot travel a full rotation around the circle without exceeding the maximum allowable acceleration, there 
is no point in building a curved track unless geographic considerations merit it. 

The equations for this motion are as follows:
	
a=(amax2-(v2/R)2)1/2
	

dv/dt=a
	
ds/dt=v
	

Integrated this in time until a=(1-eta)*amax 

The calculations and results from this procedure can be seen in Appendix B. 
In order to develop an effective design to implement on the moon, one must look at all of the available options 

before coming to a solid conclusion. Logically, the first place to start would be a “traditional” style of railgun. Most 
of the research for electromagnetic projectile launchers has come in the form of kinetic kill devices developed by the 
military, most notably the Navy1. This style of railgun relies completely on the electrical current through the rails to 
induce a magnetic field for propulsion in the muzzle/firing direction. However, due to the nature of the high current 
used in these tests, many times the projectile is vaporized and the rails heavily damaged and scoured but the plasma 
and arcing between the rails and the projectile. In all, such a volatile system would not last very long, completely 
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eliminating the purpose of this system, which is to fire many times using as little repair and fuel as possible. A 
“traditional” railgun would require intensive repair time and material cost that the moon base simply does not have. 

The close relative of the railgun, the coilgun, uses currents in a different way to propel a projectile. Using a 
magnetic projectile, the coilgun sends a current through the electromagnets placed around the barrel to create a 
magnetic field and pull the projectile forward. 
Upon firing, the closest coil to the projectile is 
given a high current to create a sufficient 
magnetic field. When the projectile nears the 
midpoint of the electromagnet, the magnet is 
turned off. Once the projectile passes through the 
midpoint, the electromagnet is reversed to repulse 
the projectile and the next coil is fired to continue 
accelerating the projectile. The process of 
switching on and off the electromagnets is an 
incredible delicate operation; if one coil fails to 
fire or switch, the entire system could go awry. 
Also, with a 1.5 km system, there must be an 
incredible amount of material (more so than a 
traditional railgun), to obtain a coil system that 
would envelop the entire radius of a space craft. 
While the principle is sound, the complexity 
and materials needed for a coil system is simply 
too great. 

Not that we should completely throw out the lessons learned by the coilgun; a magnetic field induced by a coiled 
material could prove quite useful. In an attempt to harness this magnetism, it was proposed that coils be placed along 
the railgun tracks in an attempt to augment the B 
Field. But again, we immediately run into the 
problem of placing permanent magnets or coils 
along the length of a very long track, a proposition 
that would cost the moon base mission a lot of 
money and fuel. Also, again the difficulty of staging 
comes into play, requiring a lot of control circuitry 
that is precise enough to handle a projectile traveling 
at 1700 m/s. 

The augmented field design is not a bust, though, 
when one looks at augmenting the field around the 
projectile itself. Upon placing the projectile on top of the 
rails, one can amplify the field to produce a torque on the 
wheels. This novel design shows a considerably simpler 
system than that of the coilgun or rail-augmented designs. It 
allows for simpler rails and less materials with the tradeoff of a more complicated projectile. Still, the projectile is 

Figure 5. The coil gun principle: using coils to induce a 
�
magnetic field in the firing direction.
�

Figure 6. Augmenting the rails’ magnetic field
�
with alternating coils that undergo sequential
�

switching.
�

small compared to the scale and the length of the track and we feel this 
design would cost the space program much less in the ways of fuel cost to 
transport materials to build this system on the moon. 

With the theory ironed out (please refer to Appendix A) and the concept 
understood, all that remains is the physical design of system that will be 
utilized on the moon. First we’ll look at the armature: the most complex and 
important part of the system, as it contains the magnetic augmentation 
critical for the railgun. In order to cut down on weight of the projectile, the 
wheel will be an open rim with a close inner and outer radius, its frame 
made out of a conductive, durable material like aluminum or steel. As seen 
in fig. 7, the outer radius must be connected with the axel somehow; 

Figure 7. A rough sketch of the otherwise the current cannot travel to the other side of the rail. It is suggested that braided 
theoretical lunar design. The final steel wire like that that found in suspension bridges should be used in this case, due to its 

product will feature a superconductor
on the outside rim and many more 10 

spokes. American Institute of Aeronautics and Astronautics 



 
 

 
                    

                  
                  

       

                 
                     

                  
                   

                      
                   
                    

                   
                    
                 

                    
                    

        
                    

 
 

                
                 

   
               

               
                 
                     

 
 

 
 

 
 
 

 
 

 
 

 
 

 
 

 
 

conductive properties and high tensile strength. Running from the rim of the wheel to the center of the system, many 
of these cables must be used (more than the number depicted currently) so that the current can travel the shortest 
distance possible to experience as little resistance as possible. 

To analyze the systems and see if they would fail, a tensile stress was performed on the material. First, the 
permanent magnet system was explored. The density and yield strength of these were found and a stress analysis 
was performed using this material. Mass was calculated from the wheel volume and density as the wheel radius 
varied. The centripetal force was then calculated using the following equation. 

V 2 

F = m 
r 

From this the tensional load on the crossectional area was calculated and compared to the material yield 
strength. For reasonably sized radiuses it was found to fail. The table of calculations can be seen as Table C.1 in 
Appendix C. 

The second design with the superconductor acting as the magnet was then analyzed. This would be around the 
outside radius of the wheel and confined in a steel housing. This superconductor could be cooled by inserting some 
liquid nitrogen into the housing prior to launch. The housing would be wrapped in a circle and held to an axel using 
steel cables. These cables would consist of small radius braided steel wires to increase strength. For the analysis a 
high strength alloy, ASTM A514 was selected. Its density and yield strength were found for both this metal and a 
generic super conductor. The volume and masses were calculated and summed to be treated as a point mass. The 
analysis was performed by isolating one steel rod and the outer area it will hold. The centripetal force per area 
segment was then calculated using the formula above. The tensional load experienced in this differential area was 
calculated and compared to the yield strength of the steel. For this design, it was determined that the steel would 
hold the outer mass for radii above 0.25 meters. The suggested radius from this analysis is 1.25 meters, which gives 
a 1.72 factor of safety. The rod was also studied to ensure it would not pull itself apart and it was confirmed it would 
not. The table containing the calculation procedure can be seen as Table C.2 in Appendix C. This also benefits the 
torque generated as that value increases proportional to the square of the radius. 

In the one case where more material is encouraged, the thickness of the wheel should increase where it interfaces 
with the rails so that a greater contact surface is achieved and harmful arcing to the rail decreases. For this reason, 
the thickness should be as great as reasonably possible. 

As for the magnetic augmentation properties that are the fundamental requirement for this design, a problem 
arises. Through a force analysis that studied the brittle nature of permanent rare-earth magnets, we determined that 
when traveling at such high launch speeds, these magnets would simply break and fail. Therefore, a different kind of 
magnetic field generation must be used: electromagnets. To gain the desired magnitude of magnetic field needed for 
launch, a superconductor must be used, hopefully cooled by liquid or gaseous nitrogen since superconductors 
require incredibly cold environments to operate properly. This superconductor should fit snugly in the cavity of the 
outside radius of the wheel, as depicted in the fig. 7, and should cause no problems in the conductive process from 
the rail to axel. 

The second, simpler section of the railgun design resides in the rails. Due to the design choice, the rails can be as 
simple as possible: a straight conductive track only armed with necessary guiding systems. This choice is appealing 
due to the low amount of material used in simple straight track with no augmentation as compared to a coil gun or 
augmented rail system that has large, magnetic material running nearly the whole length of the 1.5 km track. Even 
though the word “complexity” has been frowned upon up until this point, we should consider the possibility of 
staging the rails. This form of staging the rails would result in a continuous rail that would be broken up electrically, 
but not physically, with each section acting independent of one another with its own capacitor bank. The advantages 
are numerous, firstly allowing for lower resistances along the rails. With less material for current to travel through, 
staging results in a smaller current loss due to resistance, also subsequently causing less wear on the rails. Also, 
staging allows for precision control of the projectile during firing. While one single rail would be locked-in with its 
amount of current, the staged rail could increase or decrease the amount of current each section of the rail receives, 
allowing for on-the-fly adjustments if the projectile is traveling at speeds too high or too small. The greatest 
advantage, though, comes in the modularity of the system. If the rails are split into stages, the lunar railgun program 
can build onto the back of the railgun. This will alleviate the acceleration while still keeping the system operational 
when it is under construction. Of course, the complexity factor comes into play, building and maintaining controls 
on the system being a downside, but the advantages are sound and warrant consideration. 

There are two major options for the construction and integration of the conducting part of the magnetic rails. The 
first option is to embed the conductor in a lighter substance for support (such as lightweight hollow tubes to absorb 

11
	
American Institute of Aeronautics and Astronautics
	



 
 

 
 
 

 
 
 

 
 

 
 

                
                  

                
                  

               

 
 

 

        
                 
                 

                    
                 

                 

the force and distribute it to the regolith), assemble the structure on earth, and then transport it to the moon for 
construction. The second option is to imbed the conductive material into the lunar regolith itself. Construction on 
earth has several main advantages. Firstly, the conductor can be imbedded in a lightweight support structure, 
potentially reducing the overall density of the system. This support structure will be carefully designed to integrate 
into the lunar regolith and to survive the harsh lunar environment. Such a system will be less of a strain on outpost 
manpower due to significant construction time on earth. The major downside to this idea is the extra mass that 
comes from building the support structure. If the conductor can instead be installed directly into the regolith, the 
support structure may not be needed (or at least greatly reduced), thereby reducing the costs of the launch system 
significantly. Such a system would require significantly more human effort in construction, as the rails would have 
to be carefully imbedded into the lunar surface to ensure robustness. In either case, a careful characterization of the 
lunar regolith would need to be undertaken before construction to ensure the surface can support the rail structure 
and the loads applied. The theories that drove the design are outlined below. 

A. Augmented Armature Design 
The augmentation of the magnetic field on the armature offers unique advantages if done appropriately. Great 

care must be taken when attaching the augmenting device to the armature, however, as important physical laws can 
be easily overlooked. Two theoretical design considerations will be presented in this section. The first design, 
although simple, was unsuccessful at generating any net force to propel the armature and illustrates the danger in 
making rash assumptions without checking all physical laws involved. The second design, while successful, is 
considerably more complicated. 

B. The Magnetic Area Armature 
This armature design is illustrated in fig. 8. 

Figure 8. Left: The armature (purple) is also a magnet. Upper Right: Force calculation using wire as current-
carrying conductor with a magnetic due to the augmenting magnet. Lower Right: Force calculation using the 

perimeter of the augmenting wire as the current-carrying conductor with the magnetic field induced by the current 
passing through the armature. 

Initially, the thought behind this armature design was augmentation of the magnetic field induced by the current-
carrying rails by using either a permanent magnet or an electromagnet. The concept was to significantly increase the 
magnetic field which surrounded the current, passing through the armature. In this case, the magnet will be 
represented by the area which lies between the two rails which is shaded in purple. The magnet would be in 
electrical contact with the rails, either directly or indirectly via brushes. The current passing through the magnet will 
be approximated as a thin, current-carrying wire which bisects the magnet perpendicularly to the direction of the 
rails.  
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Note that the direction of the magnetic field created by the augmenting magnet is up (out of the page).  It was the 
hope that if this magnet was placed atop a set of low-friction wheels, the Lorentz Force exerted on the magnet-
armature would be vastly increased by the augmenting magnetic field. As a matter of fact, the magnetic field created 
by the augmenting magnet is many orders of magnitudes larger than that induced by the rails (see railgun 
introduction section: D. Augmentation). For this reason, the contribution of the magnetic field by the rails is 
assumed to be negligible. Only the magnetic field due to the augmenting magnet shall be considered. 

Referring to fig. 8, the upper right diagram represents the charge flowing across the magnet as a current-carrying 
wire. Using the right-hand-rule one can determine that the force exerted on the wire by the augmenting magnetic 
field is directed to the left. This result would seem very promising at first glance, but the reader should beware of 
certain pitfalls of electrodynamics. In this case, the ignorance of Newton’s Third Law can be highly detrimental. A 
further investigation into the implications of Newton’s Third Law is vital to understanding the implications of this 
design. 

Newton stated in his third law that every action (force) has an equal and opposite reaction (force) associated with 
it. It is necessary to investigate the reaction force associated with this armature design. Referring to the lower right 
diagram of fig. 8, one will see the armature molded in a slightly different fashion. In this case, the magnetic field is 
induced by the current-carrying wire, not the augmenting magnet. The field to the right of the wire is directed out of 
the page, while the field to the left of the wire is directed into the page. Note that the existence of the induced 
magnetic field replaces the existence of the current in the wire in this consideration. 

The augmenting magnet shall be molded as an electrical circuit of bound-current which circulates around the 
perimeter of the magnet in such a way that it forms an electromagnet. The magnetic field of this augmenting magnet 
shall be ignored but the current circulating along the perimeter shall take its place, in this consideration. If one 
considers the Lorentz Force exerted on the magnet’s perimeter, caused by the induced magnetic field of the wire, 
one will note that all forces cancel out except for the forces on the left and right boundaries. These forces will sum to 
a net force directed to the right. 

Note that these two different approaches to finding the net force on the armature yield forces which are in 
opposite directions. Consider the fact that the current (originating from the rails) carrying wire is actually part of the 
magnet. The wire’s net force is directed to the left, while the magnet’s net force is directed to the right. It quickly 
becomes obvious that these two forces are action-reaction forces (since they are essentially acting on the same 
object). These forces shall cancel themselves out and result in a zero net force acting on the armature. This design, 
therefore, is a complete failure because no force is created which can propel the armature down the rails. 

C. The Spindle-Shaped Armature: 
While it would seem as if the idea of moving the augmenting magnetic field to the armature is doomed for failure, 

an idea exists which can take advantage of a magnetic field which moves as a part of the projectile. Please refer to 
fig. 9 for a drawing of the spindle-shaped armature. 

Figure 9. Diagram of Spindle Armature. 

Essentially the armature is very similar to wheel-and-axel arrangement on a railway car. The two wheels are resting 
on top of the rails and are kept from drifting off the rails by an increase in the diameter of the inner portion of each 
wheel which locks the wheel in place between the rails. Each wheel produces a magnetic field which points outward 
(in a direction which is parallel with the axel of the wheel). This magnetic field may be produced by a permanent 
magnet or, for better performance, an electromagnet. 

The current shall travel through the high-potential rail, up the radius of one wheel, through the axle of the 
armature, down the opposite wheel, and through the low-potential rail.  
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Figure 10. Current through rail and wheel. 

Just as before, a current-carrying wire shall be used to approximate the current passing through the wheel. Two 
separate treatments will be used to determine the forces acting on the wheel; one for the action forces and the second 
for the reaction forces. Refer to fig. 10 for a simple treatment using the Lorentz Force. Note that there is an applied, 
external magnetic field created by the wheel (either via permanent magnets or electromagnets) which points 
outward. The current is directed upward towards the center of the wheel and, upon performing the cross-product, the 
direction of the force acting on the current-carrying wire is to the right. This force will cause a torque to rotate the 
wheel forwards. Note that the force described here is localized. The total force (or torque) would need to be found 
by integrating the magnetic field found along the length of the current-carrying wire. This field varies significantly 
as one leaves the center of the wheel and is often a difficult quantity to predict. 

A second, more complete, treatment shall be applied to study the forces acting on the wheel system. This 
treatment shall be mindful of the implications of Newton’s Third Law and will fully explain the cause of motion of 
the spindle armature. To begin, refer to fig. 11. 

Figure 11. Calculation of magnetic field induced by current-carrying wire at point P. 

Note that the current in the current-carrying wire is being ignored in this treatment in favor of the induced magnetic 
field pointing azimuthally around the wire. This field will point out of the page on the right side of the wire, and into 
the page on the left side of the wire, in accordance with the right-hand-rule. The augmenting magnet is represented 
by a current-carrying circuit which surrounds the perimeter of the magnet; in this case the circumference of a circle. 
The current is pointing in the counterclockwise direction to account for a magnetic field which points out of the 
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page. This situation is essentially the same as in fig. 10, but rotated by 180o in order to choose a covenant angular 
frame of reference. 

Using the equation derived in Appendix A for the magnetic field due to a current-carrying conductor: 
µo i

B P = [ sin α2 − sin α ]@ 1 . 
4π s 

Note that angles α1 and α2 are defined in the counterclockwise direction from a line perpendicular to point P and the 
wire. To take advantage of this equation, the angles need to be written in terms of θ. Note that α2 equals θ because 

they are opposite, interior angles. Also note that α 1 + β = 2π . The angle α1 can be found using the following 

trigonometric relations: 

r − r sin θ
tan β = 

r cos θ
 
−1 ⎛1− sin θ ⎞
β = tan ⎜ ⎟⎝ cos θ ⎠ 

−1 ⎛ 1− sin θ ⎞∴ α1 = 2π − tan ⎜ ⎟ . ⎝ cos θ ⎠ 
Substituting these angles into the magnetic field equation gives: 

µoi ⎡ ⎛ −1 ⎛1− sin θ ⎞ ⎞⎤
B@ P = ⎢sin θ − sin ⎜ 2π − tan ⎜ ⎟ ⎟⎥ .4π s ⎣ ⎝ ⎝ cos θ ⎠ ⎠⎦ 

Since sine is an odd, periodic function the equation simplifies to: 

µ i ⎡ ⎛ −1 ⎛1− sin θ ⎞⎞⎤
B = sin θ + sin tan .@ P

o ⎢ ⎜ ⎜ ⎟⎟⎥4π s cos θ⎣ ⎝ ⎝ ⎠⎠⎦ 
Finally, note that a substitution can be made for s: 

µoi ⎡ ⎛ −1 ⎛1− sin θ ⎞⎞⎤
B = sin θ + sin tan .@ P ⎢ ⎜ ⎜ ⎟ ⎟⎥4π r cos θ ⎝ ⎝ cos θ ⎠⎠⎣ ⎦ 

To calculate the force on point P, one needs to use the Lorentz Force Law as follows: 

µ i i ⎡ ⎤ 
o 1 2 ⎛ −1 ⎛ 1− sin θ ⎞⎞

F@ P = ⎢sin θ + sin ⎜ tan ⎜ ⎟⎟⎥ dl.
4π r cos θ ⎣ ⎝ ⎝ cos θ ⎠⎠⎦ 

Here, i1 and i2 represent the current in the current-carrying wire and the bound current in the perimeter of the 
magnet, respectively. The force is directed radially inward towards the center of the wheel as determined by the 
cross-product. 

A similar derivation must be performed on point Q, which is the mirror image of point P; that is Q is located at 
an angular position of –θ, instead of θ. Please refer to fig. 12 for a diagram of this discussion. 
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Figure 12. Calculation of magnetic field induced by current-carrying wire at point Q.
�

To begin, note that ABQ is an isosceles triangle. Thus, the angle located at vertex B is found by:
	

⎛ π ⎞
B = −θ + 2θ∠ ⎜ ⎟⎝ 2 ⎠ 

π
B = +θ .∠ 2 

In an isosceles triangle, the angles opposite the equal legs are equal by definition. Additionally, the sum of the angle 
of any triangle is 180o, and by use of these principles, one can write: 

B∠ + 2γ = π 
π +θ + 2γ = π 
2 

π θ∴ γ = − . 
4 2 

Note, that α = 2π − γ , thus: 1 

7π θα = + .1 4 2 
Next, note θ=φ and α2=2π- φ, thus: 

α 2 = 2π −θ . 
The magnetic field located at point Q can be written as: 

µoi ⎡ ⎛ 7π θ ⎞ ⎤
B@ Q = ⎢sin ⎜ + ⎟ − sin ( 2π −θ ) ⎥4π s ⎣ ⎝ 4 2 ⎠ ⎦ 

which simplifies to: 

µoi ⎡ ⎛ θ 7π ⎞ ⎤
B@ Q = ⎢sin ⎜ + ⎟ + sin ( θ ) ⎥ .4π s ⎣ ⎝ 2 4 ⎠ ⎦ 

The force at point Q is expressed as: 
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µ o i1i 2 ⎡ ⎛ θ 7π ⎞ ⎤
F@ Q = + + θ ⎢sin ⎜ ⎟ sin ( ) ⎥ dl.

4π r cos θ ⎣ ⎝ 2 4 ⎠ ⎦ 
Please  refer  to  fig.  13  for  a  diagram  of  the  forces.  It  is  then  necessary  to  perform  a  vector  sum  on  the  x  and  y  

components of the forces at points   and . 

he forces exerted on points P and Q. Due to the asymmetry of 
et force, directed in the y direction, which will cause a torque o

Q P

Figure 13. A diagram of t the current-carrying  
wire, there is a n n the wheel. 

Some important conclusions can be drawn from this derivation. For a given angle, the force exerted on point P is 
larger in magnitude than on point Q. This seems to be accurate from an intuitive perspective because P is much 
closer to the current-carrying wire than Q. The difference in magnitude only exists due to the asymmetry of the 
current-carrying wire (it only goes half way up the wheel). If the x and y components of the forces at the two points 
were added, one would note there is a net horizontal force to the left and a net vertical force acting upwards. In the 
previous derivation of the force on the wheel, it was shown that the net force acting on the current-carrying wire by 
the augmenting magnet was to the right. It can be seen that this force shall be canceled out by the reaction force of 
the wire on the augmenting magnet. Therefore, any forces directed in the x-direction do not contribute to the motion 
of the armature as a result of Newton’s Third Law. 

Forces which act in the y-direction, however, will contribute to the net torque exerted on the augmenting magnet. 
This torque can be calculated by: 

v v v τ = R × FN et . 

Note R = r cos θ , and the cross-product can be replaced with sinθ . Thus, the equation for torque becomes: 

τ = rFN et cos θ sin θ . 

The net force can be derived by adding the y-components of the force vectors: v v v 
F = F + FNet y y@ P @ Q 

µo i i 1 2 
⎡ ⎛ −1 ⎛1− sin θ ⎞⎞ ⎤ µo i i 1 2 ⎡ ⎛ θ 7π ⎞ ⎤

FN et = ⎢sin ⎜ tan ⎜ ⎟ ⎟ + sin ( θ ) ⎥ dl− ⎢sin ⎜ + ⎟ + sin ( θ ) ⎥ dl4π r cos θ ⎝ ⎝ cos θ ⎠⎠ 4π r cos θ ⎣ ⎝ 2 4 ⎠ ⎦⎣ ⎦ 
µo i i 1 2 

⎡ ⎛ −1 ⎛1− sin θ ⎞⎞ ⎛θ 7π ⎞⎤
F = sin tan − sin + dl .N et ⎢ ⎜ ⎜ ⎟ ⎟ ⎜ ⎟⎥4π r cos θ ⎣ ⎝ ⎝ cos θ ⎠⎠ ⎝ 2 4 ⎠⎦ 

The torque due to points P and Q is then: 
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µ o i1i 2 
⎡( ⎛ ⎛1− sin θ ⎞⎞ ⎛θ 7π ⎞⎤ 

τ P&Q = r sin θ cos θ ) ⎢sin ⎜ tan −1 
⎜ ⎟ ⎟ − sin ⎜ + ⎟⎥ dl4π r cos θ ⎣ ⎝ ⎝ cos θ ⎠⎠ ⎝ 2 4 ⎠⎦ 

µo i1 i 2 sin θ ⎡ ⎛ ⎛1− sin θ ⎞⎞ ⎛θ 7π ⎞⎤
τ P&Q = ⎢sin ⎜ tan −1 

⎜ ⎟⎟ − sin ⎜ + ⎟⎥ dl .
4π ⎣ ⎝ ⎝ cos θ ⎠⎠ ⎝ 2 4 ⎠⎦ 

o oThe total torque on the wheel, one must integrate θ from 0  to 90 : 
π 

µo i i 1 2 
2 ⎡ ⎛ −1 ⎛1− sin θ ⎞⎞ ⎛θ 7π ⎞⎤ ⎛ 1 ⎞ .τTotal = ∫ sin θ ⎢sin ⎜ tan ⎜ ⎟⎟ − sin ⎜ + ⎟⎥ dθ ⎜ π r ⎟4π ⎝ cos θ ⎠ ⎝ 2 4 ⎠ ⎝ 2 ⎠0 ⎣ ⎝ ⎠ ⎦ 

Note the differential path length was integrated to be one quarter of the circumference of the wheel, as manifested 
between the last pair of parentheses. The integration does not yield a solution in closed form; however a numerical 
approximation was done using the software package Maple™: 

µ i i r o 1 2 τ = ( 0.413 ) .Total 8 
To obtain the net torque exerted on the wheel, the equation above must be doubled to account for symmetry of the 
left side of the wheel: 

µ i i r o 1 2 τ = ( 0.413 ) .Wheel 4 
Since the magnetic field at the center of a current-carrying loop is: 

µoi2B = 
2r 

The torque equation may be modified to express the torque in terms of the magnetic field found at the center of the 
augmenting magnet: 

τ = ( 0.206 ) B i r 2 .Wheel . .Aug Mag 1 

The torque is expressed in terms of the augmenting magnetic field, the current passing through the armature, and the 
radius of the wheel. 

When considering the torque on the wheel and its implications with Newton’s Third Law, one may wonder if 
Newton’s Third Law is being satisfied in the example described above. To consider the action and reaction forces 
involved, consider two frames of reference. The first reference frame holds the current-carrying wire stationary 
while the wheel freely rotates. In reality, only the current is stationary, since the wire is part of the wheel itself. The 
current, comprised of moving charges, will see the wheel rotating due to a net torque. Conversely, if the reference 
frame sets the wheel stationary, the charges are moving in some curved path (picture the wire rotating while the 
wheel is still). Charges only move in a curved path if there is some type of net force acting upon them. This force 
can explain the reaction torque which is acting to curve the path of the moving charges. 

V. Power Generation and Storage 
An established lunar outpost will already have a power generation source to support base operations, and energy 

from this source can be used for the rail gun. However, rail gun operation requires power orders of magnitude higher 
than the power generation source capability. Thus, in order to accelerate the payload efficiently, a means for high 
power delivery will be necessary. We have considered using ultra-capacitors, advanced flywheels, and advanced 
battery technology to use as a high power device (HPD). Energy generated by the base power source will be stored 
in the HPD and will be discharged into the rail upon firing. 

As is noted in Appendix D, launching a payload into a 300 km orbit requires achieving a velocity of 1806 m/s. 
Current rail gun efficiencies are generally around 20%, though some have been as high as 25%. If a rail gun were to 
actually be constructed on the moon, much research and development would be dedicated to improving large scale 
launch systems, and it is very likely efficiencies will improve. Assuming the efficiency of the launch system is able 
to be increased to 50%, the energy required to launch a payload into orbit is 3.25 kJ/kg (also see Appendix D). For a 
mission that would launch a 200 kg payload into orbit, this would require approximately 650 kJ = 0.18 kWh of 
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stored energy. If a launch of this nature was to happen once per earth month, this would require 428 W of 
continuous power to charge the HPD. NASA expects to ramp up the lunar colony power availability to around 100 
kW21, so the power required will not necessarily mandate a redesign of the power architecture, nor will it be a trivial 
amount of power required. For larger payloads or more frequent launches, the energy requirements of the rail gun 
start becoming a significant fraction of the colony power needs. A study of lunar power storage systems was 
conducted by Hamilton Sunderstrand20 and concluded that the best system would be a cryogenic fuel cell, and a 
similar conclusion was reached in a study by a NASA study27. It is very unlikely that such a system would be suited 
for a rail gun system due to power and voltage requirements, and so other options must be explored. A secondary 
mechanism for energy storage should still be able to link in with the rest of the base power system, though building 
and maintaining separate systems would be much more costly. 

While the energy requirements for the rail gun may become large, such an energy storage system would be 
useful to the lunar colony in many ways. It could be used for providing energy for other high power devices on the 
colony, for providing extra energy for high transient power needs of the lunar base, and for load balancing of the 
power load of the outpost as a whole. These devices will also provide a backup mechanism for the power of the 
base. If the primary energy generation mechanism suffers a failure, enough energy could potentially be stored in the 
rail gun system to keep vital outpost systems functional for long enough to fix the baseline power source. The 
downside is the need to transport the HPD to the moon and to maintain the infrastructure. If significant amounts of 
power storage are already needed on the moon, it may not require much extra energy storage to make small scale 
lunar launches feasible, assuming the HPD were of a type suitable for the rail gun needs. 

A flywheel is a device which stores kinetic energy through rotational inertia. The energy stored is equivalent to 
1/2 I times ω^2, where I is the moment of inertia about the spin axis and ω is the angular rotation rate. Energy can 
be extracted from the flywheel through the use of an electric generator. Flywheels have seen an increase in terrestrial 
applications recently, and are sold by Pentadyne Inc. as an uninterruptible power supply (UPS).22 The commercial 
Petadyne system can store 1900 kJ at an energy density of 3.22 kJ/kg. NASA has designed the G2 flywheel which 
has a power density of 83.3 kJ/kg and is extremely resilient to temperature changes and radiation.15 Flywheels have 
an efficiency of around 90%, and through the use of magnetic bearings can store energy for long amounts of time 
with minimal losses. On the other hand, Hamilton Sundstrand suggested that by 2015 flywheel specific energies 
may still be less than 540 kJ/kg. Flywheels have the additional disadvantage of needing a high voltage generator to 
provide the currents necessary to operate the rail gun, which could affect the specific energy of the flywheel system. 

Ultra-capacitors may provide higher specific energies, especially at the necessary voltages. Ultra capacitors have 
similar advantages to flywheels in rapid charge and discharge and high cycle life. The Hamilton Sunderstrand listed 
EEStor as a potential system for storing energy, listing it with a theoretical specific energy of 731 kJ/kg, with the 
potential to increase beyond that as the technology develops. The major disadvantage is that advanced ultra-
capacitors are largely unproven, for example the figure sited by Hamilton has not actually yet been realized. It is 
unclear where the state of the art will actually be when it is time to build the rail gun. High power batteries are also 
an option, although they suffer from low cycle life. 

There are several viable options for power storage, and the best solution is hard to predict considering the 
technology developments to come. The improvements to these devices are advancing rapidly especially as new 
markets are found in UPSs and storage for intermittent renewable energy sources. As far as power storage is 
concerned, the realities of using a rail gun change depending on the specific payload desired for launch. The larger 
the payload, the larger percentage the rail gun will incur of the outpost power, and the higher voltages will be 
required for launching. Payloads on the order of 100-200 kg seem to be on the border of feasibility at this time. 
Smaller masses make the rail gun much more feasible technically; though decrease the usefulness of the rail gun to 
the lunar outpost. Depending on the decisions made about energy storage for the rest of the outpost, a requirement 
for a second energy storage may render the rail gun too much of a drain on maintenance resources and may also 
render the gun economically infeasible. 

VI. In Situ Resource Utilization
      For the construction and implementation of a rail gun on the lunar surface, ISRU is an absolute necessity. 
Without it, large volumes of materials would need to be sent to the moon driving up costs and lowering the 
feasibility of construction. 

ISRU is needed for many things on the moon and will be necessary for long term survival and thus is being 
studied extensively. Specifically, identifying resources in the regolith and frequency of occurrence is being studied 
along with characterization. Excavation and extraction processes are being tested on Earth and are likely to be tested 
during early lunar sorties. Processes for ISRU generation of consumables are still being developed for outpost 
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operations alongside advanced concepts for manufacturing more intricate products. NASA assumes ISRU will be 
fully functional by the time and outpost is constructed.
        Characterization and resource identification of lunar regolith has been ongoing since Apollo returned with 
samples, studying the physical and chemical properties of the soil. The regolith dust layer depth ranges from 3 to 20 
meters and solid bedrock layer lies beneath it. This bedrock is proposed to be used as brick or to be melted into 
materials. One concept involves making concrete from the regolith, which would work together with building a 
channel for the support structure of the railgun.  A deep channel could be dug in the bedrock and lined with concrete 
in which the rails would be placed on the outside walls of the channel. Chemically, the regolith consists of 40% 
oxygen by weight, as well as some water, nitrogen, silicon, and other elements. In addition, the isotope Helium-3 is 
abundantly found in the soil10.
        Many tools are already being planned to be brought to the lunar outpost for usage with ISRU. A table of the 
proposed tools and their masses is listed below. Other concepts have rovers equipped with back hoes. These tools 
would be vital to constructing a railgun using ISRU because the conducting metal must be extracted as well and 
much regolith must be moved and shaped11. 

Table 1. ISRU Tools Mass List. 21 

Part Mass (kg) 
Lunar Miner/Hauler 600 
O2 Pilot Plant 800 
Inchworm 900 
Logistics Carrier 1000 
Lunar Polar Resource Extractor 1200

        Different extraction and manufacturing capabilities have been studied. The first is Molten Oxide Electrolysis 
(MOE). This process extracts metals by using electrons as a reducing agent on the raw materials. This process uses 
no water, unlike Earth methods, making it more feasible for the moon. This will produce different elemental 
materials from the regolith at lower costs than relaunching12. Electron Beam Melting is also being considered for 
use. This process turns the regolith into fabricated parts using wide array of metals. The process is quick and can 
make complicated geometries. The process uses few tools, thus less waste and can make assemblies in one piece. 
The materials are made in a vacuum thus clean environment and have no pitting resulting in good strength, fatigue, 
and fracture properties. This would be a good candidate for a rail construction process if conductive strong 
conductive metals can be processed11. 

VII. Lunar Integration 
The railgun needs to be able to integrate into the lunar colony in the power sector as well as other areas. The rail 

gun must be able to have maintenance performed on it as well as provide a use to the outpost as a whole. It must be 
able to feasibly be constructed and utilized. 

A. Maintenance 
Since the Apollo missions, NASA has known the severity of the lunar environment on any foreign object. 

Because there is very little atmosphere on the lunar surface, wind influences on the regolith is negligible. Wind on 
earth shears the sand, giving the particles rounded edges rather than sharp ones. The lack of wind on the moon 
means the regolith retains the sharp edges and therefore cuts any object it comes in contact with. Unprotected, the 
railgun could be corroded and useless in a matter of days. Despite the corrosive properties of the lunar regolith, with 
the proper tools the astronauts could actually utilize the previously corrosive regolith to benefit the railgun by 
covering the rail guns with packed or bricked sections of regolith. This system would not interfere with its 
conductive properties. 

Maintenance of the railgun will not be the same as on Earth because of the wilderness nature of the moon-
one cannot simply pick up a part from the nearest store to fix a problem. Instead, proper training to utilize what the 
astronauts already have will be proposed, with a tool kit that does the same. Robotics would be a very viable option 
to be used to repair the railgun as these would operate more readily in the lunar environment, and would improve 
safety as the astronauts would not have to directly work with a high voltage area. A benefit to being on the moon as 
opposed to Earth is that there is not the same level of decay, as there is virtually no atmosphere. The landers left by 
astronauts in the 1960s are in relatively the same condition they were left in forty years ago, untainted by oxidative 
factors that are present on Earth. This lack of oxidative damage will do well to prevent rust on our metal rails, most 
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likely allowing longevity of the equipment. To ensure the long-term integrity of the metals, testing the lunar lander 
after being up on the moon for forty years would be suggested. 

B. Frequency of Use 
The frequency of usage of the railgun depends many things. The rail gun cost of operation is much less than the 

construction costs and so many launches are desired, though the frequency of use is limited by energy consideration. 
The payloads desired to be launched and their use rate will be heavily affect the frequency of use. These payload 
requirements call for very frequent launches to support the consumption of the payloads. The ability of the rails to 
recover from stress and the maintenance required between launches will govern the frequency of use by defining a 
time gap between uses. The power required will be a major detractor on the system usage frequency because the 
electrical system will need to recharge. 

The two main payloads, Helium-3 and fuel, will be needed in large quantities. Since max payloads launched are 
estimated to be around 200 kilograms, use of each of the payloads will require many separate launches. Payloads 
could be collected in lunar orbit to be mated into a large spacecraft that will guide the larger payloads to their 
destination. For the fuel station at the Lagrange point, the required propellant to exit Earth's gravitational field for a 
mission to Mars is 18000 kilograms if the station is at Lagrange point 1 and 14000 kilograms at Lagrange point 2. 
This means that somewhere between 70 and 90 fills of the fuel station would be needed for each Mars mission. 
Calculations for these values can be seen in Appendix X. These calculations were performed with many assumptions 
that can also be seen in the Appendix. This is an estimate and may even change with a different vehicle for Mars 
missions, but gives a good idea of how much fuel is required. Helium-3 usage will depend on the technology 
advances in using it for energy and its consumption on Earth. Theoretically, one hundred tons of Helium-3 would 
power the Earth for a year16 meaning with a 200 kg payload there would need to be 38 launches per month, which is 
not very likely to be feasible. However, this is to power the whole planet, so the maximum value is not necessary to 
be useful. 

The stresses on the rails and the possible maintenance that this incurs will also heavily influence the launch rate. 
The stresses will be very high on the rails because of the speeds and forces involved in such a system and the 
material may fatigue quicker if certain measures are not performed between launches. Structure replacement is not 
desired as it would take much time and money so anything to mitigate this will be done. The maintenance can 
probably be performed in the time required for charging. The frequency of launches is also constrained by energy, as 
is discussed in Section V. 

VIII. Economic Analysis 
The last payload launch off of the lunar surface occurred in December of 1972, the last Apollo mission to the moon. 
The crew brought back 50 kilograms of rock samples on an Apollo Lunar Module. The cost of the Lunar Module 
Program was $11 billion (2005 dollars). A total of six Lunar Modules landed on the moon and a total of twelve 
Lunar Modules were built. 

With the technological advances over the past 40 years, it is possible to create systems that are theoretically cheaper 
and more efficient. The current plan calls for constructing a Lunar Lander (Altair) to land on the moon. It will also 
be equipped with an ascension stage to ascend from the moon. The system uses a hypergolic rocket engine, where 
fuel makes up a large portion of the spacecraft mass. A rail gun systems economic advantage is the mass savings in 
having little onboard fuel to get into orbit. In space flight, dollars/mass to orbit is a key metric in determining 
payload launch cost. A Space Shuttle for example has a $30,000/pound cost to launch. It is believed that using rail 
guns to jump start space vehicles off of the lunar surface will significantly reduce this number, allowing non-human 
cargo to potentially be launched at economically viable costs. 

Our system calls for launching payload of 100 to 200 kilograms off the lunar surface with an electromagnetic rail 
gun. The system would have the following primary costs: 

Fixed 
· Rails 

o In order to launch cargo, a set of rails would have to be constructed over the lunar regolith. 
· High Power Device 

o A system of ultra-capacitors, advanced flywheels, or advanced batteries must be transported to the moon in 
order to provide a short burst of a large sustained electrical energy pulse to propel the projectile off of the rail 
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gun. 
· Support Structure 

o A set of stabilizers, control systems, monitors, and other fixed maintenance and safety equipment must be 
brought into the lunar architecture to help provide support and control projectile acceleration. 

Variable 
· Maintenance 

o The cost of up keep and maintenance will vary based on how frequently the system is used. It is thought 
that this cost will be relatively low because of the simplicity of the system. 

· Projectile 
• The projectile will be replaced after every launch. 

A. Economic incentives for government and investors 
Howard McCurdy, a space policy expert at American University in Washington, said the Apollo mission cost 

$150 billion to $175 billion in 2003 dollars, and that a new effort would also be costly. But he said that's not really 
the point: "In some ways, it's like a yacht. If you have to ask, you can't afford it" (Watson). Although this may seem 
like treating American tax dollars frivolously, the benefits of the funds used on this discovery process are actually a 
benefit to the US economy. Every year NASA puts out new ideas into the US marketplace, stimulating the economy 
through innovation. Each year a booklet entitled Spinoff: NASA Technologies Enhance Our Lives is published, 
describing ways that the research used to put the astronauts in space has added to industry. From better lubricants 
that protect machines to neurospinal screening technology, the realms that the technology touches are limitless. 
NASA's mere 0.6% cost per American tax dollar is far worth its meager cost. 

B. Construction 
Because of the success of the Mars missions (with control commands being sent daily from Earth), it is suggested 

that the bulk of the railgun be built by remote-controlled machinery. Although the Mars missions were primarily 
exploratory in nature, the process of building the gun on the lunar outpost would be functionally much simpler. The 
primary objective would be to build, not discover. The shuttle budget is expected to be $174 billion by the time the 
shuttle retires in 2010 at five billion dollars per year (David), while the Mars rovers program in total costs the 
agency around $600 million (Linder). With these figures as a guide, the agency would reduce the risk of safety for 
the astronauts building this equipment while using the money saved by using robots for the other, costlier parts of 
this mission. 

IX. Experimental Methodology 
In addition to this preliminary work assessing the feasibility and implementation of a lunar rail gun, a small 

proof of concept experiment was conducted by the Blast’EM project team at NASA Glenn Research Center. The 
experiment involved testing various armature and armature to rail interfacing designs. The experimental set up was 
composed of three principal components: a capacitor bank to apply a rail voltage, conducting rails constructed of 
aluminum L-channel, and armatures design to test different material and interfacing techniques. 

A. Capacitor bank 
A capacitor bank was used to charge the launch rails, allowing 

for the rapid discharge of electrical potential through the test set-up. 
The bank was composed of eight 33,000 μF and six 82,400 μF 
capacitors wired in parallel thus providing a total equivalent 
capacitance of 0.758 F. A portion of the capacitor bank is shown if 
Figure 14. A Sytron SYR50-18 70 Volt flight rack power supply 
capable of charging the bank up to approximately 70 Volts was 
used to charge the capacitors for each test run of the rail gun. The 
capacitor bank was interfaced to the rails through a series of parallel 
resistors wired to provide approximately 2.6 Ω of resistance. This 
resistance was used to dissipate some of the high current as a safety 
precaution. 

Figure 14. Portion of the capacitor 
bank. This portion of the capacitor bank 
consisted of eight 33,000 μF capacitors. 
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B. Rails 
The rails used in test various armature material and armature 

Figure 15. Aluminum  rails  built  of  L-
Channel.  The  rails  used  for  testing  measured  
three  feet  in  length  and  could  be  adjusted  for  
armature size 

interfacing configuring were construction of aluminum L-channel. 
Measuring three feet in length, the L-channel was mounted to a 
level surface via a screw system that could be used to vary the 
distance in between the two channels based on the size of the
	
armature. Figure 15 shows the rail design. Each rail was wired to
	
the capacitor bank via a setscrew and frictional contact.
	

C. Armatures 
Four armature designs were construed to provide a baseline data set for future lunar 

railgun prototypes and experiments. The two primary design classers were the “spindle” 

Figure 16. Sputnik on 
the rail system. Sputnik 
consisted of a square bar 
magnet and two thin 
metal brushes for 
electrical contact 

class and “sputnik.” 
The sputnik armature was comprised of a small four-wheel chassis loaded with a one 

by one by one-eighth inch bar management. The chassis rode on a small track between 
the rails and two small metal “whiskers” or rigid wires were used to make electrical 
contact between the magnet and the charged rails. These metal wires made the armature 
look similar to the soviet satellite Sputnik thus providing a nickname for the test object. 
Figure 16 shows a diagram of sputnik. These whiskers flanked the bar magnet on each 
side and brushed up against the inner wall of the aluminum L-channel when sputnik was 
placed on its track. The bar magnet was oriented with the magnetic field pointing “up” 
out of the rails to augment the magnetic field of the rails. 

The second type of armature 
primarily used in testing was the 
spindle armature composed to two 1¼ 
inch diameter wheels and a ¼ inch 
diameter axle. Small one inch disk 
magnets were mounted to outside of each wheel with similar 
poles pointing toward the axle (i.e. the north or south poles of 
each magnet face each other on the armature) to augment the 
magnetic field of the rails. The spindles were made of either steal Figure 17. Top and side views of various 
or aluminum and the number of wheel magnets could be varied spindle armatures. The spindle armature 
for testing. Figure 17 shows the three different spindle armatures varied in size and material. 
constructed for testing. 

D. Procedure 
The testing procedure used to evacuate armature design consisted to five primary steps: preparation of the rails, 

preparation of the armature, set-up of the video capturing system, charging the capacitors, and completing the circuit 
to fire the armature. 

Before each test, the aluminum rails were sanded, cleaned, and leveled. During a test run, sparking events often 
occurred causing small amounts of material to be removed from the rails. To both reduce friction and ensure the 
armatures were tested under similar conditions, the rails had to be light sanded and washed with acetone. The newly 
cleaned system was then leveled so the entire length of track was at the same elevation. Careful attention was also 
paid to making sure the rails were not move laterally so they remained in the same plane of view of the camera and 
experimenters. 

The armature was prepared in a similar fashion before each test. It was lightly sanded to smooth any areas 
material was removed and washed to remove dust and soot. The clean armatures had better electrical contact with 
the rails reducing the total resistance of the system and increasing the current through the armature. When the 
spindle armatures were tested, disk magnetic had to be attached to the wheels via either conducting epoxy or in the 
case of the steel armature, using the magnetic interaction itself to hold the magnet in place. Before each test run, 
magnets were either added or removed based on the parameters under study. The cleaned and prepared armatures 
were then positioned at a predetermined distance from the end of the rails. 

The entire experimental system was analyzed with a high speed video camera. The camera was positioned 
approximately five feet from the experiment and calibrated to determine distances in the plane of the rails. These 
distance measurements were used to analyze the position, velocity, and acceleration of the various armatures once 
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Figure 18. Velocity versus time plot for Test 9.
The armature’s velocity starts at nearly zero, and
increases as the capacitors discharge. The increase in
velocity deceases in magnitude later in the test because
the capacitor bank has lost energy 

         
          

Figure 19. Acceleration versus time plot for Test 9. 
The armature’s acceleration is at a maximum at the start 
of the test and decreases as the capacitors discharge 

 
 
 

testing had concluded. Using a stop quick release trigger mechanism, the camera would record the previous three 
seconds of footage once the trigger was released. Thus, once the armature reached the end of the rail, the button 
could be released and the entire firing event would be written to a hard drive. 

Once the rails, armature, and camera were positioned, the capacitor bank was charged to approximately 70 volts. 
Charge time was approximately forty five seconds for the bank to reach a potential of 70 V. Due to the large amount 
of energy being stored in the capacitors, safety glasses and insulating gloves were worn by the experimenters in the 
room. 

The final step in the process was to complete the circuit and discharge the capacitors in the rails. A small spring-
loaded toggle switch was installed between the rails and the capacitor bank to allow for a quick discharge of voltage 
from the capacitors to the rails. The discharge produced movement in the armature which was captured on high 
speed film for later analysis 

X. Experimental Results 
Of the six various armature configurations tested, the aluminum spindle design incorporating wheel mounted 

disk magnets had the fastest muzzle velocity at 0.401 m/s. The steel spindle with one wheel mounted disk magnet 
had the second fastest muzzle velocity at 0.393 m/s. These results were obtained through the data obtained with the 
high-speed camera. Once calibrated properly, the camera could calculate the project velocity at various points along 
its patch. Figure 18 and Figure 18 show examples of the velocity and acceleration versus time plots respectively of 
an armature as the capacitors discharge and it moves along the rails. 

Data points on these plots are noisy due to sparking events during testing, pixel resolution from the camera, and 
variations rate the capacitors discharge. From this plot, the average velocity, muzzle (final) velocity, and average 
velocity for each armature type. 

The other armature configurations tested: the sputnik design, the steel armature with two wheel mounted disk 
magnets, and the steel armature provided with an initial velocity had significantly muzzle velocities (once 
normalized in the case of the steel armature with a given initial velocity) ranging from approximately 0.266 m/s to 
0.346 m/s. Table 2 below shows a more comprehensive comparison of the various armature designs. 
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Armature Design  Average  Rail Provided   Average  Muzzle 
 Acceleration  Voltage   Initial Velocity  Velocity (m/ Velocity (m/ 

Number of   Mass (V) (Variable) s) (m/s2) s) Material 
Wheel Magnets (g) 

Sputnik Design - 70 No 0.0000 0.0000 0.0000 

Aluminum 0 39.7 70 No 0.0000 0.0000 0.0000 

Aluminum 1 39.7 70 No 0.32118 0.21408 0.40053 

Steel 1 59.5 70 No 0.30807 0.16411 0.39286 

Steel 2 ~65 70 No 0.31990 0.09437 0.34596 

0.49803 
Steel 1 59.5 70 Yes 0.50489 -0.00176 (0.26566  

normalized) 

Steel 1 59.5 0 Yes 0.45659 -0.31552 0.23237 

            

                  
               
                 

                  
                   

                
               

 
  

  
 

  
 

   
   

  
  

  
  

 

Table 2. Comparison of launch parameters of various armature configurations. The aluminum armature with 
one wheel magnet had the highest muzzle velocity with the steel armature with one wheel magnet very close behind. 

Because these results show the aluminum armature achieving the highest muzzle or launch velocity, it is safe to 
conclude launch speed is highly dependent on mass. Ultimately, in most projectile launching techniques, the 
projectile mass is debatably the most important parameter to consider and this result matches current thought and 
theory. The second fastest projectile, the steel magnet with one wheel magnet, was more massive, but also had 
smoother wheel rims reducing the amount of friction between the rails and armature. Its extra mass could have also 
helped increase the amount electrical contact provided larger currents through the rail gun system. It is 
recommended then future work focus on reducing armature mass, increased electrical contact area, and reducing 
frictional forces. 

XI. Conclusion 
From a preliminary analysis of the application of electromagnetic railgun propulsion techniques to launch lunar 

payloads, several conclusions can be made about integrating this technology into a lunar colony.  For launch 
purposes, the length of track required to launch humans within safe g-force limit is too long to be feasible.  The 
railgun design itself will be greatly affected by lunar colony decisions and technological advances. In-situ resource 
utilization via use of lunar regolith will also be necessary to develop the railgun structure and cut costs.  The 
currently proposed system could be used to launch He-3, a valuable resource for nuclear power available beneath the 
lunar surface.  Using the railgun to launch 100 kg He-3 payloads would require 38 launches per month based on cost 
and use projections.  The cost structure of such a system would be primarily comprised of fixed costs.  Once the 
system is in place, the cost per unit launch would be low due in part to the reduced amount of on board fuel 
required.  This economic and implementation analysis was augmented by some preliminary testing of a mock 
railgun system.  The testing set-up was comprised of a capacitor bank, mock rails, and various armatures to study 
both armature design, and armature to rail interfacing.  From these tests, less massive armatures were found to have 
higher muzzle velocities and thus it is recommended mass reduction techniques for a railgun armature be 
investigated further in future studies. 
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Appendices
�

Appendix A. Additional Theoretical Derivations
�

The Magnetic Field of a Current-Carrying Conductor:
�
Please refer to the fig. A.1 for a sketch of the current carrying conductor. 

Figure A.1. Derivation of the magnetic field at point P 

Here we derive the magnetic field at point P, induced by the current carrying conductor (wire). To begin this v 
derivation, one may consider a differential piece of the wire d l , which carries a current i and is a distance r away 
from point P. According to the Biot-Savart law the contribution to the magnetic field by a differential current-
carrying element is: v v µo id l× r̂

dB = . 
4π r 2 

v 
d lNote that =dx in this case, therefore: 

µo i sin θ
dB = dx . 

4π r 2 

Referring to fig. A.1, x can be written in terms of S and α using the following trigonometric relation: 
x = s tan α 

∴ dx = s sec 2 α dα 
and r can be written as: 

S 
r = . 

cos α 
Substituting these expressions into the Biot-Savart law gives: 

µo i
dB = cos α dα . 

4π s 
Now that the expression for the differential contribution to the magnetic field is in terms of α, it is possible to 
integrate this expression (with respect to α)to obtain the total magnetic field at point P which is induced by the 
current-carrying conductor: 

µo i 
α 2 

B@ P = ∫ cos α dα 
4π s α 1 

µo i∴ B = [ sin α − sin α ] .@ P 2 14π s 
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The Traditional Railgun Force Derivation: 
Please refer to fig. A.2 for a sketch of the railgun system. 

Figure A.2. The railgun system. 

The purpose of this derivation is to determine the formula for the force experienced by the armature (pictured in 
orange) due to the magnetic field induced by the current-carrying rails. Note that the magnetic field produced by the 
current-carrying rails is directed in azimuthally, as determined by the right-hand-rule. As a result, the planar region 
between each rail will contain a magnetic field vector which points in the ẑ  direction.  

First consider the contribution of the magnetic field due to the high-potential rail at some point a distance x 
along the armature. Using the equation for the magnetic field due to a current-carrying conductor (derived in the 

⎛ π ⎞
above) one can write the magnetic field at location ⎜ for α1 = and α2 = 0⎟ as: 

⎝ 2 ⎠ 
µo i ⎡ π ⎤ µo i

B = sin 0 − sin = High ⎢ ⎥4π x ⎣ 2 ⎦ 4π x 
and the direction of the magnetic field is in the ẑ -direction: 

v µo i
B = ẑHigh .

4π x 
Note that the rail was approximated as a semi-infinite, current-carrying conductor. If it is assumed that the distance 
between the centers of each rail d, is very much less than the length of the rail, the assumption is a valid. A similar 
treatment of the low-potential rail gives the result: 

v µo i
B = ẑLow .

4π ( d − x ) 

Now the vector-sum of the contributions to the magnetic field of both rails can be found as: 
v v v µo i ⎛ 1 1 ⎞B + B = B = + ẑ .High Low Total ⎜ ⎟4π ⎝ x d − x ⎠ 

The next step is to calculate the localized force on the armature. According to the Lorentz Force Law: v v vv
F = q E ( + v × B ) . 
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Note,  however,  that  there  is  no  significant  electric  field  present  in  the  railgun  system  (E=0).  Additionally,  note  that  
the  qv 
v

term may be replaced by i
v
l
 
. Thus, the differential (localized) form of the Lorentz force becomes: 

dF 
v 

= id 
v
l× B 
v 

. 
Substituting the magnetic field into the equation yields the result: 

v v ⎡ µ
dF o i ⎛ 1 1 ⎞ ⎤

@ x = id x × ⎜ + ẑ⎢ ⎟ ⎥⎣ 4π ⎝ x d − x ⎠ ⎦ 
v µo i2 ⎛ 1 1 ⎞∴ dF@ x = ⎜ + ⎟ dx ŷ . 

4π ⎝ x d − x ⎠ 
To find the total force acting on the armature, the localized force must be integrated: 

v x 

o i2 

∫
2 µ ⎛ 1 1 ⎞FNet = ⎜ + ⎟ y ˆ dx 

x 1 
4π ⎝ x d − x ⎠ 

v µ 2 

FN et = o i ⎛ ⎡ d − x 
l ⎜ ⎢ 1 ⎤ ⎡ x ⎤ ⎞ 
n ⎜ ⎥ ⎢ 2 ⎥ ⎟ ŷ⎟ .

4π ⎝ ⎣ d − x2 ⎦ ⎣ x1 ⎦⎠ 
This  is  the  general  equation  for  the  force  on  the  armature  due  to  the  induced  magnetic  field  of  the  current-carrying  
rails. 

The  equation  may  be  further  simplified  if  an  assumption  concerning  the  geometry  of  the  rails  is  made.  If  one  
assumes that both rails are of the same width r, then the following substitutions can be made: 

x1 = r 

x2 = d − r 

v µo i2 ⎛ d − r ⎞∴ FNet = ln ⎜ ⎟ ŷ . 
4π ⎝ r ⎠ 

This is the most common expression for the force on the armature using a traditional railgun system. 

Rail Repulsion Force: 
Since the high-potential rail and the low-potential rail are carrying currents opposite directions, the rails will 
experience forces which repel one another, according to the right-hand-rule and the Lorentz Force Law. To begin 
this derivation, assume that one is to consider a portion of the rail which is far away from either the beginning of the 
rail, or the armature of the rail. In this case, each rail can be approximated as being of infinite length. Thus, the 
induced magnetic field located at one rail, due to the current in the opposite rail can be determined as: 

v µoiBrail = ẑ . 
2π d 

From the Lorentz Law: v v v v v 
F = iL × B = i L B sinθ 

after substituting for the magnetic field and performing the cross-product: v 
F µoi

2 

= ± x̂ . 
L 2π d 

Note that the sign of the force per unit length of the rail is determined by the rail one is considering. The force shall 
always act to repel the rail away from its counterpart. 

Induced EMF and Retarding Potential: 
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This  railgun  system  will  experience  an  Electro  Motive  Force  (EMF)  which  will  manifest  itself  as  a  reduction  in  the 
	
electric potential of the  rails. This  EMF  is a  direct result  of  Faraday’s  Law  of  Induction  which states that  the EMF of
	 
any closed circuit is equal to the time rate of change of the magnetic flux through that circuit. 

Figure A.3. Newly created region of magnetic field (purple) due to armature's displacement. 

In fig. A.3 a time lapse diagram is drawn which shows the position of the armature at some initial time ti, and then 
the position of the armature at some final time tf. Note that during this time interval a region of new magnetic flux is 
created (shown in purple). Using Faraday’s Law: 

∂Φ ε = − B 

∂t 

Φ = B dA .B ∫ ⋅ 
Assuming the magnetic field does not vary as a function of time: 

∂Φ B dxdy = B ⋅ .
∂t Local dt 

It has been determined that the magnetic field is in the ẑ direction, therefore the dot product is one since the angle 
between ẑ and the area vector is 0o . Note that the magnetic field varies as a function of x. Since an expression for 
the magnetic field as a function of x has been derived previously, it is possible to calculate the total change in flux: 

∂Φ B dxdy = B 
∂t Total dt 

d −r∂Φ B µoi ⎛ 1 1 ⎞ ⎛ dy ⎞ = ∫ ⎜ + ⎟dx ⎜ ⎟ .∂t Total 4π r ⎝ x d − x ⎠ ⎝ dt ⎠ 
 Evaluating this integral gives: 

∂Φ B µoi ⎛ d − r ⎞⎛ dy ⎞ = ln ⎜ ⎟⎜ ⎟∂t Total 2π ⎝ r ⎠⎝ dt ⎠ 
and using the mathematical definition of Faraday’s Law, one can determine the EMF as: 
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µoi ⎛ d − r ⎞⎛ dy ⎞ε = − ln .⎜ ⎟ ⎜ ⎟2π ⎝ r ⎠⎝ dt ⎠ 
As can be seen from the formula, the EMF of the railgun system is dependant upon the velocity of the armature. 
Thus, at higher velocities the EMF will be grater and the armature will experience a retarding force with a functional 
dependence which is similar to basic air resistance. 

Appendix B: Circular Rail analysis: 

The acceleration of the payload can be decomposed into two parts, tangential acceleration and centripetal 
acceleration. For minimum distance of rails, it will be most efficient to accelerate the payload at the maximum 
acceptable acceleration. Thus, 

ac= v2/R 
aT = (amax 

2-ac
2) ½ 

dv = aT dt 
dx = v dt 

A numerical integration was carried out for these equations using a Runge-Kutta fourth order method. The 
projectile was begun with an initial velocity and position of 0, and the integration was terminated when ac = amax, 
when all of the allowable force on the payload is by keeping it on the circle. The results show that the projectile 
makes it just under one eighth of the way around the track (0.1233) before this condition is reached. The answer is 
independent of radius of the track and maximum acceleration. As one full revolution is not completed before this 
conclusion is reached, no track is actually saved with this method. 

Figure B.1. Number of revolutions to accelerate to 10 gs (left) and 100 gs (right)with varying radius of track 
used. 

Appendix C. Stress Analysis of Wheels 

The following are the stress analysis tables constructed from the procedure outlined in Section IV. for wheel design. 
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Table C.1. Permanent magnet wheel stress analysis17. 
Neodymium 

density 7500 3 kg/m

  E (Youngs Mod) 1.6677E+11 2 N/m

Vorbit 1683.599681 m/s 1636.0137 Gpa 

 Wheel thickne 0.2 m  Tensile Strength 7.848E+08 2 N/m

 Wheel radius  Wheel Area  Wheel Volume  Wheel Mass A  ngular Velocit  Centripetal Force Strain Tension Load y

(m) (m2) (m3) (kg) (rad/s) (N) (N/m2) 
0.25 0.20 0.04 294.52 6734.40 3.339E+09 0.1020 1.701E+10 
0.5 0.79 0.16 1178.10 3367.20 6.679E+09 0.0510 8.504E+09 
0.75 1.77 0.35 2650.72 2244.80 1.002E+10 0.0340 5.669E+09 
1 3.14 0.63 4712.39 1683.60 1.336E+10 0.0255 4.252E+09 

1.25 4.91 0.98 7363.11 1346.88 1.670E+10 0.0204 3.401E+09 
1.5 7.07 1.41 10602.88 1122.40 2.004E+10 0.0170 2.835E+09 
1.75 9.62 1.92 14431.69 962.06 2.338E+10 0.0146 2.430E+09 
2 12.57 2.51 18849.56 841.80 2.671E+10 0.0127 2.126E+09 

2.25 15.90 3.18 23856.47 748.27 3.005E+10 0.0113 1.890E+09 
2.5 19.63 3.93 29452.43 673.44 3.339E+10 0.0102 1.701E+09 
2.75 23.76 4.75 35637.44 612.22 3.673E+10 0.0093 1.546E+09 
3 28.27 5.65 42411.50 561.20 4.007E+10 0.0085 1.417E+09 

3.25 33.18 6.64 49774.61 518.03 4.341E+10 0.0078 1.308E+09 
3.5 38.48 7.70 57726.77 481.03 4.675E+10 0.0073 1.215E+09 
3.75 44.18 8.84 66267.97 448.96 5.009E+10 0.0068 1.134E+09 
4 50.27 10.05 75398.22 420.90 5.343E+10 0.0064 1.063E+09 

4.25 56.75 11.35 85117.53 396.14 5.677E+10 0.0060 1.000E+09 
4.5 63.62 12.72 95425.88 374.13 6.011E+10 0.0057 9.448E+08 
4.75 70.88 14.18 106323.28 354.44 6.345E+10 0.0054 8.951E+08 
5 78.54 15.71 117809.72 336.72 6.679E+10 0.0051 8.504E+08 

5.25 86.59 17.32 129885.22 320.69 7.013E+10 0.0049 8.099E+08 
5.5 95.03 19.01 142549.77 306.11 7.347E+10 0.0046 7.730E+08 
5.75 103.87 20.77 155803.36 292.80 7.680E+10 0.0044 7.394E+08 
6 113.10 22.62 169646.00 280.60 8.014E+10 0.0042 7.086E+08 

6.25 122.72 24.54 184077.69 269.38 8.348E+10 0.0041 6.803E+08 

ss

Table C.2. Superconductor wheel stress analysis7. 
Suspender  cables 

Steel 

diameter 0.0508 Superconductor 

Tensile  Strength 6.90E+08 density 2000 kg/m^3 

density 7800 Thickness 0.1 m 

Housing  Thickne 0.01 #  of  sections 24 
Wheel  
Section  Superconduct Superconductor  Housing  Housing  Angular  Centripetal  Tension  Factor  of  

Wheel  radius Face  Area or  Volume Mass Volume Mass Total  Mass Velocity Force Strain Load Safety 

(m) (m2) (m3) (kg) (m3) (kg) (kg) (rad/s) (N) (N/m2) 

0.25 0.00 0.00 0.59 0.00 1.70 2.29 6734.40 2.594E+07 0.0528 5.106E+08 1.35E+00 
0.5 0.01 0.00 1.24 0.00 2.72 3.96 3367.20 2.247E+07 0.0217 4.423E+08 1.56E+00 
0.75 0.01 0.00 1.90 0.00 3.74 5.64 2244.80 2.131E+07 0.0135 4.195E+08 1.64E+00 
1 0.01 0.00 2.55 0.00 4.76 7.31 1683.60 2.073E+07 0.0097 4.081E+08 1.69E+00 

1.25 0.02 0.00 3.21 0.00 5.78 8.99 1346.88 2.039E+07 0.0076 4.013E+08 1.72E+00 
1.5 0.02 0.00 3.86 0.00 6.80 10.67 1122.40 2.015E+07 0.0063 3.967E+08 1.74E+00 
1.75 0.02 0.00 4.52 0.00 7.83 12.34 962.06 1.999E+07 0.0053 3.935E+08 1.75E+00 
2 0.03 0.00 5.17 0.00 8.85 14.02 841.80 1.987E+07 0.0046 3.910E+08 1.76E+00 

2.25 0.03 0.00 5.83 0.00 9.87 15.69 748.27 1.977E+07 0.0041 3.891E+08 1.77E+00 
2.5 0.03 0.00 6.48 0.00 10.89 17.37 673.44 1.969E+07 0.0036 3.876E+08 1.78E+00 
2.75 0.04 0.00 7.13 0.00 11.91 19.04 612.22 1.963E+07 0.0033 3.864E+08 1.79E+00 
3 0.04 0.00 7.79 0.00 12.93 20.72 561.20 1.958E+07 0.0030 3.853E+08 1.79E+00 

3.25 0.04 0.00 8.44 0.00 13.95 22.39 518.03 1.953E+07 0.0028 3.845E+08 1.79E+00 
3.5 0.05 0.00 9.10 0.00 14.97 24.07 481.03 1.949E+07 0.0026 3.837E+08 1.80E+00 
3.75 0.05 0.00 9.75 0.00 15.99 25.75 448.96 1.946E+07 0.0024 3.831E+08 1.80E+00 
4 0.05 0.01 10.41 0.00 17.01 27.42 420.90 1.943E+07 0.0022 3.825E+08 1.80E+00 

4.25 0.06 0.01 11.06 0.00 18.04 29.10 396.14 1.941E+07 0.0021 3.820E+08 1.81E+00 
4.5 0.06 0.01 11.72 0.00 19.06 30.77 374.13 1.938E+07 0.0020 3.816E+08 1.81E+00 
4.75 0.06 0.01 12.37 0.00 20.08 32.45 354.44 1.936E+07 0.0019 3.812E+08 1.81E+00 
5 0.07 0.01 13.02 0.00 21.10 34.12 336.72 1.934E+07 0.0018 3.808E+08 1.81E+00 

5.25 0.07 0.01 13.68 0.00 22.12 35.80 320.69 1.933E+07 0.0017 3.805E+08 1.81E+00 
5.5 0.07 0.01 14.33 0.00 23.14 37.47 306.11 1.931E+07 0.0016 3.802E+08 1.81E+00 
5.75 0.07 0.01 14.99 0.00 24.16 39.15 292.80 1.930E+07 0.0015 3.799E+08 1.82E+00 
6 0.08 0.01 15.64 0.00 25.18 40.82 280.60 1.929E+07 0.0015 3.797E+08 1.82E+00 

6.25 0.08 0.01 16.30 0.00 26.20 42.50 269.38 1.927E+07 0.0014 3.794E+08 1.82E+00 
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Appendix D. Mars Hohmann Transfer Calculations
�
The  following  equations  used  to  solve  for  the  mass  required  to  get  from  a  Lagrange  point  refueling  station  to  

Mars using the Orion spacecraft were taken from Bate, Mueller, and White.1 

The  values  for  gravitational  parameters  for  the  Earth  and  Sun  as  well  as  the  Earth’s  radius  were  known.  The  
location of  the  Lagrange  point was  also known. To find the required  escape velocity the  Vis-Viva and  orbital  energy  
equations were used for a Hohmann transfer in the sun-spacecraft two body problem. 

µεT = − 
2a 

⎛ µ ⎞
V1 = 2*⎜ +ε⎜ T ⎟⎟⎝ r1 ⎠ 

In  this  equation  r1  is  the  distance  from  the  earth  to  the  sun  and  a  is  the  mean  distance  of  the  Hohmann  transfer  
from the Earth to Mars. 

The  difference  between  this  velocity  and  the  Earth’s  rotational  velocity  about  the  sun  give  the  escape  velocity.  
From  this  escape  velocity,  the  hyperbolic  velocity  to  leave  earth’s  gravitational  pull  can  be  found  using  the  vis-viva  
equation with a hyperbolic assumption. 

V =V 2 2µ
hyp 1 −

rhyp 

In this equation, rhyp is the Lagrange radius from Earth.  
The  nominal  velocity  of  the  Langrage  point  is  found  through  the  vis-viva  equation  and  the  difference  between  

the  hyperbolic  velocity  and  the  nominal  velocity  is  the  required  change  in  velocity  to  head  to  Mars.  The  mass  of  
propellant can be found using the following equation. 

⎡ −ΔV ⎤ 
m gcIsp 

p =m i ⎢1−e ⎥ 
⎢ ⎥⎣ ⎦ 

Here,  gc  is  the  gravitational  constant  of  earth,  mi  is  the  initial  spacecraft  mass,  and  Isp  is  the  engine  specific  
impulse. 

To perform the calculations the following assumptions had to be made.  
• Two body problem 
• Patched conics 
• Earth and Mars in coplanar Orbit 
• Hohmann transfer 
• Earth and Mars will be in correct places at correct times 
• Orion Spacecraft mass = 22000 kg 
• Specific impulse = 425 s 

Table D.1 Mass of propellant calculations for Mars mission. 
Langrane  Pt. Vesc  Rhyp Vhyp VLG Delta  V mprop load #  loads 

(m/s) (m) (m/s) (m/s) (m/s) (kg) (kg) 
L1 2950.8 3.292E+08 3336.0 859.4 2476.6 17915.79 200 89.58 
L2 2950.8 4.523E+08 3235.7 1187.1 2048.6 14013.2 200 70.07 

Appendix E 
Derivation of energy needed to launch a payload into a 300 km orbit. 
The  velocity  needed  to  orbit  at  a  given  radius  is  found  by  equating  gravitational  force  with  centripetal  inertia  and  is  
given by 

V=(g/R)^(1/2) 

At  an  orbit  300  km  above  the  surface  of  the  earth,  R=2034  m.  The  gravitational  constant  on  the  moon  is  1.6  m/s2,  
and  thus  the  needed  velocity  can  be  calculated  to  be  1806  m/s.  The  energy  needed  to  achieve  this  velocity  can  be  
calculated from the kinetic energy of the projectile divided by the efficiency of the rail gun. 
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E = ½ m v2 / η = ½ m g R / η 

The average necessary charging power can be calculated by dividing the necessary energy by the frequency of 
launch. 
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