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1. Dawn of the Space age

On March 1950, British mathematician Sydney Chapman [1] 
motivated James Van Allen [2] to assemble a small team of top 
scientists for a very important discussion. About ten familiar 
scientists attended this meeting in Van Allen’s home in Silver 
Spring, Maryland, amongst them were Lloyd Berkner [3], S. 
Fred Singer and E. Harry Vestine (Appendix A). The topic of 
enthusiastic conversation was the recent development of new 
tools such as rockets, radar and computers which could be used 
to make staggering new discoveries in Earth atmospheric and 
space sciences. The need for data from all over the world meant 
an international scientific effort would be needed; something 
along the lines of the International Polar Years of 1882 and 
1932 which brought such wonder and discoveries. And so it 
became. 

 The International Council of Scientific Unions was 
approached and the International Geophysical Year (IGY) set 
for 1957-1958, during an approaching period of maximum solar 
activity. During that time, the American Explorer 1 became the 
first US satellite to reach orbit, while Explorer 3 was the first 
satellite to identify the presence of Van Allen radiation belts, 
considered one of the most outstanding discoveries of the 
IGY, and the first scientific discovery of the space age. While 
both Russian and American engineers committed to the study 
of the Earth’s upper atmosphere and space, with numerous 
high valued contributions to science, it was undisputedly the 
launch of the pioneering Sputnik I on October 4th, 1957 which 
inspired an entire generation of scientists to actively pursue the 
exploration of space.

 While the USSR launch of Sputnik worked wonders 
for the Russian propaganda machine, it spurred the US to 
recapture its scientific and technological lead by creating the 
Defense Advanced Research Projects Agency (DARPA) and 
National Aeronautics and Space Administration (NASA) 

soon after. The call to action was heard by those touched 
by the sight of Sputnik I passing overhead, particularly 
Apollo Command Module and Saturn V Second Stage 
designer, Harrison Storms and the first American astronaut 
in space Alan Shepard. Pres. Eisenhower shared their 
aspirations, setting the Moon as the next US undertaking, 
his plan executed by Pres. Kennedy during 1961-1975, in 
the legendary Apollo program.

2. apollo Value-aDDeD

The 14 year Apollo program cost $25.4 billion dollars, 
employed 400,000 scientists and engineers with the support 
of 20,000 industry partners and universities [4]. In his 1962 
speech at Rice University, Pres. Kennedy noted “…[it is 
a] striking fact that most of the scientists the world has ever 
known are alive and working today and despite the fact that 
this nation’s own scientific manpower is doubling every twelve 
years, in a rate of growth more than three times that of our 
population as a whole…”. Indeed undergraduate enrollment in 
aerospace engineering increased by a factor of 2 in the 1960s, 
while post-graduate education increased by a respectable 0.5 
[5]. Even 20 years later, during the 1980s a staggering increase 
in both undergraduate and postgraduate enrollment by a factor 
of 10 can be seen. 

 From these statistics it is clear how Apollo’s achievements 
serve to inspire the children of those scientists and others 
involved in the space program. These children, now curious 
about science and space, feeling envious of the satisfaction 
that stems from innovation and solving problems, set their 
ambitions towards those relevant studies. Young people begin 
regarding a future in technology related industries as attractive 
alternatives to manual labor, which then more commonplace. 
Indeed, the families of employees who had worked, in one way 
or another, on the space program find themselves at and around 
1975 to be both well trained, with excellent credentials and 
have been involved in technology development programs with 
enormous amounts of untapped commercial potential. Spinoff 
companies begin to emerge.
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 In the aftermath of the Apollo era and with the promise of 
a Space Shuttle, the lines between science, engineering and 
commercialization begin to blur, while aerospace education 
and related technologies explode. By the end of the 1970s 
educational institutions adapt to the coming changes with over 
60 universities introducing aerospace engineering courses, half 
of which also offer Masters and Doctorial research programs 
[5]. A ripe new workforce is being prepared to provide NASA, 
ESA and other emerging national space research programs 
around the world with the necessary manpower to keep pushing 
deeper and deeper into space. Existing space propulsion 
systems, launch infrastructures, materials, computers and 
telecommunications are indeed refined and adapted with great 
success through to the end of 1980s, with many planetary 
explorers being launched; the Voyager and Pioneer missions 
and the Hubble Space Telescope to name but a few.

 Several educational institutions also begin forming spin-
off companies through which innovations can be nurtured and 
patents rights controlled. An MIT Labor Aerospace Research 
Agenda (LARA) study conducted in 2003 [6], shows that by 
1987 the US has over 1.3 million aerospace employees nearly 
twice that of the European Union. The same study however 
also shows an abrupt decline in the first half of the 1990s during 
which the US looses almost half of its aerospace workforce, 
while the EU remains relatively stable. An argument can be 
made here for the significant improvements in automated 
manufacturing processes, we note however that at the same 
time most of the original Apollo scientists and engineers would 
be retiring from service from NASA and affiliated industries. 
While this may be coincidental, we believe the effects of losing 
the most prolific space advocacy group the US has ever known, 
to be significant and thus evident in this analysis (Fig. 1).

 While all this is happening, market focus appears to 
have changed from fundamental science to technology 
fostering, through which the merits of computers and satellite 
communications are fully commercialized into what we see 
today. The commercial space sector has become a successful 
place for telecommunications, guidance, remote sensing and 
surveying corporation to become profitable. Many of the smaller 
companies created outright or effectively spun-off Universities 
in the Apollo era are unable to compete and since they are no 
longer capable maintaining research and development labs, end 
up following the global consolidations trend, over the following 
20 years (Figs. 2 and 3) [7]. 

 According to statistics provided by the American Institute 
of Physics (AIP) Statistical Research Center, about 20% of the 

physics and aerospace engineers employed in these companies 
are primarily involved in civil and military aerospace contracts, 
20% are employed in national labs, 10% in universities. The 
remaining 50% find employment in the private sector working 
primarily in Communications and Information Technology 
companies which are considered to be both more stable and 
more profitable. The unstable economy post 2000, and slow but 
gradual decrease in profit margins do not inspire confidence in 
those companies willing to dedicate funds in innovative space 
research (Fig. 4).

 Some crude simplifications have clearly been made in 
this assessment by not considering the overall student cost 
opportunity at various levels of academic accomplishment, 
the overall costs of education, supply chains, globalization, 
the introduction of new aerospace competitors from the East 
(particularly post-2000) and the complicated economical 
mechanics surrounding the return on investment of innovations 
applied to horizontal markets. Our objective has been to quickly 
overview the history of development of the technological 
innovations which enable commercial space development and 
space exploration, both human and robotic, and arrive at a 
description of the current state of space development, where 
we make the following observations:

 • There have been no significant/game changing 
discoveries or innovations in space propulsion since the 
Apollo era.

 • Technologies suggested 50-70 years ago are only 
recently being space proven (solar sails, ion engines, 
small plasma thrusters)

 • Physicists and Aerospace Engineers are less likely to 
work in the space industry than ever before, instead 
being attracted to Information Technology and 
Electronic markets.

 • Progress in human space exploration has been lost by 
failing to foster the successors to the Saturn V rocket.

 • Progress in nuclear fission for power and propulsion in 
space has also been lost, essentially pushing back human 
colonization of the Moon and Mars by half a century.

 • The cost to LEO has remained essentially unchanged at 
$15,000/kg.

 • The Apollo technological baseline is still being harvested 
today. 

 • There is no clear target or objective for space exploration 
over the next decade.

fig. 1  uS and eu aerospace 
employment since 1980 [6].
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fig. 3  consolidation in the european 
aerospace industry [7]. (eaDS)

fig. 4  return on capital employed 
(roce) ratio in % [7].

fig. 2  consolidation in the american 
aerospace industry [7]. (eaDS)

In this paper we assert that setting a goal of interstellar 
exploration as the new clear target for mankind’s future in space 
will serve to reinvigorate technological development and ease 
of space access. We will describe how educating a prominent 
generation of Interstellar Engineers (ISEs) is a promising first 
step in motivating this process.

3. the caSe for 
interStellar exploration

Given current trends in space exploration, it is quite unlikely 

that an interstellar exploration program will be adapted at the 
national level, even while the Kepler and HARP missions 
continue to return data on the presence of extra-terrestrial 
planets even around some of our neighboring stars. It is 
however likely that within the next decade we will start 
discovering terrestrial-like planets, perhaps even habitable 
ones within our currently projected exploration range of ~15 
light years [8, 9, 10], assuming a hundred year long trip with 
deceleration. Those times will surely be sensational; people 
will be inspired and there will be much discussion about 
designing a rapid interstellar probe to visit this new Eden. As 
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such however, was also the excitement about space stations, 
lunar bases and mars exploration. There is no reason to think 
that interstellar travel will be any different. Something will 
have to change.

 As we examined previously, space exploration started in the 
spirit of scientific discovery. Innovations were made, companies 
were formed and technologies were commercialized. Today, 
innovations in space come mostly from the military, which 
has both access to scientific expertise and dedicated multi-year 
funding. The Global Positioning Satellites (GPS) Network is a 
prime example of a military application with direct commercial 
uses, which even after being opened up for civil applications 
has remained a profitable venture for the US Department of 
Defense, which maintains control over the satellite network. 
While space exploration may still benefit from advances which 
can also be used for national defense, the spirit of this type of 
research could never be made to function well with research 
requiring international cooperation. Furthermore, military 
applications are not as strong motivators to young people 
to pursue interests in science and engineering, as say the 
astrophysics of black holes, terraforming and travelling to the 
stars. 

 For most young people however the Moon has a “been there, 
done that” feel to it, which is not surprising because it is true. 
Mars is being explored by roving semi-robotic explorers, which 
have been proven to be extremely functional for geological 
purposes, but which all seem to blend into each other due to 
the similarities in their design. Venus has an extremely dense 
atmosphere, is constantly covered in Sulfuric acid clouds and 
will never be colonized by man. Jupiter had Galileo and Juno 
is now on its way. Saturn has Cassini, which is returning some 
wonderfully varied data on its remarkably diverse moons. 
Neptune is the big blue one, Uranus is pale and Pluto the dwarf, 
will soon have New Horizons. Even the hundreds of Shuttle 
missions lost their luster after a while, only remembered by 
the public in the aftermath of a terrible disaster. To a young 
person, the solar system is a much smaller place with far fewer 
mysteries than it held for most of the readers of this paper and 
its author. 

 What we need is to define a new target and a new purpose 
for the Next Great Space Exploration Effort. Something 
that supersedes all other endeavors to date and that would 
make going back to the moon sound easy, and that would 
make colonizing Mars an unspoken inevitability. Something 
so difficult, it will take hundreds of years of scientific 
inquisition and technological innovation to breach the 
problem. 

 We need to reach for the stars, and in doing so make the 
Solar System our play ground.

 Setting such a high goal must also be accompanied with a 
respectable approach. What types of technologies would an 
interstellar explorer capable of traveling to Alpha Centauri in 
less than a century involve? First we must ask if an interstellar 
voyage is theoretically possible using the physics we know 
today. The answer to the first question came from the 1978 
Project Daedalus study [12], based heavily on work by 
Winterberg [13] on inertial confinement fusion devices used 
for rocket propulsion. The study described how a 46 year flyby 
mission to Barnard’s star could be performed, some 5.9 light 
years from Earth which was suspected at the time to have a 
system of planets. Since September 2009, Project Icarus is now 

revisiting Daedalus and updating it to the latest scientific and 
technological advances, and so there is a case to be made for 
viable interstellar travel.

 The aims of Project Icarus are to [14]:

 • Design a credible interstellar probe to serve as a design 
concept for a potential mission in the coming century, 

 • Allow a direct technology comparison with Daedalus 
and provide an assessment of the maturity of fusion 
based space propulsion for future precursor missions,

 • Generate greater interest in the real term prospects for 
interstellar precursor missions that are based on credible 
science, and 

 • Motivate a new generation of scientists to be interested 
in designing space missions that go beyond our solar 
system. 

 The Icarus Interstellar non-profit organization was founded 
in 2010 to continue research and education into interstellar 
sciences and attempt to foster those technologies identified as 
the necessary stepping stones for interstellar travel.

 With unlimited funding and human labor dedicated to 
achieve  interstellar exploration in the next few decades, the 
spinoff technologies alone would deliver, at a minimum:

 • Sustainable fusion providing safe cheap energy for 
mankind for millennia,

 • Advanced ultra-strong ultra-light tensile materials 
through advances in nanomaterials,

 • Autonomous self-repair mechanisms,
 • Exponential advances in Computing and 

Communications,
 • Solar system wide exploration and colonization.

 These reasons alone are sufficient enough to justify  pursuit 
of  this interstellar “road less traveled”. Development of these 
cornerstone technologies in support of interstellar exploration 
would deliver long standing benefits to mankind, much as the 
Apollo era has fueled technological innovation over the last 40 
years.

 The sway the global political and scientific reasoning 
towards this cause one must also be capable of defining 
industries with commercializable technologies, some of 
which are mentioned above. These will in turn mature supply 
and production chains, refine materials and processes and 
consistently drive the prices of these commodities down to 
levels where an interstellar explorer can then be fit into a 
realistic budget. This is precisely why aerospace industries 
will need a reliable supply of trained professionals in 
Interstellar Engineering.

4. an eDucation in interStellar 
engineering aS motiVation 

for great change

The importance of describing a course in interstellar 
engineering, is to exemplify the need to move from study to 
implementation, while theoretical studies have a significant 
role to play, particularly in the field of Plasma Physics where 
methods for sustained fusion and fusion propulsion may be 
gleaned. 
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 The curriculum should focus heavily on applying engineering 
practices from first principles to provide the student with a 
detailed understanding of the manufacturing and operational 
principles of each subsystem. To take propulsion systems as 
an example, the design, construction and testing of solar sail, 
ion engine and liquid-fuel rocket would give students first 
hand insights into methods for improving on current designs. 
Another example would be the design of a sanitary (radiation-
free) pulsed propulsion prototype engine, which is featured 
in most proposed interstellar spacecraft (Orion, Longshot, 
Daedalus, VISTA, ICAN-II, Icarus). 

 By building on these fundamentals we aim to task the 
creativity of those students to find solutions and innovative 
approaches to systems used in the context of the extreme 
requirements for an interstellar flight. Scaling down such 
concepts opens up applications to planetary and space 
exploration. No one expects this to be as simple as described 
however. It will take several years to develop these courses and 
establish the necessary lab facilities. 

 The key objective is to create a course with a very high 
level of prestige, which is contemporary and aligned with 
the global ideal of deep space and interstellar exploration. To 
draw an example, public consciousness is currently focused 
on renewable energy sources and green living, giving rise to a 
wide array of degree programs in universities around the world. 
Graduates with degrees in Renewable Energy Engineering are 
highly sought out by national labs and companies involved 
in wind, solar, biofuel and fuel cell technologies. Through 
carefully designed multidisciplinary degree courses, these 
graduates can easily apply their skills to other areas such as 
mechanical engineering, process control and systems analysis.

 Another example of a highly adaptable, multidisciplinary 
degree is the emerging field of Mechatronics, which is 
a combination of Mechanical engineering, Electronic 
engineering, Computer engineering, Software engineering, 
Control engineering, and Systems Design engineering in order 
to design, and manufacture useful products (Fig. 5). Such 
degrees are both intricate and expensive to teach because of 
the many laboratory facilities which need to be made available 
to students, but graduates are very successful in finding 
employment because companies appreciate their broad range 
of expertise. 

 A degree course in Interstellar Engineering can thus be 
designed with the same philosophy; designed by examination 
of the most profitable commercial sectors which benefit from 
advances in space development. Through carefully considering 
the employability of our new engineer, we will be able to 
reliably answer the question of why someone would want to 
pursue this course in the first place. 

 Young students are attracted to the sciences in order to 
pursue their ideals and explore the great mysteries in life, such 
as black holes and nanotechnology. Driven by the desire for 
innovation, we can also put before them the grand ideal of 
interstellar flight through application of their skills to a wide 
range of relevant industries, which double as technologies 
which require significant advances before being applied to 
deep space and interstellar exploration. The following list is 
an example of such fields with applications to commercial 
industries as well as space exploration:

 • Solar: Solar panels used for terrestrial power have been 

estimated by the US Department of Energy to have 
revenues of $37 billion dollars in the US and is a field 
of rapid innovation. These can directly be carried over 
to space power for satellites used in our solar system or 
one which may be visited by an interstellar subprobe. 
The use of solar sails for directly driving interstellar 
spacecraft is prohibitive however, as they would require 
areas of several thousands of square kilometers [15].

 • nuclear: Both nuclear fission and fusion are highly 
active areas of research and development on Earth. 
Fusion powered spacecraft in particular would directly 
enable solar system wide exploration and interstellar 
precursor missions. Unlike fusion power plants on 
Earth which will need to achieve break-even operation 
to be commercially viable, fusion propulsion systems 
do not, requiring instead a method for directing thrust. 
Prototype fusion propulsion systems are expected within 
this decade.

 • propulsion and rocketry: The development of new 
materials, turbines, coolants and fuels could be used 
on rocket as well as on civil aircraft. We believe that 
hybrid air-breathing rockets and single-stage-to-orbit 
have yet to be exploited. The British Skylon craft being 
developed by Reaction Engines, Ltd will be a milestone 
in proving such technologies.

 • electronics and computing: Intelligent fault-tolerant 
and radiation hard computing hardware and software are 
always be desirable for use in space and can also be used 
in sensors for nuclear and fusion reactor for monitoring.

 • power generation and Storage: Battery power is a 
major bottleneck in both mobile electronic devices and 
satellites, particularly those used on robotic planetary 
explorers. The use of Radioisotope Thermoelectric 
Generators (RTGs) in deep space probes is currently 
limited by the available US stockpile of Pu-238 and has 
the additional drawback of being “constantly on”, their 
useful lifetime limited by the half-life of its radioactive 
material. A re-startable power system would enable 

Fig. 5  Aerial Venn diagram describing the various fields that 
make up mechatronics. (rensselaer polytechnic institute)
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long term deep space probes and the creation of a deep 
space sensor network for potentially harmful asteroids 
and telecommunications relays. Further advances in 
thermocouple technologies would improve power 
generation efficiencies and decrease radiator mass.

 • materials: New high temperature metallic alloys would 
allow rocket engines to be run at higher temperatures, 
thus improving thrust and the total mass delivered to 
Low Earth Orbit (LEO). New ceramics would improve 
safety during re-entry and could be used in remarkably 
horizontal markets ranging from cutlery to bullet-proof 
vests amongst other military applications.

 • telecommunications: The success of a mission to 
another star will be measured by its scientific return, 
which makes the integrity of the starship’s long range 
communications a primary concern. The use of data 
relays, laser and x-ray beamed transmissions have 
been explored as options [16, 17]. Establishing a 
methodology for safely returning transmissions back to 
Earth from a distant star could also be used for terrestrial 
communications with potential improvements to signal 
integrity and power usage.

 • robotics: Robotic explorers have been commonplace 
in our solar system for several decades. Robots are 
widely used in industrial applications and have been 
slowly making an appearance in some households. An 
interstellar explorer will necessarily have some level of 
machine intelligence for self-monitoring and repair, as 
well as for mission analysis. Similar artificial navigators 
have been proposed for use on automobiles in an attempt 
to improve safety. 

 • remote Sensing and atmospheric physics: The 
development of high resolution spectrometers used in 
Earth Observation Science and Remote Sensing have 

revolutionized our weather and crop monitoring as well 
as our extreme weather early warning systems. The 
uses of spectrometric methods in space are endless. An 
spectrometer capable of high resolution measurements 
of exoplanet atmospheres could be used to detect 
habitable planets and signs of metabolic activity in the 
search for life in the universe.

 By setting large technical boundaries we hope to promote 
innovative thinking, which in turn will generate commercial 
patents, technical knowhow and skilled hands. And when the 
technical obstacles are found to be insurmountable, an informed 
return back to the fundamental science will be welcome where 
the design process can start anew.

5. Starflight acaDemy: 
curriculum DeSign philoSophy

The establishment of a dedicated Academy for the instruction of 
interstellar engineering would be a grand undertaking. While plans 
for establishing a Starflight Academy are currently underway by 
Icarus Interstellar, the facilities are not expected to go live before 
the end of the decade. A viable alternative which would allow 
an almost immediate deployment of the course is to use facilities 
already available in trusted US educational institutions.

 There are currently 77 research institutions on the US 
offering aerospace engineering degrees, of which 65 have 
dedicated aerospace research laboratories, which could be made 
to incorporate a research track towards interstellar engineering. 
In this examination we will use the Project Icarus Research 
Module breakdown, to summarize the main focus areas of 
study to be incorporated into an Interstellar Engineering 
curriculum, although other models could also certainly apply 
(Fig. 6). A detailed description of each module can be found in 
the Appendix B to this paper.

fig. 6  project icarus uses twenty research modules, each of which are directed by a module lead Designer 
who is responsible for coordinating each module’s research and making design recommendations for the 
final Icarus starship design.
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 The degree course would last approximately three to five 
years, concluding with by a PhD level research study on a high 
impact spacecraft or space mission design topic. Classes would 
be taught in a laboratory environment and would be made 
to incorporate the practical aspects of the subject, including 
the design, testing or and/or construction of the devices or 
systems being studied. A preliminary list of course/laboratory 
instruction topics follows, which were inspired in part by 
curricula offered by the University of California, Los Angeles 
(UCLA), Georgia State University (GSA) and the University 
of Southern California (USC) and enhanced by the ideals we 
wish to impart onto our students. Course descriptions for each 
laboratory/class can be found in Appendix C.

5.1 Starflight Academy Curriculum

 interstellar engineering i - aerospace engineering

 • Basic Mechanical Engineering
 • Basic Aerospace Engineering 
 • Computer-Aided Design/Manufacturing (CAD/CAM)
 • Computer Numerical Control and Application
 • Electromechanical System Design
 • Fluid Mechanics/Aerodynamics
 • Robotics and Motion Control
 • Thermodynamics and Heat Transfer
 • Interaction of Radiation with Matter  

 interstellar engineering ii - astronautics

 • Astronautics and Space Environment  
 • Astronautics and Dynamics 
 • Molecular Gas Dynamics 
 • Spacecraft Design 
 • Space Mission Design 
 • Spacecraft Propulsion 

 interstellar engineering iii – Spacecraft navigation 
and control

 • Orbital Mechanics 
 • Spacecraft Dynamics 
 • Spacecraft Attitude Control 
 • Spacecraft Attitude Dynamics 
 • Space Navigation Principles and Practice 

 interstellar engineering iV – Spacecraft Systems

 • Spacecraft Power Systems
 • Spacecraft Thermal Control
 • Systems for Remote Sensing from Space
 • Spacecraft Sensors
 • Spacecraft Structural Dynamics
 • Spacecraft System Design
 • Liquid Rocket Propulsion 
 • Advanced Spacecraft Propulsion  
 • Propellantless Spacecraft Propulsion  

 interstellar engineering V – game-changing Spacecraft 
and mission Design

 • Asteroid Mitigation Study 
 • Planetary Colonization 
 • Icarus Interstellar Engineering

 To firmly set apart this degree course from other aeronautical 
and aerospace engineering courses, the educational authority 
responsible for disseminating the final degree awards shall be 
known as  “Starflight Academy”. 

 Final theses will be presented to the scientific community 
during an international conference, which will also serve as a 
gateway to matching graduates with potential employers.

6. objectiVeS of the 
interStellar engineering program

The objectives of this research program is to inspire future 
generations by tasking them with solving the most difficult 
problems in space research today - particularly interstellar 
travel. The proposed course curriculum is grounded in 
experimentation and is geared to provide students with a wide 
range of employment opportunities after graduation.

 Their final year research topics are particularly designed to 
be creative, inspirational, motivational, entertaining, thought 
provoking. At the same time, they serve to chip away at some 
of the most critical and game-changing questions in space 
research and exploration today. It is hoped that upon graduation 
the students will maintain some of that creative thinking and 
return to work on those problems professionally in the careers. 
Icarus is currently revisiting Daedalus after 40 years. This 
degree course is designed to continuously iterate the state-of-
the-art in interstellar vehicles - essentially a perpetual Icarus 
starship design and refinement study.

 Space-X, started fresh almost 10 years ago without relying 
on existing patents. The necessary skills were developed from 
scratch with very young team of engineers and modest funding. 
In very few years, CEO Elon Musk and his company are the only 
ones on Earth that can privately explore space as they see fit. 
The training provided through this course is designed to enable 
Icarus Interstellar Engineers to be inspired by this wonderful 
accomplishment and go even further. Giving Space-X, Ariane 
and the Russian Soyuz launchers some competition will drive 
down the costs to LEO orbit significantly. Perhaps the game 
changing innovation will be more along the lines of the Skylon 
spaceplane Reaction Engines are developing. Their single-
stage-to-orbit craft is another shining example of a company 
building knowhow from the ground up. How much more rapid 
would innovations in space research be if there were thousands 
of interstellar scientists and engineers specifically trained with 
space innovation in mind?

7. concluSionS

We conducted a brief analysis of the macroeconomic effects of 
the US Space Program in which we showed how technological 
innovation in space research was spurred by investments in 
the Apollo Space Program half a century ago. The technology-
induced increase in 1975 on the Gross National Product was $7 
for each $1 on Research and Development expenditures [19, 20], 
where a $1 billion dollar investment resulted in 20,000 jobs and 
an increase in manufacturing output at the order of $150 billion 
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dollars. The current estimated return on investment today is $40 
to $1 [21]. The gradual decline in profit margins shown in Fig. 
4 demonstrate that the technology base instigated by the Apollo 
Project investments have been depleted. A new, far-reaching and 
technologically all-encompassing direction in space research is 
needed to stimulate technological development. 

 In this paper we further discussed how, the production of a 
highly trained, highly employable workforce of prestigious 
Interstellar Engineers can serve to re-invigorate space research 
through the pursuit of interstellar flight. This currently 
unattainable and complex task should motivate creative solutions 
by providing graduates with the necessary vocational tools. Their 
competitive advantage in terms of employability then stems 
from their breadth of their skills and expertise which serve as the 
company’s competitive advantage - essentially the interstellar 
engineer himself is the trade secret. People-centric industries 
would then drive innovation through the personal aspirations of 
these key individuals, which we believe will maintain interest in 
the exploration of space and interstellar travel.

 research module 1: astronomical target
 Definition: The target system: including the primary 

and any secondary stars and any possible planets 
and belts of smaller bodies. The primary driver for 
the choice of target destination will be high science 
return: especially planetological and astrobiological 
data from the close up study of terrestrial planets or 
satellites.

 research module 2: mission analysis & performance
 Definition: This includes a description of the mission 

profile and trajectory, along with vehicle boost periods, 
flight time, energy release, mass ratio, specific impulse 
and required vehicle performance (i.e. thrust) to achieve 
escape and eventual cruise velocity to the target.

 Research Module 3: Vehicle Configuration
 Definition: This includes a complete description of the 

vehicle layout with all dimensions and components 
defined. Orthographic projections will be required as 
well as 3D models.

Sydney Chapman (1988-1970) was a British mathematician, 
known for developing the equations which govern stochastic 
(random) processes, specifically Markov processes, leading 
to the formulation of the Chapman-Kolmogorov equations. 
In 1930 he discovered the photochemical mechanisms that 
give rise to the ozone layer and predicted the presence of 
the magnetosphere which was verified 30 years later by the 
Explorer 12 satellite. Chapman is credited for first suggesting 
the 1957-58 International Geophysical Year in 1950, during 
which the first earth satellites were launched. Chapman was 
also President of the Special Committee for the International 
Geophysical Year (IGY).

 James Van Allen (1914-2006) was an American physicist who 
amongst other things devised a balloon-rocket combination that 
lifted rockets on balloons high above most of Earth’s atmosphere 
before firing them even higher. The rockets were ignited after the 
balloons reached an altitude of 16 kilometers. During the IGY, 

 A real interstellar spacecraft capable of travelling to Alpha 
Centauri within the lifespan of one of the designers would 
require a worldwide level of cooperation. In 20-30 years time 
those graduates will have risen to respectable administrative and 
political positions at which point they may have the capability 
to lobby or otherwise directly motivate an interstellar mission. 
This is why we need to pursue interstellar studies as an iconic 
research direction which underpins the need for continuous 
space research and development, all the while providing a 
top class education to those students up for the challenge of 
rekindling the public’s imagination in the wonders of space and 
the vast wonders of the universe.
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thirty-six Rockoons (balloon-launched rockets) were launched 
from Navy icebreaker U.S.S. Glacier in Atlantic, Pacific, and 
Antarctic areas. Van Allen is best known for discovering the Van 
Allen radiation belts using data from Explorer 1 and 3. His was 
the first scientific discovery of the space age.

 Lloyd Viel Berkner (1905-1967) was an American physicist 
and engineer, who theorized and studied the Earth’s ionosphere 
and the theory of shortwave propagation. Later he investigated 
the development of the Earth’s atmosphere. Since he needed 
data from the whole world, he proposed the International 
Geophysical Year in 1950. Berkner was elected a Fellow of the 
American Academy of Arts and Sciences in 1956. The IGY was 
carried out by the International Council of Scientific Unions 
while he was president in 1957-59.

 These three men are the true pioneers of the space age. The 
time is ripe for new heroes.

appenDix b

 research module 4: primary propulsion
 Definition: The primary propulsion module will cover 

all aspects of the Icarus vehicle acceleration. Major 
areas of study will include confirmation that ICF 
pulse fusion is the most effective fusion propulsion 
mechanism with comparison studies against magnetic, 
IEC and the Marx generator systems. In addition, a 
determination of the optimum driver will be performed 
with a focus on lasers, ion and electron drivers. A study 
of exotic drivers will also be performed, for example 
di-positronium lasers and wakefield accelerators. 
Another important research feature for primary 
propulsion will be the possible capsule designs for any 
ICF system with relevant simulations. A detailed study 
of antimatter catalyzed fusion will be performed, and 
its utility, integration and possible optimizing effects 
on fusion propulsion. Studies will also be performed 
on the recent suggestion that an ultra-dense form of 
Deuterium exists, and the validity of this claim will 
be determined. If this should be true then this will 
have significant repercussions on the Icarus design. A 
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interstellar mission are explored. Processing methods, 
processor architectures, information nodes, data 
storage, backup and analysis modules are reviewed. An 
essential aspect of this design, given the accelerated rate 
at which processing capabilities are escalating, is the 
error catching and command redundancy which must 
be applied. In addition, hardware/software issues are 
addressed, with a flexible code design which will allow 
for in-transit updates to be performed. 

 research module 12: environment control
 Definition: This includes protection and environmental 

control of all systems from mission thermal, particle, 
and electromagnetic environment and likely exposures 
internally to thermal gradients and self generated 
electromagnetic fields.

 research module 13: ground Station & monitoring
 Definition: This includes consideration for long term 

monitoring of vehicle systems and observations, 
mission performance, as well as a capability to upload 
instructions for changes in mission parameters. 

 research module 14: Science
 Definition: This includes all of the necessary solar and 

planetary science that would be undertaken by the Icarus 
design. Consideration should be given to the potential 
for in flight science capture such as at Jupiter flyby or 
the Kuiper belt, measurements at the solar terminal 
shock layer, addressing the Pioneer anomaly or optical 
measurements at the Focal Point. The determination of 
science data is a key driver for Project Icarus. 

 research module 15: instruments & payload
 Definition: This includes the design of any 

instruments required, including imaging technology. 
For minimization of payload mass, the number of 
instruments may need to be minimized, but designed 
with high reliability. This module will also cover 
payload issues, where instruments are assigned payload 
status. 

 research module 16: mechanisms
 Definition: This includes mechanisms such as 

gyroscopes for guidance and control, robotic arms for 
external repair, any kind of deployable device such as 
aids for braking or solar energy conversion and thrust 
vectoring mechanisms. Consideration should be given 
to the components, their integration into the spacecraft 
and their mechanical properties. 

 research module 17: Vehicle assembly
 Definition: This includes a description of the likely 

assembly procedure for the Icarus vehicle, be it in orbit 
or on ground. If the vehicle is to be assembled in orbit, 
consideration should be given to what launch vehicles 
would be appropriate and how many are required.

 research module 18: Vehicle risk & repair
 Definition: This includes internal and external, such as 

from micrometeoroid or dust impact hazards, radiation 
shielding from high energy particles generated in 
nuclear fuel reactions, space environment. Protocols 
will be designed which describe deliverables from other 
modules/subsystems to be folded into a full scope risk 
and repair simulation. Methods for on board automated 

study of the efficacy of the Oberth two-burn maneuver 
will be performed, including a parametric study on 
the specific impulse, specific power and mission time 
vs. interstellar escape velocity. A study of engine 
components will also be performed including a study 
of the chambers, valves, tanks and nozzles. Finally, a 
study of the field coils will be undertaken as well as 
research into possible methods designed to bootstrap 
the electromagnetic current generated by nuclear pulse 
to run subsequent ignition cycles.

 research module 5: Secondary propulsion
 Definition: Secondary propulsion systems are all 

supplementary propulsion methods appropriate 
to interstellar missions. This includes any backup 
propulsion systems which have the main function of 
accelerating the vehicle to a higher velocity. This may 
also include redundant attitude and control methods and 
in general any auxiliary propulsion systems which have 
the main function of orbital thrusting and control.

 research module 6: fuel & fuel acquisition
 Definition: This includes what fuels are used for the 

primary and secondary propulsion as well as the 
availability and acquisition of those fuels (i.e. from 
Jupiter atmosphere) and an assessment of the technology 
and infrastructure required to obtain them. Fuel storage 
issues, during boost-phase, cruise and braking phases 
should also be considered.

 research module 7: Structures & materials
 Definition: This includes a description of all of the 

materials used in the vehicle, their mechanical properties 
and response to the exposed internal and external 
environment (i.e. pressure). Some consideration should 
be given to the manufacture of novel materials and the 
in-situ acquisition and manufacture of replacement 
materials by the probe.

 research module 8: power Systems
 Definition: This includes the design of any electrical 

systems on board including power generation, storage, 
management, distribution and control. This module 
could also include a discussion of electromagnetic 
compatibility engineering.

 research module 9: communications & telemetry
 Definition: This includes transponders, antennas 

and equipment for signal production, amplification 
and transmission. Consideration should be given 
to transmitter bandwidth, range and power output 
requirements. Some work should also be done to address 
the issue of radio signal attenuation at long distances 
from ground control, and transmitter alignment with the 
receiving station.

 research module 10: navigation & guidance 
control

 Definition: This includes vehicle attitude control and 
response and a considering of some of the technology 
that could be used for this purpose, linked with the 
secondary propulsion module.

 research module 11: computing & Data 
management

 Definition: The computing needs appropriate to an 
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 interstellar engineering i – aerospace engineering

 • basic mechanical engineering: Students learn about 
basic measurements including temperature, fluid flow, 
strain, humidity, become familiar with data acquisition 
systems, and perform experiments on engineering 
systems including pipe flow, aerodynamic drag, a heat 
exchanger, a refrigeration system, a loaded arch, and an 
automobile engine. An introduction will be given to fine 
element analysis methods.

 • basic aerospace engineering: Students learn 
measurements of basic physical quantities in fluid 
mechanics, thermodynamics, and structures; the 
operation of primary transducers, computer-aided 
data acquisition, signal processing, and data analysis. 
Experiments are performed to enhance the understanding 
of basic physical principles and characteristics of 
structures/systems of relevance to relevance to 
aerospace engineering. Fine element analysis and stress 
testing methods will be explored.

 • computer-aided Design/manufacturing (caD/
cam): The CAD laboratory is one of the key 
instructional labs in Mechanical and Aerospace 
Engineering. It mainly supports undergraduate CAD 
and design courses. 

 • computer numerical control and application: In 
this laboratory the students learn the fundamentals of 
numerical control (NC) technology, programming of 
computer numerical control (CNC) machines in NC 
codes and APT language and with CAD/CAM systems. 
Students also gain experience in NC postprocessors and 
distributed numerical control, operation of CNC lathe 
and milling machines, and programming and machining 
complex engineering parts.

 • electromechanical System Design: Students learn the 
basics of design, development, construction, and testing 
of complex mechanical and electromechanical systems. 
Assembled machines are instrumented and monitored 
for operational characteristics.

 • fluid mechanics/aerodynamics: Students are 
shown experimental illustration of important physical 
phenomena in an area of fluid mechanics/aerodynamics, 
as well as have hands-on experience with design of 
experimental programs and use of modern experimental 
tools and techniques in the field.

 • robotics and motion control: Students gain hands-on 
experience of motion control and robotics; modeling of 
electromechanical systems, analog PID controllers, sensors, 
actuators, multi-axes coordination, and robot programming.

 • thermodynamics and heat transfer: 
Thermodynamics and statistical mechanics; kinetics 

repair systems are included in these studies (e.g. 
wardens, robotic arms, etc). 

 research module 19: Design realization & 
technological maturity

 Definition: This describes the key steps to achieving the 
assembly and launch of the Icarus vehicle and may or 
may not have associated timescales. The technological 
maturity of the Icarus design should be ‘measured’. 

 Research Module 20: Design Certification
 Definition: This includes the qualification that the 

theoretical design is based upon sounds principles of 
science and will work in principle. Relevant failure 
modes are to be considered such as margin, redundancy, 
reliability of technology. Because Icarus would be a 
deep space long duration mission, it is likely that larger 
performance margins will be required to minimize 
system failures.

appenDix c

of atoms, molecules, and photons; compressible fluid 
dynamics. Experiments in this laboratory include forced 
convection over a cylinder, internal natural convection; 
fixed and variable conductance heatpipes; pool boiling; 
a cooling tower; and a perforated plate heat exchanger. 

 • interaction of radiation with matter: These studies 
will range from the nuclear through the atomic and 
molecular and infrared region to the macromolecular 
realms, with radiation as the connecting thread. The 
studies performed in this Laboratory span the spectrum 
from the very long wavelengths of the microwave and 
infrared ranges, through the visible, ultraviolet and 
x-rays, to the hard gamma ray region. In particular, the 
individual research projects carried out in the laboratory 
will include: Computational Optoelectronics, Heavy Ion 
Nuclear Reactions, Interaction of Radiation with Atoms 
and Molecules, Direct Ionization Effects in DNA, 
Infrared Radiation Interaction with Semiconductors, 
Thin film Deposition, Real time growth diagnostics and 
Ex-Situ Optical Materials Characterization.

 interstellar engineering ii - astronautics

 • astronautics and Space environment: Introduction 
to space, space exploration and the space business. 
Elements of orbits, spacecraft systems, rocket 
propulsion, and communications. Computer modeling 
of the Solar system, two-body problem, orbits, Hohmann 
transfer, rocket equation, space environment and its 
effects on space systems, sun, solar wind, geomagnetic 
field, atmosphere, ionosphere, magnetosphere.

 • astronautics and Dynamics: Basics of spacecraft 
dynamics, Euler’s equation, introduction to space 
plasma physics, spacecraft in plasma, radiation effects 
on space systems. Construction of fundamental space 
instrumentation: transponders, detectors, analyzers, 
spectrometers. 

 • molecular gas Dynamics: Physical description and 
modeling of kinetic nature of gas flows; distribution 
function; introduction to the Boltzmann equation; 
free-molecular flow; surface and molecular reflection 
properties; Monte Carlo flow calculations. Molecular 
structure; radiative processes; microscopic description 
of gas phenomena; translational, rotational, 
vibrational, and electronic freedom degrees; particle 
energy distributions; microscopic representation of 
thermodynamic functions. Kinetic concepts in gas 
physics; thermal non-equilibrium; intermolecular 
potentials; transport of radiation and particles in high-
temperature gas; dissociation and ionization equilibrium; 
energy relaxation.  

 • Spacecraft Design: (Capstone) Spacecraft mission 
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active and passive thermal control, spacecraft and 
launch vehicle interfaces. Radiator design, fabrication 
and testing.

 • Systems for remote Sensing from Space: The 
operation, accuracy, resolution, figures of merit, and 
application of instruments which either produce images 
of ground scenes or probe the atmosphere as viewed 
primarily from space. 

 • Spacecraft Sensors: Spacecraft sensors from concept 
and design to building, testing, interfacing, integrating, 
and operations. Optical and infrared sensors, 
radiometers, radars, phased arrays, signal processing, 
noise reduction.

 • Spacecraft Structural Dynamics: Applied analytical 
methods (vibrations of single and multi degree of 
freedom systems, finite element modeling, spacecraft 
applications); requirements definition process; analytical 
cycles; and design verification.

 • Spacecraft System Design: Design and systems testing 
proposal writing. System components selection; vehicle 
structure, propulsion systems, flight dynamics, thermal 
control, power systems, telecommunication. Interfaces 
and tradeoffs between these components. Testing, 
system reliability, and integration. Deliverable is a 
design proposal for a “lean” cost minimized mission 
and an “inflated” maximum scientific return mission, 
ignoring cost (Spreadsheet).

 • liquid rocket propulsion: (Capstone) Liquid-
propelled rocket propulsion systems. Capillary devices 
for gas-free liquid acquisition in zero gravity. Ground 
testing and in-orbit operations. Propellant life predictions 
and spacecraft end-of-life de-orbiting strategies. Design 
and fabrication of simplified liquid rocket from first 
principles.

 • advanced Spacecraft propulsion: (Capstone) 
Nuclear, electric, sails, and far-term propulsion systems. 
Overviews of nozzles, heat transfer, electromagnetics, 
rarefied gases, and plasma physics. Analysis of 
electrothermal, electrostatic and electromagnetic 
thrusters. Design and fabrication of simplified advanced 
spacecraft system from first principles.

 • propellantless Spacecraft propulsion: (Capstone) 
Beam driven, Lightsail, macron propulsion based 
propulsion systems, spacecraft architecture and mission 
design and analysis for LEO, GEO, Lunar and planetary 
expeditions.

 interstellar engineering V 
– gamechanging Spacecraft and mission Design

 • asteroid mitigation Study: Select a detected 
potentially harmful asteroid and propose mitigation 
strategies, which may include redirection, destruction 
and earth preparedness and evacuation scenarios.

 • planetary colonization: Including moon, asteroid and 
planetary bodies in our solar system or others; propose 
methods for colonization which may or may not include 
steps toward terraforming. Design transportation and 
landing methods, design habitats and assign work tasks 
for each colonist. The necessary raw materials may be 
sent on precursor missions. Estimate time to colony 
self-sufficiency.

design, space environment, attitude determination and 
control, telecommunications, propulsion, structures and 
mechanisms, thermal control, power systems, launch 
systems and facilities.  Prerequisite: junior or senior 
standing in engineering or physics. 

 • Space mission Design: (Capstone) team-oriented space 
systems design course and proposal writing workshop. 
Competing teams of 3 students, will respond to an 
instructor-provided mock-RFP for a space system. The 
mission specification will be based on the ongoing 
federal solicitations and competitions of that year. 

 • Spacecraft propulsion: (Capstone) Introduction 
to rocket engineering. Space missions and thrust 
requirements. Compressible gas dynamics. Propellant 
chemistry and thermodynamics. Liquid- and solid-fueled 
rockets. Nuclear, electric and solar sail propulsion.  
Simple design and fabrication and construction from 
first principles. Off the shelf materials and components.

 interstellar engineering iii 
– Spacecraft navigation and control

 • orbital mechanics: Computational modeling of 
physical principles; two-body and central force motion; 
trajectory correction maneuvers; position and velocity 
in conic orbits; Lambert’s problem; celestial mechanics; 
orbital perturbations. Theory of perturbations of orbits; 
numerical methods in orbital mechanics; satellite 
dynamics; averaging methods; resonance; mission 
analysis.  

 • Spacecraft Dynamics: Modeling two-body motion, 
rigid-body motion, attitude dynamics and maneuvers, 
spacecraft stabilization: gravity gradient, reaction 
wheels, magnetic torques, thruster attitude control. 
Special focus on n-body approximations.

 • Spacecraft attitude control: Review of attitude 
dynamics, gravity gradient stabilization, attitude 
stabilization with a spin, attitude maneuvers, control 
using momentum exchange devices, momentum-biased 
stabilization, reaction thruster control. 

 • Spacecraft attitude Dynamics: Dynamics of systems 
of particles and rigid bodies; spacecraft attitude 
systems; attitude maneuvers (spin, precession, nutation, 
etc.); attitude stabilization and attitude determination; 
simulation methods.

 • Space navigation: principles and practice: Statistical 
orbit determination: (weighted) least squares, batch and 
sequential (Kalman) processing, illustrative examples; 
online ephemeris generation: potentially hazardous 
asteroids, comets, satellites; launch: vehicles, payloads, 
staging. 

 interstellar engineering iV – Spacecraft Systems

 • Spacecraft power Systems: Introduction to solar 
arrays, batteries, nuclear power sources, mechanical 
energy storage. Application theory of operation, 
practical considerations. Subsystem topologies and 
performance. Design optimization techniques. Power 
storage (Battery, capacitors, etc) design, fabrication and 
testing.

 • Spacecraft thermal control: Spacecraft and orbit 
thermal environments; design, analysis, testing of 
spacecraft thermal control system and components; 
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 • icarus interstellar engineering: Review and 
technological evaluation of interstellar vehicle 
designs, Project Orion, Project Daedalus, Project 
Longshot, VISTA, Project Icarus. Identification of the 

most important technological obstacle for unmanned 
and manned interstellar flight, with suggestions for 
overcoming based on theoretical, experimental or 
otherwise technological innovations through industry.
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