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Executive Summary


With the growing desire to push past our boundaries in space, it has become necessary to look towards a new means of propulsion.  Currently used propulsion systems, such as chemicals propellants, are too heavy and bulky for a long distance missions.  The remaining alternatives, ion and nuclear propulsion, are also ineffective in terms of the ratio of energy output to quantity required

Current research in the field of antimatter propulsion, more specifically antiproton annihilation, shows the energy output of antimatter is significantly greater than that of other leading propellants.   Antimatter propulsion has a near 1 to 1 ratio of mass to energy transfer; hence, a spacecraft powered by antimatter requires less storage volume than the typical spacecraft.  Research also shows that compared to other systems, antimatter propulsion has fewer hazardous byproducts and waste materials.  In theory, the use of an antimatter propulsion system would allow for deep space missions and lighter spacecrafts.
All research on antimatter propulsion is presently in small-scaled testing and strictly theoretical states.  It is now necessary to develop and test a full-scale antimatter propulsion system to determine whether antimatter is a plausible answer to propel spacecraft into deep space.  Limiting the scientific exploration of this field is the need for up-to-date facilities and the need for the state of the art technology.  With this in mind, it is our recommendation that the United States Air Force begin working on the production and testing of an antimatter propulsion system because of the Air Force’s ability to provide for monetary expenses and its full-scale high-tech facilities.
1 Introduction

In the effort to explore deep space, research by organizations such as NASA is being conducted on finding an efficient propulsion system that can be sustained for such a voyage.  Specifically, with current propulsion systems, spacecraft are limited in the distances they travel because of their fuel capacity.  In particular, target destinations such as Mars or Alpha Centauri are impractical for the large amount of fuel that is required, which incidentally limits the payload and resources spacecraft can take with them.  Currently, spacecrafts use chemicals as its propellant.  It has been realized, however, that this current propellant is limited by its own properties.  Therefore, organizations are conducting research in order to obtain a more efficient propulsion system such that deep space exploration can be accomplished.  In particular, NASA is presently seeking to do research in the following propulsion systems: nuclear fission and fusion; “aerocapture; advanced chemical propulsion; solar electric propulsion; space-based tether propulsion; and plasma sail and solar sail technologies” [1].  However, experimental research in the use of antimatter as a propellant is not being conducted.  To elaborate, the physics behind antimatter as well as designs for an engine that uses antimatter as its fuel has been thoroughly developed.  Nevertheless, the actual testing of antimatter in such an engine design has not taken place.  Hence, the Antimatter Propulsion Team -APT- proposes that the Air Force funds and facilitates research for the experimentation of antimatter, specifically antiprotons, as a propellant for spacecraft propulsion.  Furthermore, the solutions to the current problems of antimatter propulsion are not the purpose of this report; rather, the purpose of this report is to encourage support in this field of research.    

Therefore, the report will discuss the main competitors to antimatter being used as a propellant.  Specifically, the use of chemical, solar, nuclear fission and nuclear fusion as a propellant will be scrutinized.  In addition, the current engine designs of antimatter as a propellant for spacecraft propulsion and the history and physics of antimatter will be discussed.  Finally, a comparison to other fuel sources for propulsion will also be examined

2.0 Discussion

2.1 The Physics of Antimatter

With Paul Dirac’s formulation of the relativity equation (1) in section 2.5, it was deducted that two of the four matrices explained the electron’s spin [2].  However, the other two matrices explain the behavior of the antielectron such that the antielectron has an opposite charge and an opposite spin from the electron, but has the same mass as an electron [1].  The four matrices are shown below, from page 57 in Fraser’s book, Antimatter, the Ultimate Mirror, 
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Equation (1)
where ‘i’ is the complex root and the representation of the antiparticles.  It is safe to assume, from the “coupling between quasi-discrete and continuum states is weak”, that the necessary calculations to compute the annihilation rate of the particles can be founded through Schrödinger wave mechanics [3].  The annihilation rate of particles allows for the computation of the energy that results from the collision of the particles.  In particular, the collision of an electron and a positron would yield about 3 X 1016 J/kg with reaction products of gamma rays whereas a collision between a proton and an antiproton would yield about 1.8 X 1016 J/kg with reaction products of pions and decay products of muons [3].  To clarify, pions are elementary particles composing of quarks bounded to antiquarks, constituting the force that binds the nucleus of the atom together a.k.a strong force [4].  In addition, muons are elementary particles that results when pions decay and it aids in the maintenance of the weak force, nuclear decay [5].  While the collision between an electron and a positron may provide more energy, the gamma rays produced from this reaction can not be used to produce thrust for it inefficiently converts annihilation energy into propellant [3].  The collision between the proton and the antiproton provides the ability to produce thrust and efficiently converts annihilation energy into propellant [3].      

2.2 Applications of Antimatter 

Antiprotons currently can only be produce at large facilities.  The creation of antiprotons is accomplished by sending protons, near the speed of light, into a metal, usually tungsten.  When the proton hits the target, it is slowed or stopped by collisions with nuclei of the target.   Then, the mass increase due to traveling near the speed of light is converted into matter in the form of various subatomic particles, some of which are antiprotons.  The antiprotons are then separated from the other subatomic particles electromagnetically.  The collection, storage, and handling of antimatter protons are very complicated because antiprotons annihilate when they come into contact with normal matter.  To prevent this, they must be contained within a vacuum by electromagnetic fields [6].

Antiprotons can be used in propulsion to produce direct thrust, energize a propellant, or heat a solid core.  There are many different concepts regarding antimatter propulsion.  The “simplest” concept uses antiprotons to heat a sold metal core, usually tungsten [7].  The tungsten absorbs the gamma rays and pions from the antimatter/matter annihilation and is heated.  Small holes are placed in the cylinder containing the core where hydrogen gas can enter.  As the hydrogen gas enters, the tungsten core is cooled while the hydrogen gas is heated.  The hydrogen propellant is then expanded through a nozzle to produce thrust [7].  The performance of an antiproton solid core generated thrust rocket is about equal to that of a nuclear rocket [7]. Another concept of propulsion is the use of a plasma core instead of a beam core.  In a plasma core, antiprotons are injected to annihilate and heat the plasma.  Heat is rapidly transferred to the propellant and released out of the vehicle at a very high velocity [7].  The beam core concept strays away from the concept of heating a secondary fluid.  In a beam core vessel, the charged particles of the antiproton annihilation are directly released out of the vehicle along an axial magnetic field at a very high velocity near the speed of light [Schmidt].  When the antiprotons and protons collide and annihilate, about 62% of the mass is converted into charge pions.  The pions are then deflected by the magnetic nozzle which causes a very high specific impulse [8].  The very high specific impulse allows a beam core system to travel near the speed of light.  Energy efficiency is very high in this system, but the thrust and flow rates remain very low [7].  Figure 1 shows a basic representation of a beam core propulsion system.  In this figure a ring shaped magnet is used to generate the magnetic field for the nozzle.  A radiation shield is placed between the magnetic nozzle and the engine to protect the engine from the gamma rays produced by the antiproton-proton annihilation and the decay of neutral pions.  A shadow shield is placed between the magnetic nozzle and the rest of the vehicle to protect the vehicle from exposure to radiation [8]. 
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Figure 1.  Beam Core Propulsion System [8]

Presently, there exist a few problems with the beam core concept.  The amount of antimatter required for this type of system is far beyond what is capable of being produced today.  A magnetic nozzle that can handle high temperatures still needs to be developed as well as a cooling system in order to use the beam core concept in propulsion activities.  A beam core spacecraft would also have to be very long because the annihilating particles travel near the speed of light.  Figure 2 shows an artist representation of a beam core spacecraft.
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Figure 2.  Artist representation of a beam core spacecraft [9].

There are many other systems that use antiprotons to initiate fission of fusion processes.  All of the energy in these systems used for propulsion comes from fusion reactions.  There are two concepts that use this type of energy, which are being researched and developed at Pennsylvania State University.  First, there is Antimatter-Catalyzed Micro-Fission/Fusion (ACMF).  In this application a pellet of Deuterium-Tritium (D-T) and Uranium-238 (U-238) is compressed with particle beams and irradiated with a low-intensity beam of antiprotons [7].  Antiprotons are absorbed by the U-238 and initiate a hyper-neutronic fission process that rapidly heats and ignites the D-T core, which then expands to produce a pulsed thrust.  Figure 3 is a design of a spacecraft using an ACMF engine.
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Figure 3.  ICAN-II Spacecraft (ACMF System) [10].

The second concept is called Antimatter-Initiated Microfusion (AIM).  Electric and magnetic fields continuously compress antiproton plasma while droplets containing D-T are injected into the plasma.  The antiprotons annihilate with a fissile seed, which together heat the plasma.  The resulting product is expelled out a magnetic nozzle to produce thrust [7].  Figure 4 shows a profile model of an AIMStar spacecraft which uses the AIM system for propulsion.  In the AIMStar the engine, reaction traps, and antiproton storage are located behind the payload attached to a booster.  When the burnout occurs the booster separates and only the payload continues on the mission [7].  Figure 5 shows a 3-D model of the AIMStar spacecraft and displays its characteristics.  
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Figure 4. AIMStar Spacecraft [11].
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Figure 5.  AIMStar Spacecraft [11].

Antimatter requirements are minimized in ACMF and AIM systems for missions that require a smaller velocity (ΔV = 103 km/sec).  ACMF also shows the best performance for planetary and simple interplanetary missions.  ACMF systems were originally designed to accommodate a manned vehicle so ACMF vessels are restricted to missions requiring ΔV’s less than 100 km/sec.  The relationship between the amounts of mass required for a spacecraft of a given payload with respect to its ΔV is given in Figure 6 below
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Figure 6.  Antimatter Requirements for Different Propulsion Concepts [7]

Portable antiproton traps are being developed to capture antiprotons and then transfer them to research facilities.  Penn State University developed a Mark I portable antiproton Penning Trap in 1999 that was designed to hold 1010 antiprotons as shown in figure 7.  NASA Marshall Spaceflight center is currently constructing an improved Mark II with a 100-fold greater capacity [6].  Figure 8 is a design of a portable Penning trap used to transfer antiprotons for propulsion activities.
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Figure 7. Antiproton Penning Trap Developed by Penn State University [11]. 
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Figure 8. Portable Penning Trap [10].

2.3 Comparisons to other Systems
Antimatter can be used very efficiently in propulsion activities.  Proton-antiproton annihilation is a much better means of propulsion than that of anti-electron annihilation.  Proton-antiproton particles are charged and confined to a certain area magnetically to produce thrust.  Anti-electron annihilation is very inconsistent and inefficient compared to that of antimatter propulsion.  Anti-electron annihilation produces only high-energy gamma rays, which cannot produce thrust and would require the space vessel to be completely shielded [6].  

Numerous propulsion systems exist where chemical propulsion is the most common and used in space exploration.  Chemical propulsion systems are beneficial because cost savings are existent through smaller launch vehicles.   However, small percentage changes in chemical propulsion can drastically change the vehicle size and cost.  Research of chemical propulsion can be hard to understand because the technology is complex.  Trajectory optimization is also very tough with chemical propulsion systems.  It is also hard to simplify the mechanical and thermodynamic cycles.  Ionizing a gas is another form of propulsion.  With this system, there are advantages and disadvantages to be considered.  First, for the advantages, there exist a wide range of thrust capability and the development cost is relatively small.  In addition, the specific impulse for an ion propulsion system has a wide range and there are a variety of propellants that are available.    Second, for the disadvantages, there is a lack of availability of power systems to meet thruster capabilities.  Furthermore, there also exists a political issue involving the use of nuclear power sources to power the ionization [12].  Nuclear fission and fusion can also be used as a propellant and are ideal for deep space exploration.  For fission, propulsion will reduce mission times and technical risks.  However, problems exist because nuclear reactors and shielding are heavy, which causes payload to be cut.  It is difficult to reduce the size and weight of the nuclear reactor for space applications [12].  Fusion propulsion systems give advantages on trip times.  The size of fusion systems can be a disadvantage because they are so big.  Antimatter propulsion systems could give smaller and lighter vehicles and the storage area is relatively small.  There is a small thrust to weight ratio and a high specific impulse in antimatter propulsion systems [12].  Table 1 below shows the specific impulse and the thrust-to-weight ratio of the various propulsion systems.  

	Propulsion Type
	Specific Impulse [sec]
	Thrust-to-Weight Ratio

	Chemical
	200 - 410
	.1 - 10

	Ion
	1200 - 5000
	10-4 - 10-3

	Nuclear Fission
	500 - 3000
	.01 - 10

	Nuclear Fusion
	10+4 - 10+5
	10-5 - 10-2

	Antimatter Annihilation
	10+3 - 10+6
	10-3 - 1


Table 1. Propulsion Concepts [11]
2.4 Consequences

There are many benefits, advantages and questions raised regarding the use of antimatter in propulsion activities.  The main benefit is the development of super high energy density.  Antimatter provides an incredible amount of energy and thrust for a space vessel.  It would only take 100 milligrams of antimatter to equal the propulsive energy of the Space Shuttle [11].  Antiprotons can be contained in a very small volume, so large fuel tanks would not be needed.  The use of antimatter propulsion would result in smaller and lighter vehicles [12].   Antimatter propulsion does raise many questions.  There are many ways to capture antiprotons, but it requires very hard and tedious work.  The question is whether or not big companies will take interest and research this.  Physicists doing side projects are not necessarily looking to create huge quantities.  Cost is always an issue and antimatter is expensive to produce.  Antimatter cost $60 million/microgram and there runs the risk of failure when using antiprotons in engines.  If the engine fails, and the antimatter is gone a lot of money is wasted [12].  Improvements in equipment to trap antiprotons could bring the cost down to $5,000 per microgram [13].  

2.5 History of Antimatter’s Development
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Albert Einstein’s theory of relativity was the main instigator into the development of antimatter.  In particular, the relationship between mass and energy founded in the relativity equation,

(1)

would imply that a “negative energy solution” exists and would have significance on the electron [2].  From this equation, Paul Dirac -British theoretical physicist and Nobel laureate- concluded in 1931 that the negative energy represented in the equation must come from the existence of an particle that is of “the same mass and opposite charge to an electron” [2].  This final deduction led to the emergence of the antielectron.  In addition, it logically follows that as the electron is balanced from the proton, “a similar duality had to hold for…the proton” [2]. 

The proof of the existence of the antielectron came about by pure chance as Carl Anderson - American physicist and Nobel laureate-  was performing an experiment in 1930 using “a cloud chamber to study the radiation from a radioactive source” in California [2].  In his experiment, he found tracks of electron-like particles whose motion was acting like a proton, which the particle was dubbed “positron” [2].  The connection between the positron and the antielectron was not overlooked by scientists.  Two European scientists, Patrick Blackett - British physicist and Nobel laureate- and Giuseppe Occhialini –Italian physicists and Nobel laureate- , devised a modification to the cloud chamber in 1931 to take more accurate readings of cosmic ray tracking [2].  This modification allowed the two scientist to see “V-shaped pairs of tracks”, evidence of an electron-positron trail, which led to the calculation of the positron’s mass, which was deducted in 1932 to be the same mass as the electron [2].  Proving that the positrons found in the tracks was the antielectron that Dirac had theoretically deducted earlier.  

 
With the development of the Bevetron, a machine that could “collide two protons together at an energy of 6.2 GeV,” by Ernest Lawerence –Nobel laureate- in 1954, the stage for the discovery of the antiproton was set [14].  In 1955, Emilio Segrè - Italian American nuclear physicist and Nobel laureate- and his group of scientists, with the special device that Segrè and Owen Chamberlain -American physicist and Nobel laureate- developed to detect the antiproton, discovered the antiproton and later the antineutron [14]. 

The question remained, however, if antiparticles could combine into antimatter, constituting an antiatom.  Thus, an experiment was carried out to see if antiprotons would stick to antineutrons like protons stick to neutrons.  This experiment was conducted by two physicists working together, Antonino Zichichi and Leon Lederman, who simultaneously developed the antideuteron in 1965 [14].  The next part to answer this question was to see if antielectrons stick to antinuclei as to constitute an antiatom.  This particular experiment was recently carried out in 1995 by a team of Cern researchers who successfully developed 9 antihydrogens [14].  Thus, the existence of antimatter was realized.           

While the existence of antimatter and its potential to create a more potent energy resource has been discovered and carefully documented, a lingering question remains on how this system would react in a real world situation.  To elaborate, there have been numerous ideas for an engine design using antimatter as a propellant; however, real test have not been conducted on actually using antimatter in such an engine.  Thus, there exists a need to test these ideas to see the practicality of such a design.  

2.6 Air force involvement in Antimatter Propulsion

As impressive as these findings may seem, they are still theoretical issues that require further analysis and testing.  With the promise antimatter propulsion shows in enabling us to break barriers in space travel, it is necessary to continue doing more research and more importantly, producing real data.  In order for antimatter propulsion to make any leaps and bounds, more emphasis needs to be made on getting actual tests of these propulsion systems outside the theoretical context.  A full working model of a propulsion system needs to be tested in an aircraft 
to determine whether theoretical values of power and energy hold true in real world situations.  Finding test grounds and a permanent housing for this research is also necessary.  In addition, it is important to provide more funding to the study and development of antimatter propulsion.  In particular, when Penn State was funded properly, they were able to reduce the production costs of antimatter from $60 million/microgram to $5,000 per microgram [13].  For these reasons, the United States Air Force is the primary candidate to undertake this research.
The United States Air Force is a world wide leader and innovator in the aerospace market.  Its mission statement declares that it is a leader because of its ability to “explore both science and technology and operational concepts, identifying those ideas that offer potential for evolutionary or revolutionary increases in capability…and rigorously testing them [15].”  Within the Air Force there are over 30 organizations and hundreds of facilities and bases located all over the world.  Among these organizations is the Air Force Research Laboratory, headquartered at Wright-Patterson Air Force Base, Ohio.  The Air Force Research Laboratory (AFRL) is a full-spectrum laboratory that houses nine directorates which produce basic research, applied research, and advanced technology development.  It is responsible for the planning and execution of the entire Air Force research budget which is approximately $1.4 billion in yearly government issue, plus an additional $1.1 billion in private customer payment [15].  

One of the nine directorates housed in the AFRL is the Air Force Office of Scientific Research (AFOSR) in Arlington, Va.  The AFOSR is a type of exchange program for scientists and engineers that allow research to be conducted all over the world, with large testing to be done at an appropriate Air Force site.  This directorate primarily funds projects that are long-term and broad-based, and 80% of all funded research projects are conducted in academia and industry [15].  Though this may provide a means of funding the current research done on antimatter propulsion systems, it may still leave the problem of housing the project.

Another of the AFRL subdivisions is the Propulsions Directorate at Edwards Air Force Base, California.  The Propulsions Directorate at Edwards AFB has provided technology for nearly every rocket propulsion system in the past 50 years and is home to the National Hoover Test Facility and High Density Laboratory.  This facility is spread over 65 square miles and located 100 miles south of Los Angeles in the Mojave Desert.  Its locations keep it far away from any large residential areas, but still close to large aerospace corporations, and it provides an ideal climate for year round launch testing [air force].

The Propulsions Directorate also houses a Physical Science Laboratory that includes 6 explosion resistance labs and large storage facilities.  Nearby is also the Propellant Lab Complex that is able to manufacture small scale amounts of common propellants as well as high energy propellants and test them for hazardous material.  Also in the same sector is the Rocket Component Laboratory Complex.  The complex is primarily made up of high-bay labs with laboratory and offices space for research in advanced propulsion materials and it serves as the Air Force fabrication shop for advanced propulsion materials [15].  The Propulsions Directorate has more than enough adequate testing facilities for antimatter research as well as the means to house the project permanently and fund it.
The above laboratories show that the Air force has the necessary funding and facilities to endorse the necessary research for the development of antimatter propulsion.  

3 Conclusion

It has always been the dream of man to reach the stars.  The ancient scholars sought the knowledge to build wings, while the engineers of today seek a means to power them.  In the last 100 years the evolution of flight has enabled us to cross the oceans, and reach the moon.  Now we stand on the brink of the future of flight.  Interstellar travel was once only a concept found in the world of science fiction; today, it stands as the next step in mankind’s venture into space.  The limits set by our flight technology decrease each day with new discoveries in science and the aerospace industry.  However, in order for progress and change to occur, funding and testing must be made possible for those ideas that show the potential to revolutionize the field.   
Funding and testing are vital to the development of an antimatter propulsion system.  Antimatter propulsion is a realistic and tangible means of powering the spacecrafts of today and tomorrow.  Its energy, efficiency, and size make it the leading replacement for current solid and liquid fuel systems. Antimatter is also safer than most of its leading competitors in its production of waste and byproducts.  Though the cost of antimatter is significantly greater than other alternatives, with an increase in demand the price per milligram of antimatter will decline.  In conclusion, further research on this subject by an agency with the facilities and money, such as the Air Force, is important to ensure the continuation of testing, and the production of a working system.

4 Recommendation

Given the high technology and monetary restrictions of antimatter research, it is reasonable to assume that current work done in educational facilities will soon reach its limit.  Unless independent research is financially backed by large corporations, groundwork on this subject will come to a halt.  Though the groundwork and theory for an antimatter propulsion system have been established, without a tested working system, antimatter propulsion will continue to be overlooked as a realistic alternative to our current propulsion systems.

   It is our recommendation that the Air Force develop or take on an antimatter propulsion team in order to begin a full scale building and testing of an antimatter propulsion system.  The Air Force has the facilities, money, and technology to sustain the level of research and testing needed to produce working antimatter propulsion systems. 
This is not to say that all current studies should be abandoned or taken over by the Air Force.  Current research should remain the work of those who have pioneered the field and invested the time and effort.  Instead, the Air Force would become a central agency in the development and funding of a full scale antimatter propulsion system with its own independent research and joint research with other groups should they choose.
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�this is the closest you’ve come to a specific recommendation


�claim: AF should coordinate & run most antimatter research. Reason: b/c they have the facilities, etc.  Grounds (evidence) for that reason?
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