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Foreword

We live in a time of troubles. It is easy to name a few of them: endless wars,
clashes of cultures, nuclear proliferation, overpopulation, global climate warming,
economic recession, political disarray. It is also easy to give up and conclude that
all is hopeless for our civilization and possibly for all humanity.

However, is such pessimism truly warranted? The year 2010 witnessed the first
reasonably solid detection of potentially habitable worlds circling nearby stars. Our
understanding of the variety of life forms that could inhabit these worlds has also
been broadened.

Perhaps more significantly, another milestone of 2010 was the first successful
flight test of a non-rocket propulsion system that could someday evolve into a star
drive. True — the solar sails that may evolve from the successful interplanetary test
flight of the Japanese Ikaros probe will never achieve the performance of Star
Trek’s mythical Enterprise — but they represent a start.

Progress towards controlled thermonuclear fusion continues. And at the CERN
laboratory on the Italian-Swiss border, the Large Hadron Collider is now opera-
tional. It is not impossible that advances in our understanding of particle physics
prompted by experiments at this new facility will ultimately lead to our taming of
the antimatter/matter annihilation. Maybe some theoretical breakthrough will actu-
ally lead to a warp drive or a means of tapping the enormous energies of the
universal vacuum.

It is impossible to know which of these new technologies — sails, fusion, or
antimatter — will lead to the first human probes and ships capable of crossing the
interstellar gulfs. But if you are interested in participating in the adventure of
expanding the terrestrial biosphere into new realms, this book is an excellent
place to hone your skills.

The author is a major contributor to the British Interplanetary Society Project
Icarus, which is investigating near-term techniques that might lead to probes
capable of reaching our Sun’s nearest stellar neighbors. As well as reviewing the
current state of interstellar propulsion technologies, Kelvin Long provides an
extensive bibliography that will be an invaluable aid to the novice researcher.
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viii Foreword

Chapter exercises are also included so that young engineers and physicists can
practice their skills.

Historical discussions regarding the evolution of flight within and outside
Earth’s atmosphere will be of great interest to the casual reader. References to
science fiction demonstrate the significance of literature in inspiring much of the
scientific inquiry that has led us to the threshold of galactic citizenship. And the
color plates present the beautiful work of space artists and illustrators.

Only a few humans have felt the crunch of lunar soils beneath their booted feet.
A somewhat larger number have remotely controlled their roving vehicles as they
cross the deserts of Mars or communicated with Voyager probes now on the fringe
of galactic space. In all likelihood, only a few will control our interstellar robots and
fewer still will ride the galactic high road to our next stellar homes. But this book
allows many to contribute to and share in the adventure.

Just maybe today’s interstellar pioneers will help stem the tide of pessimism.
Perhaps, just perhaps, books like this may help develop a welcome sense of
optimism and feeling of hope among the readers.

New York City College of Technology, CUNY Dr. Greg Matloff



Preface

Two lights for guidance. The first, our little glowing atom of
community, with all that it signifies. The second, the cold light
of the stars, symbol of hypercosmical reality, with its crystal
ecstasy. Strange that in this light, in which even the dearest love
is frostily assessed, and even possible defeat of our half-waking
world is contemplated without remission of praise, the human
crisis does not lose but gains significance. Strange, that it seems
more, not less, urgent to play some part in this struggle, this
brief effort of animalcules striving to win for their race some
increase of lucidity before the ultimate darkness.

Olaf Stapledon

This book is about robotic exploration of the nearby stars and the prospects for
achieving this within the next century. In particular, we will focus on the propulsion
technology that will be used to accomplish such an ambitious objective. This is
so called ‘game changing’ technology that goes beyond conventional chemical
rockets, using exotic fuels and more efficient engines for the purpose of an
interstellar mission. This includes ideas for engines based upon harnessing the
emitted energy of the Sun, using fusion reactions or even tapping the energy release
from matter-antimatter annihilation reactions. This book serves as an essential
primer for anyone new to this field who wishes to become familiar with the ideas
that have already been developed and how to attain the necessary theoretical tools
to create similar ideas for themselves. If, by the end of this book, you are thinking of
your own ideas for how machines can be propelled across the vastness of space,
then this book will have been successful in its ultimate aim.

At the dawn of this new millennium we can look back on the previous century
with pride, knowing that humanity took its first steps into space and even walked
upon the surface of the Moon. We have collected a wealth of data on the many
planets and moons of our Solar System, and our robotic ambassadors are still
pioneering the way so that one day humans may hope to follow where they lead.
The Moon and Mars are the current focus of human ambitions in space, and this is
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X Preface

right for the short-term goals of our species. But in the long term, missions to places
much further away will become not just aspirations but vital to our survival.

From the outset of this text, we must be truthful and admit that the technology
to enable human transport to other stars is currently immature. The physics, engi-
neering and physiological requirements are unlike anything we have ever encoun-
tered, and this unique problem demands our full attention if we are to ever cross the
enormous gulfs of space that separate the stars in our galaxy and become a truly
spacefaring civilization. But if we are bold and eventually attempt this, the scien-
tific, economic and spiritual rewards will be many, and our civilization will become
enriched for the attempt. Until then, we must be content with robotic exploration
and to push that technology to its limit. We must continue to launch missions to
the outer planets of our Solar System to explore those cold but interesting worlds.
Eventually, our robotic probes will break through the termination shock of the
solar heliosphere and pass out into the Kuiper Belt to explore many strange new
dwarf planets, some perhaps yet undiscovered. Then they will be sent to much
further distances out into the Oort Cloud to investigate the myriad of comets that
orbit our Solar System in large period trajectories. Finally those same robots will
enter the outer reaches of the interstellar medium, the diffuse nebula of space that is
dispersed between the stars, and for the first time in history a human made machine
would have fully left the gravitational cradle of our Sun.

By this time, the technology performance of our machines should have improved
by many orders of magnitude so that missions to the nearest stars will become
possible and scientific data return will become common. What will those probes
discover? Perhaps unusual planets with oceans made of materials thought impossi-
ble where life might be swimming among its depths. The astronomical knowledge
gained will be highly valuable; the chance to be so close to another star and its
orbiting worlds will enrich our knowledge of the universe and give us a better
understanding of its structure, evolution and origin.

A few moments spent thinking about the interstellar transport problem quickly
leads to the realization that there are two main extremes to reaching the stars. We
can build very lightweight vehicles with a limited payload size in the hope that their
small mass allows for large speeds, such as a solar sail. Alternatively, we can build
massive vehicles the size of small moons, which will move slowly and take perhaps
thousands of years to reach their destination; these are so called world ships. For
any form of human exodus to another world, clearly the latter option is the only
credible approach. However, as one digs into the interstellar literature we find that
there are approaches to this problem that lay between these two extremes. We find
that physicists have invented clever theoretical (and some practical) means of
allowing a large mass scientific payload to be delivered to a destination at a
speed of a few to tens of percent of light speed, thus getting to the target within
decades. It is then just a matter of the engineering technology progressing to an
acceptable readiness level. Many of these schemes are discussed in this book.

In reading this book it will be clear that the author favors the nuclear pulse
propulsion approach for interstellar missions. This is along the lines of the historical
Orion and Daedalus concepts. It should be noted that this is not because of a belief
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that other concepts do not meet the requirements for interstellar missions. In fact the
opposite is true, and technology such as solar sails, laser sails and microwave sails
in particular do offer great potential for near term demonstration. However, it is a
personal belief that nuclear pulse technology is nearly ready for use now, if not
already available in some form, and is the most appropriate route for an interstellar
flight. Power is what will take us to the stars, and sending something there fast
requires powerful engines as provided by the nuclear pulse options. In the end, it
is likely that the first interstellar probe will be a combination of propulsion
technologies — a hybrid design utilizing nuclear electric, sails and nuclear pulse to
augment different parts of the mission. When this happens, all of the individual
efforts over the decades of research that have gone into making each of these
technologies ready will have been worth the effort.

Another personal view that has been taken by this author is that Mars should be
the next destination for human exploration. This will push our technology forward
while also beginning the establishment of a human colony on another world.
Contrary to some claims, the exploration of Mars is not prohibitively expensive if
done in a manner similar to the proposed Mars Direct plan. National and interna-
tional space agencies need a common focus and a common goal — Mars is the
logical candidate and a clear springboard upon which a full program of interstellar
exploration may begin. Indeed, there are no technological reasons preventing us
from starting direct colonization of Mars today.

Many people believe that interstellar travel, even robotic exploration, is so
difficult and the obstacles so unsurpassable that it will be many millennia before
we can attempt it. However, it is the hope of this book to demonstrate to the reader
that not only is interstellar travel perfectly possible, it is within our grasp, and the
first unmanned mission will likely be launched by the end of the twenty-first
century (a bold prediction) and certainly by the mid twenty-second century.
As will be shown, many feasibility design studies have already been undertaken
historically, often involving teams of physicists and engineers, producing study
reports that demonstrate the engineering problems and potential solutions. These
people are among a growing network of optimists that share in a single vision that
the human destiny in space lies not just with the Moon and nearby planets, but much
further to other worlds around other stars. History will show which one of these
concepts becomes the true template for how our robotic ambassadors first enter the
orbit of another star and achieve this seemingly impossible and long desired
ambition.

Berkshire, UK K.F. Long
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Chapter 1
Reaching for the Stars

So far, Astronautics has been considered a complex set of
technological disciplines, each driven by basic or fundamental
physics, to allow humankind to accomplish space exploration.
Even Astrodynamics is related to technology. Nevertheless, may
Basic Physics be driven also by Astronautical Principles, Ideals,
and Research? 1 do think so.

Giovanni Vulpetti

1.1 Introduction

In this first chapter we learn that humans have developed many concepts for how we
may someday reach the distant stars. These range from large slow World Ships to
spacecraft that can travel faster than the speed of light. We learn that far from
interstellar travel being a vast unsolvable problem, instead multiple solutions have
already been proposed. Some are practical today and some are speculative and
belong in the far future. One day, perhaps some of the proposals may represent the
mechanics of human expansion into the cosmos. But today, we must be content to
wonder at the marvel of these ideas. In this chapter, for reader familiarization we
are introduced to many propulsion schemes that have the purpose of propelling a
vehicle across space. These are then discussed in greater detail in later chapters.

1.2  An Overview of Propulsion Schemes for Space

When the American rocketeer Robert Goddard first considered the problem of
lifting a body up above the atmosphere and into space, he went through a series
of considerations. He considered gyroscopes, magnetic fields and even made
wooden models with lead weights to provide lift as the weights moved back and
forth in vertical arcs. He designed a machine gun device that fired multiple bullets

K.F. Long, Deep Space Propulsion: A Roadmap to Interstellar Flight, 1
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2 1 Reaching for the Stars

downward. All of these ideas were to provide the lifting force for a body up into
space. Eventually, he settled on the simple idea of using Newton’s action-reaction
principle by combustion of propellants in a chamber, the exhaust products of which
would be directed rearwards to propel the vehicle in the opposite direction. This is
the basic principle of the rocket. The history of invention is littered with the graves
of ideas that never succeeded. This is how machines are first created — from
imagination to reality.

Although the problem of interstellar travel is one that pales all other historical
technical challenges in comparison, mainly due to the vast distances involved, the
same techniques of invention are applied. Clever physicists come up with theoreti-
cal ideas, develop them and if they are lucky get to conduct some experiments.
In the end the most practical solution will win out and a method of reaching the stars
will be derived.

Les Shepherd in the Journal of the British Interplanetary Society published one
of the first technical papers addressing interstellar flight [1]. He considered that
interstellar travel would be deemed possible when travel times were reduced to
between 100 to 1,000 years and not before then. Shepherd said:

There does not appear to be any fundamental reason why human communities should not be
transported to planets around neighboring stars, always assuming that such planets can be
discovered. However, it may transpire that the time of transit from one system to another is
so great that many generations must live and die in space, in order that a group may
eventually reach the given destination. There is no reason why interstellar exploration
should not proceed along such lines, though it is quite natural that we should hope for
something better.

Over the years people have devised ‘better’ methods for sending space vehicles
to the outer reaches of space. In order for a vehicle to move across space from one
place to another, it must gather velocity by accelerating. Some form of propulsive
engine enables this acceleration. In general, one can conceive of three types of
propulsive engines for this purpose. The first is an internally driven engine, that is,
one in which the fuel products are somehow combusted internally within the
vehicle and then ejected rearwards to produce a reaction force. This is how
conventional rockets work. The second is an externally driven engine, that is,
where some energetic reaction occurs external to a vehicle, but this reaction
produces a force that can push the vehicle when it finally reaches it by a transfer
of momentum.

There is a third type, which is more speculative and has never been used in
any actual spacecraft designs to date, or demonstrated in a laboratory; this is what
one may call a locally driven engine, that is, where the reaction force is derived
from the properties of the local medium upon which the vehicle ‘rests.” This may
be some property of space itself or some other source of subatomic origin such as
the quantum vacuum energy. All historically proposed methods of propulsion for
spaceflight fit into one of these categories. We briefly discuss some of these so as to
prepare the reader for the wealth of ideas that are to be discussed in later chapters.
It is left to the reader to decide if each specific method is based upon an internal,
an external or a locally driven engine.
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The most basic rocket engine is one that uses chemical fuels such as liquid
oxygen and hydrogen, and so we refer to it as a chemical rocket. However, this fuel
has an inadequate performance for interstellar missions because it doesn’t produce
enough energy per mass of propellant. More efficient chemical fuels can be derived
with different fuel mixtures, but ultimately it will not achieve the required mission
in an appropriate timescale. Ideas do exist for using highly compressed gaseous
hydrogen to produce metallic solid hydrogen, which if kept stable at normal
atmospheric conditions can then be used to power an engine with an improved
performance over a conventional hydrogen-based one. However, this technology
has not yet been sufficiently demonstrated.

One could build an enormous spacecraft housing a crew of many hundreds
or thousands of people and with a moderate amount of thrust allow that vehicle to
head off on a very long journey towards the nearest stars. This would necessitate
that the crew will produce children along the way and the crew that eventually
arrives at the star system will be many generations from the original crew. For
example, imagine a crew that embarks on a 1,000 year journey, producing children
around the age of 25. The astronauts that actually witness the arrival at the star will
be the 40th generation from those original astronauts that left Earth orbit. For this
reason, we refer to this as the Generation Ship or World Ship. These have been
studied extensively by the British engineers Alan Bond and Tony Martin, where
they designed a wet (water containing) world concept with a radius of up to 10 km
and a length of up to 220 km [2, 3].

The American Gerald O’Neill has also pioneered the idea of large-scale inter-
stellar colonization using artificial habitats [4]. His visions typically described large
cylindrical constructions 8 km in diameter and 32 km in length with entire land
areas devoted to living space, parkland, forests, lakes and rivers. We may find that
there are many people who are willing to embark on such an exodus. Many would
desire a fresh opportunity to start the human civilization again, with a different set
of values. In reality, this is the only way that interstellar colonization can really be
achieved, launched on the basis of high quality information supplied from previous
unmanned interstellar probe missions. True interstellar colonization depends not on
the ability to transport only a few individuals in our engineering machines but
on our ability to move many hundreds to thousands of people in only a few flights.
Thinking through this argument and the requirements for infrastructure in order to
build such large colony ships leads to the logical conclusion that human coloniza-
tion missions to the stars are at the very least centuries away (Fig. 1.1).

An alternative is to place a small crew in a state of hibernation and awaken the
crew once they reach their destination after many hundreds or even thousands of
years. We know that animals can lower their body temperature and heart rate for an
annual state of hibernation, so with sufficient understanding and the application of
science we could learn how to do this, too. The Hibernation Ship is an interesting
idea, but who would volunteer? Perhaps it is a more desirable option for some than
facing a physical death.

One of the common forms of propulsion used in orbital spacecraft is electric
propulsion. However, these engines simply don’t have the performance for the
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Fig. 1.1 Tllustration of a World Ship

sorts of missions that this book is considering. An alternative, however, is the
Nuclear-Electric propulsion scheme, which uses a nuclear reactor to generate the
essential power supply to produce heat for the generation of electricity. This has
the advantage that high power levels can still be obtained at large solar distances
where solar energy is no longer available. These sorts of engines would certainly
allow a spacecraft to go to a significant distance from the Sun, right out deep into
the Oort Cloud at the outer edge of our Sun’s gravitational influence.

Are there natural sources of power in space that can be employed to propel a
vehicle, without the need to carry a propellant? The Sun ejects millions of tons of
solar wind particles every year out into space, charged particles of ions and
electrons. Directly employing these particles for thrust generation is possible in a
Solar Wind Spaceship. Instead, it may be better to use the intensity of light photons
in a Solar Sail Spaceship. One only has to go outside on a sunny day to feel the heat
of solar photons, which carry momentum and can generate an intensity of around
1,400 W/m? at the orbit of Earth, where a watt is a unit of power measured as energy
(Joules) per time (seconds).

Of course, solar intensity falls off inversely with distance squared, so instead, we
could build enormous lasers that tap the energy of the Sun, and using Fresnel lenses
send a monochromatic narrow collimated beam continuously out into space. Such a
Laser Sail Spaceship would be sustained with power for much longer. Another
suggestion is to send out beams of particles in the form of protons, for example,
which impinge on a surface and propel it forward. Alternatively, the particles can be
captured upon arrival and replenish any dwindling fuel supply that the vehicle
needs. Both these ideas are what are called Beamed Power Spaceship designs.

Given that chemical fuels are performance limited, we can turn to more exotic
fuels such as atomic-based ones. We know that atomic energy release is many
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Fig. 1.2 Discovery-type spacecraft using nuclear engines

orders of magnitude greater than a typical chemical reaction, so this is a credible
suggestion. The first proposal along these lines is the use of fission energy in a
Fission Reactor Rocket, where the energy is released slowly in a highly controlled
manner from radioactive particles. The Sun works mainly on the basis of hydrogen
fusion reactions so the suggestion of a Fusion Rocket is also highly credible. After
all, the world has plenty of hydrogen and deuterium locked up in the oceans,
so there is a potentially unlimited fuel supply. Fusion is the holy grail of physics,
utilizing the power of the Sun. There is a massive program of development
underway on Earth to use fusion power generation for the electrical supply in cities.
Great progress has been made since President Eisenhower’s ‘Atoms for Peace’
conference in 1953.

The Discovery spacecraft illustrated above as used in the Stanley Kubrick film
2001: A Space Odyssey and in the science fiction novel of the same name [5],
may have been powered by nuclear fusion engines, although there are some
indications [6] that it may have been powered by a gas core fission reactor.
The basic idea for this design originated from a dumbbell-shaped configuration
originally proposed by Arthur C. Clarke as a way of separating the human habitat
module from the nuclear reactor located near the engine (Fig. 1.2).

Instead of carrying vast quantities of fusion fuel, the vehicle can be equipped
with a large magnetic scoop and use this to ‘scoop up’ diffuse quantities of
interstellar hydrogen that is distributed throughout space. Other materials could
also be collected by such an Interstellar Ramjet design. If this could be done it
would increase the performance of the engine in such a way that the spacecraft
could travel close to the speed of light.

An alternative is to use atomic energy but in an uncontrolled manner like in the
explosion of an atom bomb. This leads us to the proposal for an Atomic Bomb Rocket.
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Because any engine will be performance limited by the material melting
temperatures, it would be better to have the fundamental ‘combustion’ cycle of the
engine take place outside of its structure, hence the origin of this idea. The bombs are
detonated behind the vehicle in succession, the blast wave of which imparts momen-
tum to the ship. If ever there was a sudden asteroid threat to Earth, this idea may be
the only one that governments could put together in a short timescale, not requiring
any significant technology leaps or new physics breakthroughs. In a foreboding irony
this type of propulsion may turn out to be the only salvation of humankind from the
creation of its own demons. Both the fusion rocket and atomic bomb rocket are types
of nuclear pulse engines and so in the literature they are referred to as an Internal
Nuclear Pulse Rocket and an External Nuclear Pulse Rocket, respectively (Fig. 1.3).

Are there other types of energy that can be used for space propulsion?
In 1928 the British physicist Paul Dirac predicted that the electron must have a
twin particle that is identical except for its direction of charge and rotation. Since
then it has been confirmed in experiments that indeed many particles do have a
so-called antimatter equivalent known as antiprotons, antineutrons and positrons
(antielectrons). An annihilation reaction between a matter and an antimatter particle
pair produces around 1,000 times the energy release of a nuclear fission reaction
and around 100 times that of nuclear fusion reactions. This leads to the concept of
an Antimatter Rocket, provided we could someday produce sufficient quantities
of it. One of the possible uses of antimatter is as a catalyst to initiate fusion in a fuel.
This is known as Antimatter Catalyzed Fusion Rocket. This is achieved by injecting
a beam of antiprotons that react with a fusion capsule wall and the annihilating
protons produce a hot plasma that then ignites. A combination of fusion and
antimatter may be both credible and give large performance gains, which are well
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ahead of many other propulsion schemes, although this research is still at an early
theoretical stage.

If ordinary matter can be considered a form of positive matter, then if matter
exists in an opposite state it must be negative. Negative matter is the same as
ordinary matter (it is not antimatter) but may generate a negative pressure so that
instead of obeying an attractive force law, it would obey a repulsive force law. This
has led to the proposal of a Negative Matter Spaceship, which involves a positive
matter-negative matter pairing, and the forces are such to propel the vehicle in the
desired direction of motion [7]. Alternatively, if we could develop negative energy
or its effects, the consequence would be that we could manipulate the very nature of
space itself, by bending (inversely) gravitational fields. This would be required if
we were to ever manipulate space to such an extent so as to create shortcuts through
it in what are termed wormholes. There is currently no scientific evidence that
wormbholes exist naturally in space, except perhaps at the quantum level where the
spatial dimensions become chaotic.

We must also mention the prospect of white holes, which are related to the
concept of wormholes. Scientists know that a black hole is a collapsed star, which
attracts all matter into it, which can never escape. It has been postulated that white
holes would have the opposite property where all matter is repelled from it, so it
could act as a kind of tunnel exit for any would be space travelers, provided they
could survive the infinite compression and ‘spagettification’ during the entrance to
the black hole in the first place.

Finally, if we could manipulate space and gravitational fields to such an extent,
then perhaps we could cause space to massively collapse in one direction (like in
a black hole) and expand in the opposite direction (like in a Big Bang explosion).
If we could do this, then we would be able to create a Warp Drive Spaceship so
beloved of science fiction fans, where the fabric of space and time are altered for the
purposes of enabling transport. It will be a surprise to many to discover that the
concept of a warp drive has been discussed openly in the academic literature for
some time since the first seminal paper in 1994 [8]. This, too, would require
negative energy. The warp drive concept is similar to the concept of The Space
Drive, which is any idealized form of space propulsion where the fundamental
properties of matter and space are used to create propulsive forces in space without
having to carry or expel a reaction mass, but limited to sub-light speeds. Other than
space itself, this may be some property such as dark energy and the quantum
vacuum energy, both of which may be related to negative energy and the expansion
of the universe.

The overall types of concepts explored for interstellar travel are shown in
Table 1.1. Most of the current research is focused on medium and fast propulsion
modes, although substantial research is increasingly being conducted into the
potential for ultrafast systems. Current manned mission research efforts are focused
on the slow (such as generation ship) and medium (such as fusion propulsion)
modes, mainly due to the acceleration constraints. To launch an interstellar mission
is also a very complex exploration program. There are many phases to the mission
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Table 1.1 Propulsion modes

g Mission Speed of
for interstellar travel Propulsion mode duration (years) light (%)
Slow, low acceleration >400 <1
Medium, moderate acceleration 50-400 1-10
Fast, high acceleration 5-50 10-99
Ultrafast, superluminal <5 >c

and considerable project management, which has to be considered; just look Project
Apollo. This includes the design, manufacture, launch, assembly, fuel acquisition,
boost stages, en route science, deceleration, sub-probe deployment, target system
science and science data return. It may also be necessary to think about how to
decontaminate the probe safely, in line with the Planetary Protection Protocol to
ensure that no Earth bound bacteria are transmitted to the surface of another
biologically defined world. Mission planners will also need to think about the
overall science goals, the mission concepts and technology requirements prior to
embarking on such an ambitious program of interstellar exploration.

Many of the concepts discussed above are the subject of an enormous amount
of academic literature and it would take a single person a lifetime to fully explore
the range of options for interstellar travel [9]. Instead, most researchers working in
the field are dedicated to a specific concept or spend some years on one concept
before moving onto another. International conferences with academic papers
on interstellar propulsion are an exciting experience for any young student. The
optimism and boldness of the appraisals is truly breathtaking. Unfortunately, there
is also a negative side to conducting research in this field — one of credibility.
Because many academics do not see interstellar travel as either near possible or
relevant to today’s problems, it is considered a ‘hobby’ and thus much research is
done privately and on a volunteer basis. It is a sad fact that the majority of researchers
working on interstellar propulsion are doing so as a spin-off from their main research
interests, quietly tolerated by their colleagues.

One exception to this has been the inspirational leadership provided by the
American space agency NASA. It has set up two programs in particular that have
allowed free consideration of interstellar ideas. This includes the Institute for
Advanced Concepts and the Breakthrough Propulsion Physics Project. Unfortu-
nately, both of these programs were canceled. These exciting research programs
will be discussed further in Chap. 16 as well as the work of other private institutes
involved with interstellar research such as The British Interplanetary Society and
the Tau Zero Foundation.

It is the aim of this book to demonstrate the high quality of research that has
taken place in previous decades and to clearly show that a real engineering solution
to reaching the nearest stars is just around the corner if not already available at a low
technology readiness stage. In particular, several actual concept designs will be
discussed in detail. Some of this work is the product of individuals and some the
product of years of effort and teams of people. One of these designs may represent a
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blueprint for how both robotic and eventually human missions to the nearest stars
are first accomplished. History will be the final judge of the true visionaries of these
ideas, and this knowledge is a comfort for those that continue to pursue the most
unworldly of intellectual passions which has only really be turned into a credible
possibility in the last century. For it is an infectious addiction that grips people like
the visionaries Arthur C. Clarke and Robert Forward as well as all those who follow
the inspiration that they and others leave behind when they dare to dream of sending
spacecraft to distant worlds.

In this chapter, we have briefly discussed some of the different propulsion
systems for getting to the stars. Some of these are discussed in more detail in
later chapters and some will not be mentioned again. The purpose here was to
present the reader with a clear understanding that contrary to popular belief, which
considers interstellar travel an insurmountable problem, in fact there are many ideas
for how we can go to the stars in future years, and these have been discussed in
books such as by the authors Paul Gilster [10] and Iain Nicholson [11]. Because this
book is mainly concerned with the near-term prospects for sending a robotic probe
to the nearest stars, manned space travel will not feature much further in this book.
There is little point attempting a human exploration mission until we have at least
demonstrated a robotic mission first and properly evaluated the benefits, risks and
mission requirements. Instead, we shall concentrate on propulsion schemes that can
be used in particular to propel a probe to one of the nearest stars in a time frame of a
century or less. But first, we must consider some of the basic science needed to
understand the design of such engines. For this we will need to learn something
about the physics and engineering associated with spacecraft design.

1.3 Practice Exercises

1.1. List all of the propulsion concepts mentioned in this chapter. Using the
Internet, do a search for each concept and list the main features of each one,
including the potential exhaust velocity or specific impulse. Classify each
propulsion scheme in your own assessment as being speculative (>1,000
years), far future (>200 years), near future (>100 years) or practical (<100
years). Once this exercise is completed file this away somewhere so you can
consult it while reading the rest of the book. This list will act as your reference
points to becoming familiar with the topic.

1.2. Read a copy of one of the following as a good background to this chapter (1) A
Program for Interstellar Exploration by Robert Forward, published in the
Journal of the British Interplanetary Society, Volume 29, pp. 611-632, 1976
(2), “Ad Astra” by Robert Forward, published Journal of the British Interplan-
etary Society, Volume 49, pp.23-32, 1996 (3) “Interstellar Travel: A Review
for Astronomers” by lan Crawford, published by O. J. R. astr. Soc, 31, pp.
377-400, 1990.

1.3. Read one of the following science fiction books (1) Tau Zero by Poul
Anderson (2) 2001: A Space Odyssey by Arthur C Clarke (3) Rendezvous
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with Rama by Arthur C. Clarke. When reading these books you should
concentrate mostly on the science, which is generally representative of current
knowledge. These three books illustrate the extremes of interstellar travel —
from the relativistic Interstellar Ramjet to a slow form of World Ship.
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Chapter 2
The Dream of Flight and the Vision of Tomorrow

Sometimes, flying feels too godlike to be attained by man.
Sometimes, the world from above seems too beautiful, too won-
derful, too distant for human eyes to see. ..

Charles A. Lindbergh

2.1 Introduction

We consider the possibility that our species may develop into a spacefaring
civilization. This represents a future where we rise to the challenges that the universe
presents us while enjoying the rewards of discovery and new sources of energy
production. In this possible future access to space is not limited to a few but enabled
for many, beginning an era of interplanetary and eventually interstellar migration of
our species into the cosmos. Our species would be free from the confines of a single
planetary body and instead have the opportunities of countless worlds and resources.
It is the observations of nature, the flight of the birds, and beyond to the depths of
space that drove us towards this vision. Plato said it was astronomy that compelled
the soul to look upwards and lead us from this world to another.

2.2 Becoming a Spacefaring Civilization

Let us begin by asking the question of what is a spacefaring civilization? Here is
one possible answer: a spacefaring civilization is one with many orbiting space
stations, active colonies on all local moons and nearby planetary bodies as well as
remote outposts in the outer parts of the Solar System with a Solar System wide
trade economy. To date the state of human civilization cannot be described by this
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simple definition. However, our science-based technological society is heading
towards this state and there is reason to be optimistic about the future.

In the 1960s the Russian scientist Nikolai Kardashev considered the possibility
of advanced civilizations existing in the universe [1]. This seemed a credible idea,
considering that there were many stars much older than our own star, the Sun.
Kardashev came up with a description for galactic civilizations based around
energy consumption. He defined three possible types. A Type 1 civilization is one
that has achieved control over its planet’s entire resources. A Type 2 civilization is
one that has achieved control over the resources of its whole Solar System,
including the Sun. A Type 3 civilization is one that has achieved control over its
entire galaxy, including the core. Clearly, passing into the twenty-first century
humankind has not even achieved a Type 1 status by these definitions. But to
take an optimistic perspective, it should also be clear that we are on the brink of
moving towards Type 1 if we embrace our destiny (it is believed that we are
currently at a level of 0.7), build on the achievements of the Apollo missions and
pioneer the outer boundaries of space as the final frontier. It is quite possible that the
current period in our history is a very critical one in which we either succeed in
winning the Solar System and continue our expansion into the cosmos, or we fail
to reach our full potential and the possible collapse of our current civilization is
forced upon us.

If this assessment is true then the cold facts of reality should force us to
embrace the greater challenges ahead, and in the words of the former U.S. President
John F. Kennedy: “We choose. .. to do these things not because they are easy,
but because they are hard.”

For this is the challenge of our times; the route we take into the future will
determine the ultimate fate of our species. Traveling into interstellar space may be
the best way we can ensure our future survival, dispersing the species over a wide
area, maximizing the resources available to us and progress our scientific knowl-
edge. This is a highly productive way for our species to direct its energies. And if
life from this world is indeed unique, as some may claim — the only instance of
intelligence in this vast universe — than ever the more important that we spread that
life outwards to ensure the survival and growth of that intelligence.

The first artificial satellite reached Earth orbit in October 1957 and was called
Sputnik 1. This achievement from the former Soviet Union had such dramatic
consequences on the world that it started what history now records as ‘the space
race.’” For a while, the Soviets dominated the early achievements in space explora-
tion with the first mammal in space, Laika the dog, in November 1957, the first man,
Yuri Gagarin, in April 1961, the first woman, Valentina Tereshkova, in June 1963
and then the first space walk by Alexey Leonov in March 1965. These were
tremendous accomplishments that would have been welcomed by the world warmly
if it weren’t for the suspicious motivations behind them. America eventually caught
up, and the first American in space was Alan Sheppard in May 1961 followed
by Virgil Grissom in July of the same year, and then that historic first orbit by
John Glenn in February 1962. Events were moving at a fast pace, and in June 1983
Sally Ride became the first American woman in space.
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After the initial Soviet achievements, the huge industry of America woke up and
inspired by President Kennedy’s vision on May 25, 1961, aimed for more ambitious
missions than floating around in Earth orbit:

I believe that this nation should commit itself to achieving the goal, before this decade is
out, of landing a man on the Moon and returning him safely to the Earth. No single
space project in this period will be more impressive to mankind, or more important in the
long-range exploration of space; and none will be so difficult or expensive to accomplish.

The decision of the American political leaders to attempt the seemingly impos-
sible and place a man on the Moon before the end of the decade was a courageous
one. This was an open challenge to the Soviets to ‘race’ in the biggest peacetime
competition in human history. Nine years later, in July 1969, the first man, Neil
Armstrong, set foot on the lunar surface. A Soviet lander was en route to the lunar
surface at the same time as Apollo 11, hoping to be the first to return a soil sample
back to Earth, thereby claiming some form of technological and cultural victory
over the United States. Although this caused some anxiety for the mission it
ultimately had no real effect on the outcome, as Luna 15 crashed and Apollo 11
made a successful landing. America had won and was to be considered the more
technologically advanced and thereby ideologically superior nation from a public
relations perspective.

During the Project Apollo missions to the Moon twelve American astronauts
walked on the lunar surface over six landing missions, the last of which was in
December 1972. Around 380 kg of Moon rocks were returned back to Earth. If we
had gradually built up a lunar colony over the last four decades, today there would
be a permanently manned arctic-like station with spacecraft cycling back and forth
between Earth and lunar orbit. Sadly, that was not how history turned out, and we
are still waiting for this dream to be fulfilled. Since then, mainly due to a lack of
political will, we have withdrawn from the Moon and concentrated on less ambi-
tious missions, low Earth orbit (LEO) operations. This is not to say that the
achievements in space over the last few decades have not been stupendous. The
establishment of the International Space Station and over 100 launches of the space
shuttle have been inspiring and kept the dream of spaceflight alive for many
millions of people. But let us be frank in our evaluation — Earth orbit is just that,
it is not outer space, with its very thin atmosphere and microgravity environment.

Astronauts are tremendously capable people who have demonstrated ‘the right
stuff” and earned their place to fly into space. There are many millions of people on
this planet who are sufficiently fit to travel in a spacecraft. They do it every day in an
airliner over the oceans of the world but at much lower altitudes. OK, so they have
gravity to contend with and perhaps would struggle in zero gravity. But is that even
true? Wouldn’t it be easier to operate in a near-zero gravity environment, provided
you allow for corrections in physical movement? The majority of Earth’s population
is physically capable of undergoing short space missions. So why choose only a
select few? The main reason is because currently access to space is expensive, so if
you are going to send up an expensive satellite mission you want to guarantee near
100% success, which means only selecting the most suitably qualified individuals.
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Consider the opportunities if access to space wasn’t expensive — this would
change everything. Indeed, today there is an international effort, largely privately
financed, to open up space to the world. This is now being called the commercial
space market, and tourism is the main reason people want to go into space — for
potential leisure activities. Although it is true that leisure in space is a driving
factor, it should not be the dominant one. Instead, it should be driven by exploration
and business incentives, and this is where the rest of the Solar System comes into
its true value for our species. The return to Earth of rare minerals or gases presents
a clear business motivation for opening up space to all of industry, and this
motivation should be the driving force for future space exploration, opening up
new avenues of knowledge along the way and pioneering the boundaries of
technological innovation.

2.3 The Promise of the Future

When people are asked for their views on space travel, there are generally two
viewpoints that emerge. The first are those people that see the ‘heavenly bodies’
(the planets and Moons) as almost mystical and take the view that humanity should
not spoil them or alter them for self gain in any way. This may be motivated by
spiritual reasons or a genuine acknowledgement that we haven’t looked after our
own planet that well, which sets a precedent for how we will behave on other
worlds. The second viewpoint states that humanity should move out into space,
exploiting the material resources along the way, purely for self gain and probably
profit. But surely there is a third way, somewhere in between these two viewpoints,
which states that indeed we should move out into space and exploit the material
resources as needed to sustain our expansion and continued survival, but we should
do so in a responsible manner. In particular, if we find life on other worlds,
we should do our best to preserve it and minimize our potential contamination.

If we think about how humanity will behave when we first move out into space,
we are led to inquire which of these three viewpoints are we likely to take in
our journey? To address this, let us first examine our behavior on our own home
world — Earth.

Our need for energy has resulted in a depletion of many natural resources.
This includes the continuous destruction of the rainforests, the poisoning of the
world’s lakes and oceans, and the extensive burning of fossil fuels. So we must
turn to alternative resources. For several decades now nuclear fission reactors
have provided a great deal of power for cities. However, fission reactors produce
contaminant waste that is difficult to destroy. This is because the radioactive decay
time (to a stable non-radioactive state) of the substances being used is of order
100,000 years. One solution to this would be to send all of the radioactive waste into
the Sun. However, first we must get that waste into Earth orbit, and the reliability of
rocket launches is currently not adequate to take such a risk. The explosion of a
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rocket during launch containing radioactive waste will spread dangerous particles
for many hundreds of kilometers around the globe.

Until we have developed efficient sources of energy we are not ready for the rest
of the universe, and more importantly it is not ready for us. This is not such a
concern for the time being, because currently, we do not possess the technology to
fully exploit the natural resources of the Solar System anyway. However, this
situation is changing rapidly, and the technology is being developed with some
priority. This is for several reasons. Firstly, there is the belief that global climate
change is related to manmade activities of energy generation. Second is the
depletion of our natural energy resources. As a consequence of this rapidly moving
technological situation, humanity’s destiny is either going to go one of two ways.
We will either destroy ourselves as our energy reserves dwindle with an increasing
population competing for precious resources, or we will be successful, tame our
behavior, and move on to other pastures — outer space. Others have argued that all
civilized communities must achieve control over their population growth if they are
to survive the catastrophe of population explosion and its associated problems of
overcrowding and shortage of resources [2]. Whether the universe is ready for us or
not, we are likely to be going there soon, and we must prepare ourselves for the
exciting journey that awaits future generations. In the words of the Russian physics
teacher Konstantin Tsiolkovsky, “Earth is the cradle of mankind, but we cannot live
in the cradle forever.”

To deal with our future energy needs the physics community has been working
since the 1950s on the design of a civilian nuclear fusion reactor. Fusion energy is
what powers the Sun, and it has the advantage of being a clean source of energy.
However, although significant progress has been made in the development of a
fusion reactor, we are not there yet. So if we were to move out into space now,
we will be reliant upon twentieth century technology and associated industrial
processes, which damage any natural environment as well as waste energy. But
the development of fusion energy technology is moving ahead rapidly. It is just a
matter of time before we have working nuclear fusion reactors powering the
majority of the world’s electrical supplies. Once these reactors have been built
and become operational, the next generation of reactors will be even more efficient
and smaller. A consequence of this is that alternative applications of fusion energy
will be considered. A whole new field of science will be born based upon the
application of fusion energy and household devices not yet conceived by the human
mind will become common. This progress will inevitably have applications to both
robotic and human spaceflight, and the development of a space propulsion drive
based upon the principle of fusion reactions will become possible. Until that time,
we must be content with the progress made by our ambassadors among the stars —
robotic probes.

As of the year 2011 we are busy receiving data from robotic probes on many
different trajectories throughout the Solar System. Our civilization is still in
the information-gathering phase. The question is — when we have got the informa-
tion we want, will we have the courage to explore the outer Solar System and
beyond to finally embrace our destiny to become a space faring civilization in the
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near future? Humanity is at the brink of an incredible age. In fact, it would not be an
overstatement to say that we are on the brink of an evolution in humanity’s great
journey. It is difficult to predict when we will become a space faring civilization,
but the taming of fusion energy on Earth (should we be successful) and for use in
space travel must suggest that we are near that point — perhaps only a few decades to
a century away.

The closely interconnected world that we live in, as observed from the nightly
news on our television screens, is enabled by the communication age. What has
driven us to these technological accomplishments? What makes us want to go
further, faster and better than before? Is it simply the need for self-entertainment
or is it something more profound? We always want to know what is over that next
horizon. So we walk long distances, we ride horses, we build cars, and eventually
we build machines that fly. What all these modes of transport have in common is
they all rely upon some system of propulsion to provide the forward momentum.
For the human, it is simply the muscles in his legs and the forward movement of his
arms and pelvis. The use of the horse is an example of a paradigm shift in thinking;
let the energy be expended by some other means rather than due to the muscles of
the person, an improvement in efficiency. But then we realize that horses, too, have
a physical limit. They also must stop for rest and food. So we build a mechanical
horse, which doesn’t need rest — the bicycle, motorcycle and motorcar — except
when wear and tear of the components require they all be replaced. But these
machines also need fuel, and how much we can give it depends upon how much fuel
it can carry and the rate at which it is used. It is a self-limiting technology. So we
look skywards, and see the birds that effortlessly glide above our heads surveying
the ground to horizons we cannot see. Humans mimic nature, master the principles
of flight and fly like the birds — perfection is achieved. We have been able to do this
because we have something that the rest of the animal kingdom lacks — a highly
developed brain. This allows us to seek novel solutions, which ultimately have the
purpose of prolonging life or continuing the survival of the species.

Humankind has evolved over many millions of years to a species that can now
boast to have traveled on all of the continents, all of the oceans, walked on the
Moon and even sent robotic ambassadors to enter the atmosphere of Venus, Mars,
Saturn, Titan, several asteroids and a comet. Our robotic probes have also entered
the orbits of many worlds, including Mercury, Uranus, Neptune and several other
moons such as Gannymede, Europa, Io and Callisto. But all these accomplishments
still do not add up to a spacefaring civilization. We are still children playing with
toys at the dawn of our destiny. We are yet to send a probe to our most distant world,
Pluto, which resides at 40 astronomical units away (1 AU is the distance from Earth
to the Sun), although when this book was written a spacecraft mission called
New Horizons was en route. We also are yet to send probes to the outer Kuiper
Belt and Oort Cloud, which reside at 40 to 500 AU and 2,000 to 50,000 AU,
respectively. The most distance spacecraft we have sent includes Voyagers 1 and
2 along with the Pioneers 10 and 11 spacecraft. The furthest any of these have
traveled to date is around 100 AU.
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If we have only traveled this far away from Earth, how much further do we need
to go to the nearest star? Alpha Centauri is 4.3 light years away. That is, it takes
light (the fastest thing in the universe) over 4 years to travel the distance of 40,000
billion km, or 272,000 AU. Our home galaxy, the Milky Way, contains several
hundred billion stars spread over 100,000 light years. We have a long way to go
before we can truly be considered a spacefaring civilization. We have merely
dipped our toes into the vast ocean of space, been frightened by the temperature
and not had the courage to dive in far enough. This is the ‘failure of nerve’ that
Arthur C. Clarke frequently discussed in his writing. This lack of confidence in our
species to go further despite the risks is like a ball and chain around our species,
constantly tethering our species to a single star and its neighboring worlds. We must
find the courage to shake off the chains of our home world and seek new resources
elsewhere. This is the only way to ensure the permanent survival of our species.

When we examine Low Earth Orbit (LEO) space operations or robotic missions
to the planets today, we also notice a large degree of international cooperation. Is
this a model for how the first missions to the stars will one day be achieved?
Sending spacecraft to other worlds is likely to be expensive, with high risk, so
minimizing these factors necessitates international cooperation. This endeavor also
has the potential to unite humanity behind a single vision despite its diverse
religions, cultures, and laws. In order to make more progress in exploring outer
space, we will need a rocket engine — a very powerful one — which is part of the
focus of this book. The first steps towards this vision of becoming a spacefaring
civilization are the complete robotic exploration of the Solar System and nearby
space. This has already started and with sustained effort should continue further
within the current century. We can imagine the sight, a large space vehicle being
constructed in Earth orbit over a period of years and eventually a crew of a dozen or
more astronauts blasting off towards the first stars on a rocket ship powered by
some exotic engine, perhaps already invented. Many today believe that interstellar
travel is impossible, but it will be shown throughout the chapters of this book that in
fact it is perfectly possible and engineering designs already exists for achieving this
goal (Fig. 2.1).

2.4 Why We Shouldn’t Go Out into Space

Why would anyone want to go into space, let alone to another planetary system?
Over a period of billions of years, humans have evolved on this planet to the
complex life forms that we are. We have a wonderful biosphere that has been
perfected by nature for us as well as the rest of the animal kingdom on Earth. We
have a planetary environment rich in plant life, plentiful in oceans of liquid water
and overall a moderate climate, all enabled by our gravitational center — the Sun.
Any move to another solar system will involve significant hazards, and even when
we get there it is highly unlikely that the biosphere of another world will be ideal for
us. Firstly, the surface pressure is likely to be either too high or too low, which
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Fig. 2.1 Tllustration of a planetary rocket scene, the vision of dreams for centuries
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means we cannot breathe the air freely but will require some form of respiratory
apparatus. Secondly, the surface temperature will be either too cold or too hot. If too
hot any equipment may malfunction. If too low, then we may simply freeze to
death. Then there are the charged particles that enter the atmosphere from the local
solar wind. On Earth, we are protected by a magnetic field. On another planet, it
may be insufficiently strong or non-existent, should a liquid iron core not be
present. We would require substantial protection from any cosmic radiation.

The atmosphere of another planet may not be compatible with our basic survival
requirements of oxygen, carbon dioxide and nitrogen. In all likelihood, any
astronauts stepping foot onto this new world will need some form of space suit to
enable them to function. Many of these risks can be mitigated by understanding in
advance the many worlds and moons of our own Solar System. Then there is the
journey itself to get to this new world. This will involve traveling across vast
distances of space, not depending on any rescue parties and avoiding asteroids
or dust particles as they approach with large kinetic energies. Even a single particle
can present a significant collision risk if the vehicle is traveling at high speed.
This is due to the fact that kinetic energy is proportional to the velocity squared,
so the faster the ship or particle is going, the higher the collision energy involved.
There is also the risk from bombardment of cosmic rays en route, which may
cause cancer. If an artificial gravity field is not created then astronauts should
expect significant calcium loss and bone decay. So given that there are these
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significant risks, why go? To undertake such a high-risk enterprise and place
humans in harm’s way, the potential rewards would have to be very high indeed.

There are many educated people who take the view that traveling to the stars is
either impossible, a useless expenditure of our energies or both. In particular, they
cite many reasons why interstellar travel should not be attempted. The first objec-
tion is an obvious one, the stars are too far away and any travel times will be
prohibitively long. They also cite massive fuel requirements. Then there is the risk
and difficulties with sustaining any crew in space for long periods, as discussed
above. One way to offset the presented objections is to launch a mission with
minimum mission duration. This would mitigate the risk to any crew and reduce the
probability of dust or other impact hazards as well as radiation exposure. The key
driver then for any mission has to be, minimize travel time.

Many people also take the viewpoint that sending missions to distant
destinations is a waste of our useful resources, both scientific and financial, when
we should be concentrating on solving the problems back here on Earth — that is,
problems such as poverty, war, unemployment, education, health and of course
surviving global climate change. The cost of such a mission is considered to be a
major factor.

There are two further objections to interstellar travel, which are more technical.
The first relates to the fact that technology is continually improving, and so why
launch a mission with an engine, when it could be overtaken by a more advanced
engine in a later decade. This is the so-called incessant obsolescence postulate,
when no matter when a mission is launched eventually another mission will
overtake it with faster engines. This postulate may not hold however in the case
of identifying an optimum launch opportunity, where launching a mission several
years later with faster engines may not get the second spacecraft there sooner than
the first. There is also the question of waiting for the technology to come to fruition.
This has been discussed in the literature and the author Andrew Kennedy [3]
described the problem in terms of the incentive trap to progress. In such a situation
a civilization may delay interstellar exploration in the hope that an improved
technology, perhaps based on radically new insights, will be ready later on.
Kennedy describes the problem thus:

It is clear that if the time to wait for the development of faster means of travel is far greater
than the length of the journey, then the voyagers should go ahead and make the journey.
But if the likely future travel time plus the length of wait is equal or less than the current
journey time then they should definitely wait.

However, using the equations associated with growth theory, it was shown that a
window of opportunity exists where the negative incentive to progress does turn
positive and so a spacecraft can arrive at the destination earlier than a later launch.
Leaving before the minimum time allows future growth to overtake the voyagers;
leaving after the minimum time will mean the voyagers cannot catch up to those
who left at the minimum. Similarly, in the event of a propulsion physics break-
through that does not rely on the conventional methods of crossing space, this
postulate would become irrelevant. This relates to the time dilation effect of
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Einstein’s special relativity, where any crew that accelerates at high fractions
of light speed away from home will become time separated from the loved ones
they leave behind. Poul Anderson elegantly explored this in the science fiction
novel Tau Zero.

2.5 Why We Should Go Out into Space

Now that we have discussed some of the objections to interstellar travel, we shall
consider the arguments for it. If a calamitous disaster were to occur tomorrow, such
as a sufficiently large asteroid, we would be doomed as a species. We have
insufficient protection and nowhere else to go. The situation is so serious that
we may not even notice the impending threat until it is too late. There is currently
no internationally organized, government-supported program to watch the skies for
this threat. In effect, Earth is naked in space and the priority of any technologically
developed civilization must be to protect it from the hostile elements of space, if we
are to expect Earth to continue to look after us. This is not science fiction: the threat
is real and we simply have two choices — defend ourselves or run. However,
we cannot run because we are not a spacefaring civilization, although our chances
for survival would be increased if we had somewhere to go. Therefore all we can do
is to defend ourselves where possible.

For some reason, the existence of this threat is controversial in some quarters and
still being actively debated, with many not taking the threat seriously, despite being
shown evidence of a recent impact of the comet Shoemaker-Levy 9 in 1994 into the
atmosphere of Jupiter at a speed of around 60 km/s. A similar event occurred in
2009. There are also internal risks such as natural catastrophes from earthquakes
and tsunamis or even rapid global climate change. Then there is the fact that both
our Sun and planet have a finite age of around 5 billion years. If our existence is to
be permanent, at some point we must grow up and leave this Solar System, finding
alternative homes among the stars. Natural disasters originating on Earth and from
space do threaten the stable existence of our cherished human civilization, and such
threats should be taken as real and present dangers.

The direct impact of successful space missions has a positive effect on society
that is difficult to calculate and long lasting. We are still reaping the benefits of the
Apollo program today. However, one of the issues we currently face is that most of
the tremendous achievements in spaceflight were accomplished in the 1960s and
1970s. The people involved in those programs are getting older, and we may find
ourselves in a position where no one living has worked on manned lunar projects,
for example. If this were to occur, we could have a failure of confidence or even a
failure of capability. This is the reason why we must continue to build upon
the achievements of the past in the old tradition of an apprentice. If we do not,
we face the prospects of returning ourselves to the Dark Ages and taking centuries
to catch back up with ourselves. Hence, bringing all this together we are led to
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our first of seven motivations for space travel which has to be continued survival.
The philosopher and writer Olaf Stapledon understood this well:

Is it credible that our world should have two futures? I have seen them. Two entirely distinct
futures lie before mankind, one dark, one bright; one the defeat of all man’s hopes,
the betrayal of all his ideals, the other their hard-won triumph.

The second motivation for space travel is related to a balance of resources. There
is a limited amount of material on the planet and an exponentially increasing
population cannot be sustained indefinitely within those limits. It is simply a
question of numbers. To sustain the population growth, resources must be found
and better distributed, but once depleted the population must be curtailed or move
on. Imagine a hypothetical lift with a maximum capacity of 30 people. Let’s assume
that each person is a clone and to begin with there are 2 people in the lift. Each clone
produces 2 more clones so that there is a clear geometrical progression in the total
population. By the second generation there are 6 clones in the room. By the third
generation there are 14 clones, and by the fourth generation there are 30 clones.
The maximum capacity of the lift has been reached. Now let us go back and assume
that by the second generation half of the total population leaves the lift and goes into
a different lift, so that there are now only 3 clones per lift. Carrying on the same
geometrical progression by the third generation there will be 7 clones per lift and by
the fourth generation 15 clones per lift — half the total capacity of the original setup.

Now, with planet Earth’s human population it’s a bit different, because we are
talking in very large numbers, of order 6 billion people growing at a population
increase of around 2% per year. With the limited resources of the planet this growth
is not permanently sustainable. Indeed, when the population does eventually hit the
resource limit this could result in a very unstable world as nations compete for what
resources remain to sustain their national populations and economic prosperity.

Now let us pretend that we had built a gigantic housing complex on the Moon.
It is not simply a question of just shipping that population off on many thousands of
rockets to the new homes. A simple calculation shows that this is impractical. If a
rocket were to ship off from Earth carrying 100 people every day of the year for
10 years, this would still only be a total population move of 365,000 people. If this
were continued for a century, it would still be much less than 1% of the total
population, which was continually increasing anyway. So hoping to ship vast
quantities of the population off to other worlds is not the solution to population
control. Instead, we must seek alternative mechanisms to ensure a continuing and
successful civilization. The first is population growth control. This necessitates
extreme and draconian measures such as limiting childbirth or even longevity —
clearly not desirable options in any culture that values liberty. The second mecha-
nism is expansion of the population outwards off Earth, so that the population can
grow on other worlds and out beyond the Solar System not limited to the resources
of one planet.

The third motivation for interstellar travel is creating new economic
opportunities, although more directly relevant to interplanetary exploration. For a
growing and healthy civilization the creation of new business opportunities is vital
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to the economic growth of a nation and the world, as well as important for the
growth of technological innovation. There are several potential business markets
associated with space exploration, from space tourism to the mining of rare
resources off world. This could be iron ore from an asteroid or helium-3 from
the Moon. This will also slowly bring to fruition a Solar System-wide infrastructure
that could be vital to the eventual expansion of our species to the outer Solar System
and beyond.

The fourth motivation for interstellar travel is the quest for knowledge. This
can be knowledge in the scientific sense, such as geological or astronomical.
Alternatively, it may be related to understanding our place in the grand scheme of
the universe, a kind of spiritual or metaphysical knowledge. How can anyone seeing
an image like that of the Sombrero Galaxy shown in Plate 1 not be moved by the
immensity of space? This may be a necessary part of any religious faith that needs
to continually re-invent itself in order to offer comfort, guidance and relevance to
its members.

Arthur C. Clarke said: [4] “Any sufficiently advanced technology is indistin-
guishable from magic.” Certainly, if humans were to travel back in time and
showed Victorian England a laptop computer or a 3D computer game, they
would think it was magic. Indeed, it could be argued that this is ultimately the
test of any advanced civilization. If a comparison is made of the current technology
to a previous era, and there are no products that can be presented as magic, then
technological progress is too slow. There is no evidence that we on Earth are
reaching that point currently. The last 100 years has seen astonishing advancements
in technology, and there are many visionary ideas around today that may become
reality tomorrow. However, eventually we may reach a point where the limit of our
knowledge dries up, and the only way to replenish it is to go to other places in the
universe to learn more about it. Knowledge also brings about other benefits, such as
medicines to cure diseases or technologies to ease the burden on our hard existence
and increase our overall quality of life. Seeking knowledge about ourselves and our
environment is also a fundamental part of our makeup. Speculating further one may
go as far as to say that curiosity itself may even be a reflection of a survival instinct.

The fifth motivation for interstellar travel is the spreading of life. Given that
there are around 400 billion stars in our galaxy and around 100 billion galaxies
observed in the universe, the probability that Earth is the only world with life is very
small. Any conservative estimates for parameters such as the lifetime of planets and
stars will still lead to a substantial number of possible worlds with life. However,
we also have to consider the evidence, and to date with our limited knowledge of
space we are not aware of any substantive evidence of life (let alone intelligent life)
existing outside of our home planet. If this was the case, then the responsibility of us
to spread our life seed to the rest of the universe is very great. Indeed, there can be
no nobler cause for the purpose of humanity. Of course, it is most probable that
there are many worlds out there with life. Several moons in our own Solar System
are good candidates for life of some form and there is evidence that life may once
have existed on Mars, as discussed in Chap. 7.
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However, intelligent life is another issue altogether and could even be
considered a reason to embark on such missions itself — to trade knowledge with
another species. If we were to meet such intelligent life then this would have
profound implications for humanity and our knowledge of biology and medicine.
Meeting intelligent beings from another world will also challenge humanity
socially. We have already shown throughout history that we struggle to overcome
our racial and cultural tensions, although things are slowly improving. If we as a
species react so poorly to someone of a different skin color, how would we react to
someone who looked literally alien or even had social values and ethics vastly
different from ours? The occasional incident of physical birth defects in a human
and how that person is treated by the rest of society also demonstrates that even
today we still have deep prejudice and fears that suggest we are not yet ready to
meet our interstellar neighbors. We must first become a society where appearance is
not a factor for determining social ranking and behaviors.

The sixth motivation for interstellar travel is the freedom factor. The develop-
ment of human beings to their modern form has been a slow process. Homo sapiens
have evolved from hominids (great apes) and in turn from placental mammals over
a period of several million years. The oldest discovered human skeleton is around
4 million years old. As humans have developed we have learned to adapt ourselves
to the hostile world around us. The application of technology has then enabled us to
exploit that world to our advantage. It started with our technological use of stone in
the so-called ‘Stone Age.” We then progressed into the ‘Bronze Age’ and eventu-
ally into the ‘Iron Age.’ This technological progression has given us unparalleled
power on Earth to control all other life, derived from our intelligence, and helping
to place us firmly at the top of the food chain. But as Clarke clearly explains we
should not be complacent: [5]

Most of this planet’s life remains to this day trapped in a meaningless cycle of birth and
death. Only the creatures who dared to move from the sea to the hostile, alien land were
able to develop intelligence. Now that this intelligence is about to face a still greater
challenge, it may be that this beautiful Earth of ours is no more than a brief resting place
between the sea of salt and the sea of stars. Now we must venture forth.

We are now in a different age, having exploited all metals heavier than iron and
those lighter such as aluminum. Do we call this the ‘Metal Age’? Or is it the ability
of our species to develop a language and record our history by written records that
characterize us. This has led to what we may call the ‘Information Age,” dominated
today by computing technology that is largely based on silicon materials. The
development of computers has allowed us to calculate very large sums, with direct
application to space travel. However if one reviews the eras of human history,
a clear trend emerges: humankind develops technology as a means to dominate the
environment to aid in survival. But what happens when we reach the peak of what
we can develop within the confines of this planet and its natural resources? This is a
difficult question to answer, but one way to avoid this situation is to not reach this
point. Hence, in order for us to continue to develop technology we must expand
in all degrees of freedom possible. Hence we are led to an interesting question:
What is meant by freedom?
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We tend to think of freedom as flexibility to move in any particular direction,
freedom to go left or right, for example. But there are other types of freedom; such
as to go where you want and when you want. This includes a temporal component to
freedom. There is also financial freedom to purchase what one requires, political or
religious freedom to hold certain views. Speculating, we could postulate that
freedom is a manifestation of built-in (evolved) human desires to dominate the
environment wherever possible, in order to survive. This partly explains why we
explore all environments on our planet, be it sea, air, land or beneath Earth itself.
This is a continuing quest, and there is still much to explore, and so what about
space? Humankind is fascinated by the endless possibilities of space, the infinity of
stars in all directions. We want to go there and our desire to do so may be an
expression of our continued freedom.

Today, a select few elite individual governments dominate space travel.
All space operations are run from large government organizations, which heavily
regulate the activities of private industry. It is not easy today for a private individual
to independently raise the capital, build a rocket and launch themselves to the
Moon. This will firstly be very difficult to achieve due to the structure of our
society. Secondly, some governments may not allow the individuals to fly in the
fear that they may perish in the attempt. They may have the intellectual skills to
build the rocket, and courage to attempt the journey, but they won’t be allowed to
fly (incidentally this situation is now being directly challenged by the emergence
of the space tourism market). This is a form of constrained freedom. They are
prevented from directly expressing their evolutionary desires. These desires
are what conquered the American frontier, to explore the boundaries of known
reality, to know what is over the other side and exploit the resources for self-
benefit and hopefully for the benefit of those around you.

The U.S. Declaration of Independence contains the inalienable rights of man,
namely life, liberty and the pursuit of happiness. There are many people not just in
the United States but also throughout the world who desire space travel but are
prevented from doing so, largely due to cost. This is a constraint on their individual
freedom, their liberty and their right to pursue self-happiness for the benefit of all
humankind. Space travel must be opened up to the world at large and humanity
allowed to continue to explore the cosmos. In his autobiography Disturbing the
Universe physicist Freeman Dyson says: [6]

Space travel must become cheap before it could have a liberating influence upon human
affairs. So long as it costs hundreds of millions of dollars to send three men to the Moon,
space travel will be a luxury that only big governments can afford. And high costs make it
almost impossible to innovate, to modify the propulsion system, or to adapt it to a variety of
purposes.

This is absolutely right, and this must change if we are to become a spacefaring
civilization. It is worth adding that the recent X-Prize competition developments
and the successful flight of SpaceShipOne illustrate that opportunities for space
travel are expanding to the general public.

Other than the rights of individuals to pursue their chosen happiness, the situa-
tion could actually be made worse if an oppressive government dominated the
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world and prevented space travel in its entirety [7]. This could be due to a cultural
belief that such exploration is either immoral or not the best choice of funds, which
could be directed to less nobler pursuits. Alternatively, such oppression could
actually stimulate space exploration as civilized humans attempt to find a safer
place to exist. In the circumstances that an oppressive government had reach
throughout the entire Solar System, then the only route of escape for the human
colony would be towards more distant locations — planets around other stars. Global
war could also force people to seek other places to inhabit, not confident that
governments have the capability to ensure their continued safety.

Finally, there is a possible seventh reason for interstellar travel that is very
profound if true but also highly speculative. It relates to an unconscious reaction to
return to the stars. We already know that the atoms that make up our body derive from
the fusion cores of stars and indeed this is true of everything around us. All matter on
Earth is made up of atoms that were built within the core of a star. It is quite possible
that there is a mechanism in our build up that is driving us into space, a ‘starstuff
driver’ — a concept closely related to evolution. This is an idea similar to ‘why do
birds sing?” and it is plausible that the answer is hidden within our genes. Others have
discussed this idea, such as the physicist Greg Matloff, who states: [8]

In one of his books, the late Carl Sagan states that we are all ‘starstuff,” since the atoms that

compose us were mostly generated in the explosive demise of a super giant star. To take the

poetic analogy further, it is interesting to note that interstellar flight requires us to either
behave like a star or fly very close to one. So starstuff can use the stars to visit them.

Many a species of bird will return to its original nesting site from which it was
born to begin its own generation, and then they too will feel compelled to do the
same. It is a possibility, although highly speculative, that in our quest to understand
ourselves better, the intelligence level of humans has led to an unconscious desire
to return to the source from which we are fundamentally derived — the stars
themselves.

To summarize, we have identified seven key motivations for interstellar space
travel: continued survival; balance of resources; economic opportunities; quest for
knowledge; spreading of life; freedom factor; and starstuff driver. Many other
motivations can be thought of, but ultimately, they can be reduced to a subset of
seven reasons. Sending human beings to worlds around other stars is the ultimate
expression of a noble civilization that wishes to know more about itself and the
apparent reality that it inhabits throughout its physical existence — called by us
the universe.

Finally, in this section it is worthwhile quoting Arthur C. Clarke from his book
Profiles of the Future to show clearly where his opinion was on the so-called
impossibility of interstellar travel:

Many conservative scientists appalled by these cosmic gulfs have denied that they can ever
be crossed. . .And again they will be wrong, for they have failed to grasp the lesson of our
age — that if something is possible in theory, and no fundamental scientific laws oppose its
realization, then sooner or later it will be achieved.

The idea of humankind going to the stars, of being a spacefaring civilization,
is what can be termed Clarke’s Vision, although many others have shared in the
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origin of this idea. To this author’s mind this vision is an optimistic future, which
fully embraces technological progress for the use of a compassionate and forward
looking society in search of like-minded races. Those today who pursue that vision
with the same passion are in essence children of Clarke, ambassadors of a great
dream that humanity’s destiny lies not just here on Earth but also on another Earth
orbiting another star. To encourage others in successive generations to steer our
civilization towards that goal is the greatest legacy Clarke and his literature left
behind.

2.6 Practice Exercises

2.1. Make your own list of reasons why space exploration should be continued,
listing both the benefits and the costs to society. List the main scientific
discoveries that could be made with the sending of only robotic probes
throughout our Solar System. Think of the economic, political and cultural
implications to our species of a world determined to explore space. What
effects would this have on our society?

2.2. Think about the infrastructure requirements for a Solar System-wide economy
that includes regular manned space missions out as far as Pluto. Describe this
future, the heavy industry background as well as the transport requirements for
Earth to orbit and from orbit to the planets. Using your derived model
extrapolate from current technology to the future you have envisioned and
estimate a time period for when you think the first unmanned and manned
interstellar missions would occur.

2.3. Using the future you have described in the last problem think about how we go
from our current technological-political world to that future. What key tech-
nological, social, political and economic steps are required to make that future
happen? Describe your own roadmap.
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Chapter 3
Fundamental Limitations to Achieving
Interstellar Flight

From an economic point of view, the navigation of interplanetary
space must be effected to insure the continuance of the race; and if
we feel that evolution has, through the ages, reached its highest point
in man, the continuance of life and progress must be the highest end
and aim of humanity, and its cessation the greatest possible calamity.

Robert H. Goddard

3.1 Introduction

Many have argued that even if you could build a probe to travel to the nearby star
systems, it would take so long and require so much energy that this would be an
obstacle for going in the first place. In this chapter we address this question head on
and consider what the velocity and energy requirements are for sending a robotic
probe across the vastness of space. This analysis is necessary so that we may
understand the challenge of interstellar flight and how it measures up technically
compared to an interplanetary mission. Before a spacecraft can embark on such a
journey however, it first must reach Low Earth Orbit.

3.2 How Much Speed Is Required to Reach the Stars?

In recent decades, we have witnessed the achievement of the successful lunar
landings, launched using technology similar to that developed for the German V2
rocket (and by the same scientists). We have watched the gradual construction
of orbital platforms such as the Russian Mir Space Station and the International
Space Station (ISS). Space-based telescopes and satellite communication has
been enabled; we live in a telecommunications age. For years, many of these
achievements have been driven and owned by national governments. But this is
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now all changing, and the challenge of the new century is the conquering of space
by the private industrialist; economic returns await those who try. The X-Prize
competition is a leading example where the space tourism market is now
opening up. There is every reason to be positive about the coming decades and
optimism regarding the eventual colonization of the Moon, Mars and asteroids by
humankind in the decades ahead. All such missions depend mainly upon chemical
propulsion technology, so we need only build upon the achievements of the past.

Before we consider the requirements for achieving interstellar flight, let us
understand what is required just to get into space. This is necessary so as to
understand the context upon which such a mission is to be attempted as well as
to develop some fundamental theory. First, we must achieve Earth orbit and escape
from the bounds of its gravitational influence. We must consider what velocities
are required in order for a vehicle to merely escape from the gravitational field of
Earth. This can be simply estimated by equating the equation for centripetal force
and the equation for gravitational force, which depend on the central mass M,
orbiting mass m, orbital radius r, velocity of rotation v and the gravitation physics
constant G. This gives the following:

mv? _ GMm

= 3.1
r r? G-
If we rearrange (3.1) we obtain a relation which describes the required velocity
to reach circular orbital velocity:

Veire = @ 3.2)
r

On Earth a rocket must accelerate to a velocity of 7.9 km/s (26,000 ft/s) in order
to achieve circular orbit. Similarly, to fully escape from Earth’s orbit, a rocket must
accelerate to a velocity of 11.2 km/s (36,700 ft/s), which is V2 x circular velocity.
This is the equivalent of the kinetic energy attained at burnout, which is equal to or
greater than the potential energy. Equating the kinetic and potential energies one

easily finds the relation:

mv? - GMm

2 r

(3.3)

Then re-arranging for the velocity we obtain the following what is equivalent to
the escape velocity:

e = 1/ 2CM) (3.4)

r

Table 3.1 shows the orbital and escape velocity required for the different
planetary bodies in the Solar System. Clearly, the more massive an object the larger



3.2 How Much Speed Is Required to Reach the Stars? 29

Table 3.1 Properties for various Solar System bodies that show the circular orbital velocity v ;.
and escape velocity v, for a satellite of mass m in orbital around a larger mass M

Object Mass (Earth = 1) Mass (kg) Equatorial radius (km) v (km/s) v.s (km/s)

Sun 3.3 x 10° 1.989 x 10 6.959 x 10° 437 618

Mercury  0.055 3302 x 102 2,439 3 43
Venus 0.815 4.869 x 10** 6,052 73 10.4
Earth 1.0 5.974 x 10** 6,378 7.9 11.2
Moon 0.012 7.348 x 102 1,738 1.7 2.4
Mars 0.107 6.419 x 102 3,397 3.6 5

Jupiter  317.83 1.899 x 10%7 71,492 42.1 59.5
Saturn 95.16 5.685 x 10*® 60,268 25.1 35.5
Uranus 14.5 8.662 x 10* 25,559 15.0 21.3
Neptune ~ 17.204 1.028 x 10%° 24,764 16.6 23.5
Pluto 0.002 1.3 x 10% 1,150 0.87 1.3

the escape velocity required. Hence to escape Earth requires a velocity of 11.2 km/s,
but to escape the gravitational influence of the Sun the spacecraft must exceed a
whopping 618 km/s, although in the reference frame of Earth this is reduced to
around 42.1 km/s due to the fact that Earth is already in motion around the Sun at an
enormous velocity. So this is realistically what any spacecraft launched from Earth
must overcome. It is also worthwhile noting at this point that the escape velocity of
the planet Mars is substantially less than that of Earth. Any permanent settlement on
Mars may therefore be a better launching post for future missions to the outer planets.

For any object (artificial or natural satellite) in orbit about another (larger)
gravitational mass, the motion will be governed by three fundamental laws.
These were first described by the seventeenth century German astronomer Johannes
Kepler. These are thus named Kepler’s laws of planetary motion and are as follows:

1. A satellite describes an elliptical path around its center of attraction.

2. In equal times, the areas swept out by the radius vector of a satellite are the same.

3. The period of a satellite orbit is proportional to the cube of the semi-major axis
where the semi-major axis is the length of longest diameter in an ellipse. This is
described mathematically by the following equation, where a is the semi-major
axis of the object being orbited and ¢ is the orbital period:

, _An
= o (3.5)

The first law is contrary to the popular belief that planetary orbits are circles with
the Sun at the center. This is not the case; planets will describe elliptical orbits with
the Sun at one of two foci of an ellipse. This is the same for any satellite and means
that the object in orbit will have a point of closest approach and one of furthest
approach. For the Sun—Earth system these are called the perigee and apogee. The
second law essentially says that when the object is near to the closest point of its
gravitational center of attraction it will move faster. The third law simply states that
for objects further away from the Sun, they will take longer to complete one orbit.
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For example, Pluto is around 40 times the distance of Earth from the Sun and takes
around 240 years to go around it. These laws are fundamental to any consideration
of satellite or spacecraft orbits around any central mass. Even an interstellar
probe decelerating into a distant planetary system must take account of these
laws — otherwise known as celestial mechanics.

When World War II came to an end, Arthur C. Clarke didn’t waste any time in
making his vision come true. In October 1945 he published an article in an obscure
magazine called Wireless World [1]. This article is considered to be the first
technical paper describing the geostationary satellite. The dynamics of a geosta-
tionary satellite can easily be demonstrated by considering the centripetal accelera-
tion a, of an object in orbit around Earth with radius R and height above Earth’s
surface h as described by:

%
n = 3.6
“TR+h (3:0)
The acceleration of any object under gravity is given by:
GM
a4y =22 37
(R+h)

If we balance these two equations and rearrange for the velocity we get a variant
on (3.2):

GM 1/2
Veire = <m) (3.8)

The angular velocity v describes the motion of an object about a central point.
This can be defined as a function of angular frequency w as follows:

v=0oR+h) (3.9

Combining this with (3.8) we then obtain the angular frequency:

(GM)'/?
-9 3.10
@ (R + h)*? G10

The mass of Earth is around 6 x 10** kg and the radius 6.4 x 10° m with an
angular frequency of around 7.3 x 107> s~'. We also need the Gravitational
constant, which is 6.7 x 107! Nm? kg_z. If we rearrange (3.10) we find the
expression for the height of a satellite above Earth’s surface to be:

Gm)"3

h = w23

— R ~ 35,800 km 3.11)
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This is the height of a geostationary satellite, which stays in a fixed position
relative to Earth. Clarke estimated that only three such satellites would be required
separated by 90° to maintain continuing global coverage of Earth.

Once a spacecraft can use the Hohmann transfer orbit. This basically involves
moving the spacecraft from one lower circular orbit to another higher orbit by
firing the engines in two pulses to produce velocity changes. The spacecraft
then completes half an ellipse during the maneuver to enter into the higher orbit.
The engine is fired in the direction opposite to that which the spacecraft wishes
to go. To do the opposite would result in the spacecraft orbit dropping to a lower
one. The application of a Hohmann transfer is also useful in planning deep space
missions where velocity from the gravitational field of planetary objects can be
added to the spacecrafts velocity. Similarly, adding velocity to the planetary body
and subtracting it from the spacecraft can slow a spacecraft down. When the
spacecraft decelerates and slows down into the planetary orbit, it’s said to be
captured, and this process is a gravitational slingshot — one method of adding
velocity to a spacecraft in order to send it on a deep space trajectory. Essentially
any spacecraft performing a slingshot maneuver with a planetary object will
be exchanging momentum with that object. If a probe gathers momentum
as it passes Jupiter for example, then Jupiter has lost some of its momentum, and
vice versa.

Once a spacecraft achieves orbital velocity, it may then need to change its orbit,
such as to dock with a space station or satellite. To go further however, to explore
other worlds and new frontiers is an entirely different problem. No surprise then
when we find out that it comes down to one big issue: propulsion. To attain
maximum velocity any rocket engine must either burn at high thrust (high acceler-
ation) for a short period or burn at low thrust (low acceleration) for a long period
until a high cruise velocity is reached. However, any engine that has high thrust for
a short period will also experience high temperatures, which is the fundamental
constraint on any thrust produced, due to the melting properties of materials.
Similarly, any engine that has thrust for a long period will require substantial
power to continuously deliver the thrust. So we arrive at the two limiting factors
to any propulsion technology: temperature and power.

The other relevant factor is mass; any material that is launched into Earth orbit
will cost typically around $50,000/kg. The reason a launch vehicle requires so much
cost/mass to get into orbit is because Earth’s gravity is trying to pull everything
back down. Then once in space and heading off on a predefined trajectory, any
spacecraft will also encounter the gravitational fields of other planets in the Solar
System and this will involve trajectory maneuvers, which also require fuel.
In principle, the lighter the vehicle, the easier and cheaper this will be. However,
in order to keep the vehicle light one must minimize fuel mass. But then if one has
minimal fuel mass, this limits the maximum velocity and therefore distance attained
for a given fuel. When applying these considerations about long-term deep space
missions, we are really presented with four possible mission solutions as shown
in Table 3.2.
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Table 3.2 Speed-duration routes for space missions

Method Description

Standard route To cover a large distance in space the engine must carry lots of fuel,
which means more total mass (structural + propellant).

Efficient route Alternatively, the engine may carry a more efficient fuel to minimize
mass for the same journey.

Rapid-efficient route To cover the same distance in a quicker time, the engine must not only

carry a more efficient fuel, but also achieve a higher exhaust velocity

early on (which implies high thrust) for the acceleration phase.
Gradual-quick route To cover the same distance in a quicker time, the engine carries

a more efficient fuel, but achieves a higher exhaust velocity

gradually over time (implies low thrust but gradual velocity

increase) for the acceleration phase.

This simple analysis can be seen by considering the definition of velocity v, and
distance S moved in a given direction and by the duration or time ¢ as defined by
simple linear theory:

S=wt (3.12)

For a specific mission, the distance is fixed (neglecting variations on the trajec-
tory for now) so the only parameters that are variable are the velocity and time taken
over the journey. An increased velocity will result in short mission durations.

Supposing we have the technology available, how fast do we need to go?
For simplicity, we can consider the speed requirements for a linear distance profile
to an effective Alpha Centauri distance of 4.3 ly or 272,000 AU, where a
1 light year = 9.46 x 10" m = 63,240 AU and an astronomical unit (AU) is the
distance between Earth and the Sun, where 1 AU = 1.496 x 10'! m. We ignore
the fact that Alpha Centauri is out of the ecliptic plane. We also ignore acceleration
requirements. Table 3.3 shows typical journey times to reach this distance for given
constant velocities. The data clearly shows that to reach the nearest star in a time
frame of order a century or less, a vehicle must travel at a cruise velocity of
>10,000 km/s, which equates to >3% of light speed. We note that for mission
durations of ~50 years the spacecraft must reach ~1/10 of light speed and for
mission durations of ~ a century or so the spacecraft must reach ~1/100 of light
speed. For much faster missions of order ~ a decade or so, the vehicle must reach
a speed of order 1/3 of light speed.

To put these speed requirements into perspective, we can compare this to the
fastest spacecraft that we have so far sent out into deep space. These are the Pioneer
and Voyager spacecraft. Pioneer 10 was launched in March 1972 and is currently
traveling at around 13 km/s or 2.6 AU/year. Pioneer 11 was launched in April 1973
and is currently traveling at ~12 km/s or around 2.4 AU/year. Voyager 1 was
launched in August 1977 and Voyager 2 in September 1977 and both are traveling
at around 17 km/s or 3.6 AU/year. In January 2006 NASA also launched the
New Horizons mission, which will visit Pluto and move on to the Kuiper Belt.
It is currently traveling at around 18 km/s or 3.8 AU/year. To reach Alpha Centauri
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Table 3.3 Linear velo.city Velocity (km/s) % Light speed Time to effective a-(cent)
scale to Alpha Centauri

(neglecting relativistic 1 0.0003 1.3 million years

effects) 10 0.003 130,000 years
100 0.03 13,000 years
1,000 0.3 1300 years
10,000 3 130 years
25,000 8 50 years
100,000 33 13 years
200,000 66 6 years
300,000 = ¢ 100 4 years

we must cross a vast distance of 272,000 AU. At current speeds, most of these
spacecraft would reach there nearest line of sight star in many tens of thousands
of years.

If a spacecraft could attain a sufficient cruise velocity to reach the nearest star,
Alpha Centauri, within a reasonable timeframe, what sort of mission options would
there be? Designers can play around with various mission profiles by varying the
parameters of acceleration, velocity and mission duration, which is measured by the
time for data return to Earth (mission duration to destination +4.3 years for signal
transmission at speed ¢). We can continue to assume simple linear mission analysis
by using equations of motion which as well as the terms described above includes
the initial velocity u, constant acceleration a and final velocity v as follows:

v =u+at = atg_gy (3.13)

V2 = u® +2aS = 248, (3.14)
1 1,

s = ut+at’ = Sat ) (3.15)

This is a crude analysis but is a good starting point to begin considering
the requirements to an Alpha Centauri distance of 4.3 light years. In particular,
most space missions will involve large parabolic trajectories and several phases
of acceleration and deceleration by using gravitational slingshots. A parabolic
trajectory is an escape orbit with an eccentricity equal to unity. The eccentricity
is the amount by which the orbit deviates from a perfect circle, defined with an
eccentricity equal to zero. An elliptical orbit would have an eccentricity less than
unity. For a changing acceleration one must turn to the use of calculus equations
of motion, which we do not cover in this text.

Also, there are very few astronomical targets that lay in the ecliptic plane of the
Solar System. But for our simple analysis, we can ignore gravitational slingshots
and deviations from the ecliptic plane. We can also ignore a deceleration phase
for the analysis and assume a flyby-only trajectory. We can assume constant
acceleration for an initial period of time. Table 3.4 shows the results of several
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Table 3.4 Linear mission
analysis to effective
a-Centauri

Minimum data return
Acceleration phase Cruise phase from effective a-(cent)

0.01 g for 1 year ~ 0.01c for 430 years ~436 years
0.01 g for 5 years  0.05c for 84 years ~94 years
0.01 g for 10 years O.lc for 42 years  ~57 years
0.1 g for 1 year 0.1c for 42 years ~ ~48 years

0.1 g for 5 years  0.5c for 8 years ~18 years
0.5 g for 1 year 0.5¢c for 8 years ~14 years
1 g for 1 year ~1c for 4 years ~10 years

hypothetical mission profiles. For comparison, the Daedalus Project (see Chap. 11)
had a mission profile that involved two acceleration phases, the first at 0.03 g
to 0.071c followed by 0.01 g up to a cruise speed of 0.12c to get to Barnard’s
Star 5.9 ly away in around 46 years.

One is quickly led to some simple conclusions about practical requirements for
acceleration (0.01-1 g), mission velocity (0.1-0.5¢) and mission duration (10-100
years). The lower limit on the acceleration will result in prolonged duration
missions, and acceleration >1 g (e.g. 10 g) would both (a) not impact the mission
duration due to the speed of light limit and (b) give rise to uncomfortable
accelerations for any crew on board for a manned mission. Also, mission durations
of a century of more would be outside the working lifetime of a designer or any
crew (which may not be desirable) as well as place stringent environmental
pressures on the technology. An ideal mission profile would be one that employed
0.1 g acceleration for a few years up to 0.3c resulting in total mission duration of
~50 years. Conventional thinking about future interstellar missions is that they are
likely to be one of two types:

e Type I: A short ~50-year mission using high exhaust velocity engines to
accelerate to a moderate fraction of the speed of light, 0.1-0.3c, completing
the mission within the lifetime of designers.

» Type II: A long ~100-1,000 year mission using low exhaust velocity engines,
completing the mission duration over several generations of designers.

It is generally believed that a Type I mission would require a large technology
jump, but a Type II mission would require only a moderate jump, except perhaps with
the environmental lifetime requirements. Interstellar travel is just one form of space
travel as defined by typical distance scales in the cosmos. Because scales in the
universe are very large (astronomical), we must turn to definitions used in astronomy
to comprehend the vast distance scales involved. Different forms of space travel can
then be categorized as shown in Table 3.5. In this book we are concerned only with
the problem of interstellar flight, but clearly if we ever hope to go further the
challenges mount up in orders of magnitude based purely on the significant distance
scales involved. The nearest galaxy, Andromeda, is at a distance of around 2.5 million
light years away. This means that when we observe this galaxy through a telescope
today we are seeing it 2.5 million years ago, because even light takes that long to
cross the void that separates the ‘islands’ in our universe.
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Table 3.5 Cosmological

A Type Distance
distance scales

Near-Earth travel 0.003 AU, 107# light years (ISS-shuttle,
satellites, lunar exploration)

Interplanetary travel 40 AU, 0.001 light years (Mercury—Pluto)

Extraplanetary travel 40-500 AU, 0.001-0.01 light years
(Kuiper Belt) 500-50,000 AU, 0.01-1
light years (Oort Cloud)

Interstellar travel 50,000-271,932 AU, 1-4.3 light years
(Nearest star Cent A)

Intergalactic travel ~ 108-10'° AU, 2000-160,000 light years
Milky Way)

Extragalactic travel 10'" AU, 10° light years (Nearest galaxy
M31 Andromeda)

Now all the above analysis is based upon linear theory, but in reality rockets are
governed by the ideal rocket equation (discussed in Chap. 5) which is logarithmic.
When the analysis is done correctly this leads to a modified boost equation [2] for
the distance attained S, during the burn time ¢, using an engine exhaust velocity v,,
as a function of the vehicle initial mass M; and final mass M, (after propellant burn)
as follows:

(3.16)

This equation ignores special relativistic effects, which is considered appropriate
for low fractions of the speed of light such as between 10% and 30%. We can
compute this equation for the two-stage Daedalus concept (discussed in Chaps. 5
and 11). This would result in two boost phases — the first of 2.05 years duration to a
distance of 0.048 light years to reach a staged velocity of around 7% of light speed,
followed by 1.76 years duration to a distance of 0.224 light years to reach a further
staged velocity of around 5% of light speed — adding up to a total velocity of 12% of
light speed, or around 36,000 km/s. This is assuming an exhaust velocity of around
10,000 km/s for both stages and a mass ratio M;/M, of around 7.9 for the first stage
and 5.1 for the second stage. The total boost would be covered in 3.81 years and
then the spacecraft would coast for a further 46 years to Barnard’s Star mission
target at 5.9 light years away. The total mission duration would be around 50 years.

3.3 How Much Energy Is Required to Reach the Stars?

We can begin to consider the energy and power requirements for an interstellar
mission by simply thinking about the energy required to impart to a vehicle to produce
kinetic energy for forward momentum, assuming 100% conversion efficiency.
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Table 3.6 Minimum energy and power requirements to Alpha Centauri

Mass (tons) 1 10 100 1,000 10,000 100,000
Energy (J) 108 10" 10% 10%! 10% 103
Power (GW) 50 500 5,000 50,000 500,000 5,000,000

Table 3.7 Approximate mission profiles for a 10-ton flyby interstellar probe to Alpha Centauri
4.3 light years distant

Description Slow mission Medium mission Fast mission
Initial acceleration (g) 0.001 0.01 0.1

Cruise velocity (km/s) 1,547 (0.51%c) 9,281 (3.1%c) 30,937 (10.3%c)
Fraction light speed ~1/200™ ~1/30™ ~1/10

Boost duration (years) 5 3 1

Boost distance (light years) 0.013 0.046 0.051

Cruise duration (years) 840 137 41

Minimum energy (J) 1.2 x 10'® 43 x 10" 4.8 x 108
Minimum power (GW) 0.1 5 150

Note that for the fast mission scenario the balance between acceleration and boost duration is
limited to the speed of light

This will give us our minimum requirements. The kinetic energy locked up in a
given mass can be huge. For example a 1 g particle moving at only one tenth of one
percent of light speed (300 km/s) will have a kinetic energy of around 45 million
Joules or the equivalent of around 10 kg TNT. We can consider a situation where a
vehicle accelerates for 0.1 g up to 0.3c. We can then calculate the required energy
input from the kinetic energy, which is proportional to the particle mass m and
velocity v, as follows:

1
E =—m?

> (3.17)

This leads directly to an approximate power requirement by dividing by the
number of seconds during the boost phase 7, if we assume that the propellant mass
dominates the total mass of the vehicle:

P:

E
— (3.18)
Iy

It is easily shown that the minimum power to push a 1-ton vehicle to 1/3 of light
speed over a period of 3 years is around 50 GW. For the same speed a 100,000-ton
vehicle would require around 5 PW of power. Table 3.6 shows the results of several
vehicle masses (where 1 metric ton = 1,000 kg) and the associated energy and
power requirements.

From this analysis we can produce several possible mission profiles to be

considered so as to assess the suitability of various propulsion schemes (Table 3.7).
There are other limitations to launching deep space missions, other than the
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challenges derived simply from physical laws, particularly for missions to the
nearest stars. The first is technological maturity; there is an enormous difference
between a speculative idea and a designed engineering machine. The range of
interstellar propulsion concepts proposed in the literature varies from the fantastic
to the highly credible. Other reasons are the political or financial restrictions. To
launch an interstellar mission a strong case has to be presented, so as to secure both
political backing and the necessary funds, a topic discussed further in Chap. 15.

This ends our brief introduction to the technical challenges of achieving Earth
orbit and the required energies to move off on an interstellar mission. Over the
centuries many people have voiced the opinion that interstellar flight is impossible.
But those who are familiar with the technical challenges have a different opinion.
One of the experts in the field of interstellar propulsion was the physicist Robert
Forward, who said [3]:

Travel to the stars will be difficult and expensive. It will take decades of time, GW of power, kg
of mass-energy and trillions of dollars. . .interstellar travel will always be difficult and expen-
sive, but it can no longer be considered impossible.

The simple calculations conducted in this chapter illustrate the challenge of
the problem that indeed GW of power is required. The challenge of this book is
to demonstrate that there are credible schemes by which this can be someday
accomplished.

3.4 Practice Exercises

3.1. Using (3.4) compute the escape speed necessary to leave the galaxy. Assume
that the mass of the galaxy is around 2 x 10"' solar masses and that the launch
point is 30,000 light years form the galactic center. Convert all the terms to
consistent units. Use of this equation for the entire galaxy makes an assump-
tion about the gravitational influence of the surrounding stars to be negligible
and instead the rocket is essentially flying through an inertial frame. Also,
the model assumes a spherically symmetric mass distribution of the galaxy.
Discuss these two approximations. Assuming you could leave the galaxy at the
calculated speed, how long would it take the spacecraft to reach the edge of the
nearest galaxy, Andromeda, located around 2.5 million light years away?

3.2. A5 ton spacecraft starts at the orbit of Earth and you want it to travel to the
distance of Pluto at around 40 AU away from the Sun. Using the data and
equations given in this chapter and assuming a linear mission profile (equiva-
lent to a static solar system assumption with no gravitational influences other
than from the Sun), calculate the cruise velocity of the spacecraft after it has
undergone two boost periods for 2 days and then for 1 days at 0.0001g and
0.0002g respectively. How long will it take the spacecraft to reach Pluto’s
orbit and what will its final cruise speed be assuming flyby only with no
deceleration? Repeat these calculations using the logarithmic boost equation
(3.16) assuming a mass ratio of 2 and 3.1 for the first and second stage
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respectively, a 100 km/s exhaust velocity for both. Compare and discuss the
different approaches.

Light, the fastest thing in the Universe, moves at a speed of around
300,000 km/s. What constant acceleration is required to reach this speed
(assuming you could and ignoring relativistic effects) if you accelerate for
1 year? Do you notice anything special about this acceleration, and what does
it suggest for manned interstellar missions? Show that light moves at a speed
of around 30 cm/ns. Next, convert the units of light speed from km/s to ‘light
years’ and ‘years’ and see if you get a number of unity. Show that it is given
approximately by one Earth gravity assuming acceleration in the same units.
Finally, show that it takes a light signal sent from Earth less than 2 s to reflect
and return from the Moon.
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Chapter 4
Aviation: The Pursuit of Speed, Distance,
Altitude, and Height

How many more years I shall be able to work on the problem I do
not know; I hope, as long as I live. There can be no thought of
finishing, for aiming at the stars, both literally and figuratively, is
a problem to occupy generations, so that no matter how much
progress one makes, there is always the thrill of just beginning.

Robert H. Goddard

4.1 Introduction

All spacecraft engines work on the principle of generating thrust from a reaction.
The same principle applies to aircraft, and the pursuit of space would not have been
possible without these aviation developments. In this chapter we briefly review
some of the essential elements behind propulsion theory that apply to conventional
engines. This is necessary so as to place the later rocket developments into proper
context as well as build from an initial foundation for how thrust is generated.
By attempting the problems at the end of this chapter we learn about the limits of jet
propulsion technology in reaching high altitudes, and the requirement for rocket
engines will be much clearer.

4.2 The History of Propulsion in Aviation

In order to understand the challenges of interstellar flight, we first must realize
the challenges and achievements of the past — how humankind went from being
a land-based hunter-farmer race to a ship building-airplane flying trading race
throughout the globe.

The dream of flight started a long time ago, perhaps before recorded history. But
it was in 1852 that the world was changed forever. In this year the Frenchmen Henri
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Giffard’s airship flew over Paris at a speed of over 2 km/s. This airship was very
special for one particular reason; its horizontal movement through the air was
driven by a steam engine, which was connected to a propeller, thus providing thrust
for the vehicle. This was the first time in history that humankind had developed
a flying machine that embodied powered flight and began the long program of work
for humankind to finally conquer the air and mimic the flight of the birds.

It was another half century later before similar technology was first used in the
successful demonstration of powered flight using a winged vehicle. Orville and
Wilbur Wright had investigated many different types of engines for use in an
airplane. This included using engines from automobiles and marine craft. To their
disappointment no suitable engine was available, so they had to design and build
one themselves. They did so by studying the aerodynamic designs of propellers
using home built wind tunnels. The Wright brothers did not receive a high school
diploma, but were fortunate enough to come from a well-educated family. Their
mother had a degree in mathematics and their father was a church Bishop with
considerable practical skills (he had designed a version of a typewriter), similar
skills of which he presumably passed on to his two sons. Eventually, in 1892 the
two brothers set up a bicycle manufacturing, repair and sales business. The knowl-
edge gained on gears and mechanical movement must have been highly useful in
their later attempts at building mechanism for the purpose of manned flight.

In order for a vehicle to plane through the air (airplane), two forces are required.
Firstly, the vehicle requires lift to offset gravity, so that it does not fall. This
is largely provided by the pressure difference over the wings of the structure.
Secondly, the vehicle requires forward movement, as generated by some propulsive
mechanism — an engine. The Wright brothers understood this and had conducted
substantial research into both topics, which eventually led to their place in history.
They studied the wings of birds and were led to the conclusion that continuous
stability of a flying wing was enabled by use of torque forces, so that any gusts of
wind would be quickly adjusted for.

The success of their propeller design, along with their excellent control system
allowed them to eventually demonstrate the first powered flight of an airplane in
December 1903 at Kitty Hawk in North Carolina. It was a calm weather morning
and several witnesses were assembled to observe the Wright brothers latest attempt
at powered flight. Orville was chosen to be the pilot on this occasion and his
airplane was to be powered by a 12 Horse Power engine mounted on the top surface
of the bottom wing. During the ground take-off run Wilbur ran along side holding
the tip of the wing to prevent it from dragging in the sand. Eventually, the airplane
lifted off from the ground flying an erratic set of dive and climb maneuvers at
around 3 m (10 ft) altitude, until finally coming to rest having gone a total distance
of 37 m (120 ft). Not very far some might say, but it was the furthest any man made
winged air vehicle had previously gone under its own power. It was one of the most
significant moments in aviation history.

The achievement of the Wright brothers was not built in isolation. Others had been
experimenting with the idea of powered flight for sometime, including George
Cayley in England and Otto Lilienthal in Germany. Some people believe that the
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Italian Renaissance man Leonardo Da Vinci should be given due credit for his studies
of flight in the sixteenth century. Although his airplane design may not have worked
it certainly laid the groundwork in studies of wing design and lift generation.

In recent years one of the new fields that have opened up in aviation is the
development of aircraft that can touch the boundary of space by reaching suborbital
altitudes. By taking inspiration from the ‘Spirit of St. Louis’ Atlantic crossing of
1927 by Charles Lindbergh the current developments are being led by the X-Prize
competition, which was won in 2008 by Burt Rutan and his SpaceshipOne. The
X-Prize is primarily concerned with space tourism, and perhaps one day may lead
directly to vehicles that can reach low Earth orbit so that tourists may eventually
stay on an orbiting space station for several weeks at a time.

If a full space market does open up, then this could lead to spinoffs in the aviation
industry so that flights from New York to Sidney will be possible within a matter of
hours. The British-French Concorde was one of only two civil airliners ever to carry
passengers at supersonic speeds, the other being the Soviet Tupolev Tu-144. These
passengers were moving more horizontally than vertically up into space. However,
if passengers are capable of undergoing supersonic transport, then why not space-
flight, too? When the Wright brothers first flew their airplane at Kitty Hawk, it is
doubtful that they considered it would lead to a worldwide aviation industry and
eventually flights into space. The world has truly changed in just a century.

Since the first Wright brothers flight, we have seen the first powered lift of a
helicopter (1907), the first airplane crossing over the Atlantic (1927), and the first
aircraft powered by a jet engine (1939). Looking back over the developments in
aviation we have learned that successful sustained flight through any medium
(including a vacuum) requires power. Now all airplanes derive their forward
momentum from thrust produced by some sort of engine. The same is true of
rockets. But before we begin our exploration of how rockets work, it is first useful
to discuss some of the engineering and performance elements of various types of
engines that have been produced for the sole purposes of propelling objects through
the air. We briefly discuss the development of four types of mechanisms; the
propeller, the reciprocating engine, the jet engine and later variants.

The most basic form of thrust generation is by use of the propeller. This is a bit
like an airplane wing. It is designed to generate a lifting force that provides forward
momentum. The propeller airfoil is essentially a small wing, but it has a twisted
geometry so that the chord line, the distance between the trailing edge and the point
on the leading edge where it intersects the leading edge, changes throughout its
length. The wind seen by the propeller is due to the airplane’s motion as well as due
to the rotation of the propeller section, generating the net thrust for forward motion,
with the propeller diameter being the key parameter in the thrust determination.
The rotation of the propeller causes a slipstream of air that exhibits both rotational
and translational motion and acts as a form of power loss. Because of these losses
and others such as skin friction drag and boundary-layer separation at the tip, the
propeller is never completely efficient and becomes less so the faster the propellers
rotate, which is why they are only used in the propulsion of aircraft that travel
at subsonic speeds.
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During the 1930s developments in propeller design led to the variable pitch
propeller, which maintains maximum efficiency across the airfoil, and the constant
speed propeller, which allows the pitch angle of the airfoil to be varied continuously
so that the engine revolutions per minute are constant over a variation in flight
speeds. Ultimately, the speed of any vehicle that relies upon propeller technology is
limited to speeds less than that of sound (340 m/s at sea level). Alternative
propulsion technology is therefore required if you want to go faster.

The reciprocating (piston) engine was first developed in the eighteenth and
nineteenth centuries. It works on the principle of burning gasoline fuel and a piston
that reciprocates back and forwards inside a cylinder, so that at each stage of the
reciprocation valves are opened or closed to allow air to enter and replenish the
mixture and release any burned gases. The reciprocating motion of the piston is
converted into rotational motion of a shaft, via a connecting rod. The air is
ultimately pushed backwards in the opposite direction to the propeller thrust, so
that a change in momentum is imparted, due to the mass flow rate of air moving
from the front to the back of the vehicle. The basis of a reciprocating engine is
the four-stroke cycle as follows:

1. Intake stroke; piston moves downwards at constant pressure, intake valve open
to take in air and fuel mixture.

2. Compression stroke; compress the constant mass of gas and air to higher
pressure, at start of stroke ignite mixture with electric spark producing combus-
tion at constant volume. High temperature drives piston downwards.

3. Power stroke; gas expands isentropically, without any change in the thermo-
dynamic state (entropy), and exhaust valve opened.

4. Exhaust stroke; burned gases pushed out of cylinder. Engines exist that have
more than four strokes per cycle but will not be discussed here.

The number of cycles induced in the engine per second will translate directly to
more work done and therefore more power to propel the aircraft. The power is also
dependent upon the intake air pressure and the displacement, which is the volume
swept out by the propeller. Because a reciprocating engine controls the power by
changing the revolutions per second it is a significant technological advancement
from basic propeller driven aircraft that do not employ a piston driven principle.
However, because of various energy loss mechanisms, speeds below that of sound
are also only possible with this technology. To go faster still, we must find
alternative ways to generate more thrust.

Therefore, we arrive finally at the development of the jet engine, and it is from
here onwards that we must begin to examine some of the mathematics behind
propulsion. As we will soon see, this is because the principle of jet propulsion is
very similar to that for rockets. Many people know the story of Sir Frank Whittle
and his quest in the 1930s to get jet technology accepted. As an officer in the British
Royal Air Force, it was during his time at Cranwell Technical College that Whittle
first published his doctoral dissertation “Future developments in aircraft design”
in 1928. This paper laid down the foundations of jet propulsion, but because
reciprocating engines so dominated airplane propulsion his ideas were not
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considered seriously. This then formed the basis of a patent entitled, “A reaction
motor suitable for Aircraft Propulsion,” granted in 1931. Unfortunately, the British
Air Ministry largely ignored Whittle’s ideas for a jet engine, and it wasn’t until
1939 (at the outbreak of World War II) that he was finally taken seriously and
awarded a development contract for his engine design.

It was in 1935 that Whittle first started to develop a practical jet engine.
However, although Whittle had built and tested a jet engine on the ground, glory
would be stolen from him by developments in Germany. On April 12, 1937,
the German Hans von Ohain designed and built a gas turbine engine, strapped it
to an airplane and the HE 178 became the first jet-propelled airplane in the world,
generating 3,727 N of thrust (or 838 1b where one pound = 4.45 N) and moving at
194 m/s. Because of these rapid developments in Germany, Whittle soon got his
support from the Air Ministry and eventually developed the Gloster E.28 jet
aircraft, which flew on May 15, 1941, generating 3,825 N of thrust and moving at
151 m/s. In the next section we consider the mechanics of the jet engine in
more detail.

4.3 The Physics of Aviation Propulsion

So how does the jet engine work? Essentially, a jet engine is just a duct, where air
is passed through, heated by combustion and expelled rearwards at higher velocity.
So the free stream airflow, which enters the duct at the speed of the aircraft, is
accelerated to a much higher velocity, and it is because of this increase that the
vehicle is able to go faster. This is an example of Newton’s action-reaction
principle. The concept of thrust is fundamental to propulsion theory, and it can be
interpreted to mean the rate of change of mass flow ejected per unit of time. Since
mass multiplied by velocity is momentum, thrust can also be interpreted to mean
the rate of change of momentum of the gas and therefore also for the vehicle it
reacts against.

Another way to think about the meaning of thrust in a jet engine is to think of it in
terms of a net pressure difference between the internal and external surface. The net
internal force acting on a gas within an engine derives from three sources — the force
in, the force from the engine surface and the force that comes out. Relating force as
the rate of change of momentum (mass multiplied by velocity) from Newton’s
second law of motion and denoting the mass flow rate of the gas m through an exit
area A., it is possible to describe the changes in the momentum at the entrance and
exit of an engine as a function the internal pressure p;,, exit pressure p., internal
velocity v;, and exit velocity v.. This leads to the fundamental equation of thrust for
a jet engine as follows [1]:

T= (mair + mfuel)ve — MlairVin + (pe - pin)Ae 4.1)

This equation has several important results, one of which is that the thrust is
proportional to the mass flow rate of the combustion products ejected from the
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engine, and indeed what velocity those products are ejected at. The expression for
thrust can also be used to calculate the available power requirements. Power has the
units of energy per unit time, which is equivalent to thrust multiplied by distance
per unit time, hence the power is simply the product of the thrust and exit velocity of
the combustion products with an efficiency factor 7 to take account of energy loss
mechanisms:

P = Tv. 4.2)

The technical name for a jet engine is a turbojet, and it has several parts. The first
is the air intake where subsonic air is passed through a divergent diffuser and
reduces the air to a slower velocity. After this the processes of compression and
combustion take place. The compressor takes in the air, compresses it to high
pressure using a series of blades and allows fuel to be injected and burned in the
combustion chamber at constant pressure with dramatically increased temperature.
On combining with the fuel the hot fluid expands outwards and through a turbine
section that consists of a series of blades used to transmit the gases through a shaft
and eventually through the nozzle, which accelerates the fluid to high velocity.
Turbojets are not generally used in modern commercial aircraft due to their low
efficiency at low speed and have a typically poor specific fuel consumption.

The type of engine used today in both modern commercial aircraft as well as most
military jets is the turbofan (Fig. 4.1), which is more efficient at low speeds than the
turbojet and is also much quieter. A turbofan stands out from a turbojet in having a
large ducted fan mounted at the front end of the shaft. The turbine drives this, and the
ducted fan accelerates a large mass of air between the outer and inner shrouds and
the unburned portion of which then mixes with the exhaust gases at the nozzle end of
the engine, increasing the efficiency of the performance. The thrust is quite large
because it is derived from the exhaust nozzle as well as from the fan blades. The
turbofan engine is really quite ingenious in that it combines a turbojet engine with
that of a propeller type without the disadvantages of both. The turbojet is inefficient
due to the large exhaust losses, while producing a large thrust. The propeller driven
engine is quite efficient but will only produce a small amount of thrust.

The ramjet engine is essentially like the conventional jet engines discussed
above but with all of the fans, the turbine and the propellers removed (Fig. 4.2).
Air enters through the intake duct at supersonic speeds and is then decelerated by
compression to subsonic speeds by a diffuser. Fuel is then injected and burned with
the air in the combustion chamber to high pressure and temperature. The combus-
tion gases then move rearwards passing into the nozzle area, where it is expanded
and accelerated by a divergent nozzle section to supersonic exhaust speeds. Ramjets
are very simple compared to the other engines discussed above, and they can
produce a high thrust. However, because they require a supersonic air intake,
they are of little use to current commercial airliners, unless they intend to move
at several times the speed of sound such as in a hypersonic airplane. Ramjets are
most efficient at around three times the speed of sound and can operate up to about
five or six times the speed of sound. Indeed they require a supersonic gas in order to
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Fig. 4.1 Basic air breathing engine schematics

get a good compression ratio in the diffuser, which is dependent upon the speed of
the gas. This may be seen as a disadvantage to this sort of engine type. What limits
the maximum speed of a ramjet is the temperature of the combustion, which is
limited to the temperature at which the material structure making up the engine
shell begins to fail.

The British-based company Reaction Engines Ltd is developing one design for a
type of engine that incorporates ramjet technology. The Synergic Air BReathing
Engine (SABRE) [2] is a pre-cooled hypersonic hydrogen-fueled air breathing
rocket engine. It is designed to power the Skylon launch vehicle, a concept for
access to low Earth orbit. The engine has the interesting feature of an air pre-cooler
that cools the hot ram compressed air and so allows high thrust to high efficiency at
high speeds throughout the entire flight to high altitude. Because the air is cooled to
a relatively low temperature, the material structural requirements are not so harsh,
so the engine can be designed using lightweight materials, reducing the overall
mass of the vehicle. The Skylon vehicle would use the engine to go to a speed of
well over five times the speed of sound and then use a rocket engine to reach Earth
orbit. This is discussed further in Chap. 5.

A supersonic combustion ramjet, otherwise known as a scramjet engine, may be
able to go at speeds approaching 24 times the speed of sound, which exceeds orbital
velocity of 7.9 km/s. If this is proven to be so, then an aircraft fitted with a scramjet
engine may ultimately lead to the first spaceplane and orbital flights for passengers
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Fig. 4.2 Illustration for the concept of an Earth to Orbit Spaceplane

(Fig. 4.2). It requires a minimum speed of around eight times the speed of sound,
which may mean that a rocket engine is required first to accelerate the vehicle to
high velocity. The scramjet is just like a ramjet, with the exception that the fluid
flow is still supersonic when entering the combustion chamber. This means that
when fuel is added to the mixture, combustion takes place supersonically. Because
the airflow entering the diffuser is not slowed to subsonic speeds in a scramjet, no
shocks are generated and this avoids a reduction in efficiency. Also, because the
combustion is supersonic, the static temperature is relatively low, presenting little
risk of structural material failure.

One proposal for a scramjet-driven spaceplane was the National Aero-Space
Plane (NASP), otherwise known as the X-30. This was being managed by several
companies led by Rockwell International, in response to a directive from the then
U. S. President Ronald Reagan to produce an ‘Orient Express’ for such a purpose.
This was to be a single stage to orbit vehicle capable of hypersonic speeds to Earth
orbit, with a specific impulse of 1550 s generating a liftoff thrust of around 1.4 MN.
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The vehicle was aesthetically very beautiful and was based upon a wave rider type
design. The lift was to be generated mainly from the fuselage using a principle
known as compression lift, where the lift is generated from the vehicle’s own
supersonic shock waves. There were also two small wings, used to provide the
required control and trim. Research into the X-30 ceased in 1993, but it is quite
possible that the X-30 was a highly visionary piece of aeronautical technology,
which may be the template for human access to space in the coming decades. Some
research has continued under the guise of the X-43 program.

An interesting question then is to ask if it is possible to apply these different
classes of engines used in aviation for transport in deep space. The answer is simply
no, and you have probably guessed the reason — space is a vacuum and there is no
air to combust with a fuel, although the equations used to describe the performances
are very similar, and this is the reason why jet propulsion has been discussed in this
book, to provide a proper context from which the reader can think about propulsion
for the application of space transport.

In fact, this leads us directly to the first requirement of a rocket engine discussed
in the next section, that of an oxidant. Of course, if a spacecraft was to enter
the atmosphere of another planet that contained a gas such as air, then in theory
these types of engines could once again be used. However, most engine designs are
highly optimized for specific atmospheric conditions. Without knowing in detail the
atmospheric conditions of an unknown world (pressure, temperature, molecular
content) any vehicle that attempted to fly through it would likely be inefficient and
aerodynamically unstable. This would be one reason why a parachute descent of
any atmospheric probes would be preferred, but even that has issues that are beyond
the scope of this book.

4.4 Practice Exercises

4.1. Visit a local air museum and look at different aircraft engines. Print off some
diagrams from the web and try to familiarize yourself with the different parts.
Understand where the air flow comes in and what happens to it as it passes
through the different parts of the engine and how it is exhausted out the back.
At what point is the fuel fed into the engine and where is it combusted? Next
go and find some rocket engines, compare and contrast the differences and
similarities.

4.2. Using (4.1) compute the thrust for a jet engine flying at around 9 km
(30,000 ft) altitude and has the following parameters. A, = 0.5 m>; pe = 3100
kg/mz; Pin = 3,000 kg/mz; Vin = 200 m/s; v = 500 m/s. You will first need
to compute the mass flow rate of air through the engine by multiplying the air
density (assume 0.018 kg/m?) by the free stream velocity v. and by the exit
area A.. You should assume that the mass flow rate of fuel is negligible
compared to that of air.
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4.3. The aircraft climbs to several points of higher altitude corresponding to
12,200 m (40,000 ft), 15,200 m (50,000 ft), 18,300 m (60,000 ft) where the
air density lowers to 0.004 kg/m?, 0.001 kg/m> and 0.0004 kg/m? respectively.
Calculate the thrust at these new altitudes assuming the same air speed and
free stream properties defined in the previous problem. Given the thrust levels
drop with these increasing altitudes, what else can be done by using (4.1) to
maintain the thrust level equivalent to an altitude of 9 km? What does this
suggest about the limits of jet propulsion technology in terms of high altitude
flight and access to space?
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Chapter 5
Astronautics: The Development
and Science of Rockets

What is it that makes a man willing to sit up on top of an
enormous Roman candle, such as a Redstone, Atlas, Titan or
Saturn rocket, and wait for someone to light the fuse?

Thomas K. Wolfe, Jr.

5.1 Introduction

In this chapter we learn about some of the history of rocketry and the fundamental
principles that underline the subject. Crucial to any rocket calculations is the ability
to determine its velocity increment under multiple staging conditions. We explore
this by using example calculations and learn that there is a close connection
between the mass of a rocket and the final velocity that it may attain. Using this
knowledge we briefly review some of the rockets used in historical space programs
and discuss some ideas for the near future.

5.2 The History of Propulsion in Rocketry

In the last chapter, we discussed in some detail the development of a propulsive
engine for use in thrust generation of vehicles moving through the air. We now must
turn our attention to the much higher regions of space and the requirements for a
different type of engine. However, we should note at the outset that the mechanics
of the operation is the same, that of an action-reaction principle according to
Newton’s laws of motion.

Over the centuries many have thought about the prospects of space travel.
In 1657 Cyrano de Bergerac wrote a story called “Voyage dans la Lune” where a
machine flies to the Moon using a principle of rocket staging (discussed below).
This was a remarkable concept and way ahead of its time. Then the science fiction
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writer Jules Verne wrote a wonderful story in 1867 called From the Earth to the
Moon, which also discussed a human mission to the Moon. In the story Verne’s
rocket works on the principle of an enormous bullet. The shell would be fired from a
large cannon with sufficient escape velocity to reach lunar orbit. Such a sudden
acceleration would of course likely kill any human crew, but the principle of
propulsion by a reaction mechanism was at least correct. In 1901 HG Wells
published his romantic story “The First Men in the Moon,” which negated gravity
altogether using an exotic substance called Cavorite — if only things were this easy!

The Russian schoolteacher Konstantin Tsiolkovsky first properly described the
fundamental principles of the rocket engine when in 1903 he published his paper,
“The Exploration of Cosmic Space By Means of Reaction Devices,” which first
discussed reactive propulsion and interplanetary travel using liquid hydrogen and
oxygen as a fuel. He had understood that in order to produce thrust one must bring
together an oxidant (air) and a fuel (liquid hydrogen) that could be combusted
together, the reaction products of which would be directed through a nozzle
chamber at supersonic speeds out of the rear of the rocket, hence giving thrust for
forward motion.

In 1919 the American schoolteacher Robert Goddard published, “A Method of
Reaching Extreme Altitudes,” and then went on to eventually demonstrate his ideas
practically by launching a liquid fuel rocket in March 1926. This rocket was around
3 m long, reached an altitude of around 56 m and attained a maximum speed of
27 m/s. The first practical rocket (capable of carrying a payload) was the German
V2 launched on London in 1944, during World War Two. This horrifying yet
amazing machine was the first to exit outside of Earth’s sensible atmosphere at
an altitude of 80 km (262,000 ft) over a range of 322 km (one million ft), achieving
a speed of 1.6 km/s, or nearly five times the speed of sound. In essence, it was
the world’s first space rocket. It was powered by liquid oxygen and alcohol fuel,
was around 14 m long, 1.6 m in diameter and had a mass of around 12 tons. The
German-born engineer Wernher von Braun played an important role in the design
of the German V2 rocket and also later the U.S. Saturn V, the rocket that eventually
took men to the Moon.

While German V2 missiles were falling on London, members of The British
Interplanetary Society (BIS) [1] were meeting in London pubs discussing the future
of space travel and the possibility of ‘flying’ to other worlds. During this time they
were presented with the surprise arrival of the German rockets. Most in London saw
them as a great threat to civilization as we know it, but members of the BIS
nonetheless saw the potential of future rocketry in the German weapons, which had
arrived much sooner than anyone had dared imagine. These were people such as
Arthur C. Clarke, the science fiction writer and inventor of the communications
satellite, Val Cleaver, the rocket engineer who supervised the design effort to build
the British Blue Streak missile (discussed later), Archibold Low, the father of radio
guidance systems and Philip Cleator, who along with Low was the founder of the BIS.

Between the years 1948 and 1951 members of the BIS undertook a study for
a vehicle that would launch from Earth and deliver a lunar lander to the Moon [2]. The
design was quite sophisticated and included elements such as three-axis gyro control,
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Fig. 5.1 BIS spaceship design

the use of steerable exhaust vanes and the ability to gimbal the second stage. At liftoff
the engine would generate around 125 tons of thrust. Although the vehicle was never
constructed it is these sorts of studies that influenced the design of rocket vehicles in
later years. The hemispherical segment of the lander spacecraft was known as the
‘Life Ship’ or ‘Moon Ship,” and it is this section that was to be carried to the Moon as
shown in Fig. 5.1. The entire mass of the ‘Moon Ship’ was said to be around 1 ton
(including a crew of three), although in hindsight this seems very optimistic and
perhaps several tons would be more likely. For comparison the two-man crewed
Apollo 11 lunar module, which touched down on the Moon in 1969, was around
15 tons, including the descent and ascent stage.

The designers recognized that enormous amounts of propellant would be
required. They designed the total vehicle in a cellular manner so that parts could
be ejected throughout the journey once the propellant and motor had been used.
This massively increased the efficiency of the design over historical ones. The
technique was said to reduce the propellant requirements for a mission to the Moon
from millions of tons to thousands of tons. Air resistance was identified as having a
negligible effect on the performance, which was mostly dominated by the large
power to lift the vehicle out of Earth’s gravity. At the front of the lander was located
a parabolidal section constructed out of reinforced ceramic and capable of
withstanding temperatures of 1,500°C due to frictional heating during the ascent
through the atmosphere. This would be ejected once the vessel had reached space.
In space the entire vessel would rotate at one revolution in over 3 s to provide
artificial gravity, which would have been uncomfortable for the crew having to
endure the constant spinning. This rotation would be halted during the descent
down to the surface of the Moon. The BIS spaceship design was a fascinating idea
and was later updated to a nuclear-powered version. It addressed many issues that
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Fig. 5.2 BIS moonship by
R. A. Smith (@BIS)

would eventually become part of real rocket design. It is an understatement to say
that this work was pioneering and influential in the later Apollo spacecraft designs.

The BIS still exists today and is a wonderful group of the best of British (and
non-British) eccentrics from a diversity of backgrounds, all sharing a common
passion for spaceflight. This organization is a private charitable foundation, which
despite having little influence on government space policy has always been at the
forefront of developments. In the 1930s one of its members, Ralph Smith, helped to
produce a wonderful set of drawings for the future lunar lander design [3], as shown
in Fig. 5.2.

A comparison to the actual Apollo lander, which touched down on the Sea of
Tranquility in 1969, shows many similarities; in particular, the presence of four legs
for the uncertain lunar soil. The renowned space artist David Hardy recently
produced a rendition of the BIS Moonship, which he called the BIS Retrorocket
(Plate 2), painting the lunar landscape in the tradition of what it was thought to be
like all those decades ago as visualized by the American artist Chesley Bonestell.
The lunar surface was painted as having very tall mountains, highly jagged in
appearance, an exciting landscape. In reality, the Apollo missions showed that the
lunar surface is a highly barren place, with no exciting mountains silhouetting the
horizon, although admittedly the astronauts were targeted to landing at relatively
flat locations for mission safety. In his book Visions of Space Hardy points to the
fact that many artists thereafter painted the lunar surface in the same style as
Bonestell (including the famous Tin Tin cartoon stories created by the Belgian
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artist Georges Rémi) and has speculated that this could be one of the factors that
later led to disillusionment with the Apollo program when the photos first appeared.
This is an intriguing suggestion and highlights the important role that space art
plays in inspiring the public.

In meetings after the war Clarke and Cleaver met up with the famous writers
J. R. R. Tolkien and C. S. Lewis to discuss the moral issues of space travel and
science fiction upon which there were large disagreements. In the end, they couldn’t
agree, so instead they all got thoroughly drunk [4]. Even today members of the BIS
have a slightly eccentric reputation, largely due to their ability to speculate about
fantastic worlds and ways of getting there since their founding in 1933. However,
this is not just a British phenomenon. In the United States the American Interplan-
etary Society (AIS) was formed in 1930 by David Lasser, who wrote an exciting
book on space travel entitled The Conquest of Space [5] which Arthur C Clarke was
to see in the window of a WH Smiith store in Minehead, England, in 1931 when he
was only 14. Clarke says that this book had a profound effect on him and that it
literally changed his life. The AIS was later to become the American Rocket
Society and then the society was professionalized with the Institute of American
Sciences to become the American Institute of Aeronautics and Astronautics. But
while rocket societies were stirring on British and American soil, there was the
formation of the German society for space travel founded in 1927, and this was
the first space society formed in history. Hermann Oberth, who wrote about his
theories of rocket propulsion, was the founder of the society. He conducted exten-
sive rocket research, which culminated in his publication “The Rocket into
Planetary Space” in 1923. This ultimately led to the development of the V2 rocket.

When we look back over the historical developments of flight and modern
rocketry, it is quite remarkable that the final achievements were built upon individ-
ual efforts from several continents. People from the former Soviet Union, Germany,
England, China and the United States have built upon these foundations. China had
originally developed rockets for use against the Mongol hordes. Based upon black
powder these solid rockets were also used in fireworks displays. It is a shame that
over the centuries China lost this knowledge, but it is ever the more remarkable
that in this new century China is only just now entering space and even have their
aspirations set on future Moon landings.

It is an interesting fact that Tsiolkovsky, Goddard and Oberth were all teachers
of some form. But it is from these three people and their ideas that all of modern
rocketry derives. This includes most of the rockets developed by the United States
and the former Soviet Union during the 1960s—1970s space race. Gradually, more
was learned, and as a species we finally utilized the sky above our heads. Essen-
tially, what came out of all historical rocket research are two types of rocket
designs. The first is called a solid fueled rocket, which uses solid propellants for
both the fuel and oxidizer. The most basic example is a gunpowder fueled rocket,
which is what China was using in the thirteenth century. Indeed, model rockets used
by children and hobbyists are still powered by solid fuel propellants. They are also
used as booster rockets such as for the space shuttle’s Solid Rocket Boosters (SRB).
An important aspect of solid fuel propellants is the shape of the charge, which burns
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at different rates as the shape changes. However, a far more efficient type of rocket
engine emerged in the twentieth century known as a liquid fueled rocket, which
uses a combination of a fuel and oxidant to produce energy from their combustion.
Robert Goddard first developed the liquid fueled rocket. He used propellants in
liquid form such as hydrogen- and oxygen-based fuels. A solid fueled rocket is one
that uses a solid propellant such as an ammonium nitrate composite. Let us explore
how rockets work a bit further.

5.3 The Physics of Rocket Propulsion

The solid and liquid fueled rockets work on the same principle of ejecting a mass
rearward from a body, so that by Newton’s laws of motion a reactionary force
causes the body to move in the opposite direction. This is a simple principle and is
the mechanism for most propulsion concepts, applied even to interstellar missions.
This simple principle can be shown by expressing the product of a mass m under
acceleration a by a force F given by:

F =ma 5.1

A typical rocket will work on the principle of combustion and thrusting. Taking
the fuel and oxidant and then combining them both energetically will enable this.
Once ignited the hot particle products are directed towards the rocket nozzle and
expelled rearwards.

By Newton’s action-reaction principle this generates thrust to move the vehicle
forward. A combination of the mass flow rate m (kg/s) of the expelled product,
the exhaust velocity of those products and the pressure difference between the
combustion chamber and the ambient medium give the thrust of a chemical rocket.
The area of the exit nozzle is also important in determining the optimum thrust
generation. In Chap. 4 we discussed the thrust equation for a jet engine. Now we
shall see that it is a simple extension of this earlier derivation to produce the
equation for the thrust of a rocket engine. This is achieved by removing the term
for the mass flow rate of air (i.e., there is no air in a vacuum) and the total mass flow
rate #1 is actually the combination of that from the fuel and oxidant. This then leads
us to the rocket thrust equation as follows:

T =iV, + (Pe — Pin)A, (5.2)

The exhaust velocity has a dependence upon a quantity called the heat capacity
ratio y, which measures the heat capacity at constant pressure to the heat capacity at
constant volume. The exhaust velocity also depends on a specific gas constant R and
the combustion temperature T,,. These can all then be related to derive a relation for
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the exhaust velocity of the engine, the full derivation of which is beyond the scope

of this book.
w1/ 1/2
29RT, P\
vf:{;_l L-Gf) ]} (5.3)

An easier way to examine the performance of an engine is to look at specific
impulse. This is an efficiency measure for the propellant burn. An impulse has the
units of force multiplied by time and so a specific impulse (meaning divide by mass)
will have the units of Ns/kg = m/s or exhaust velocity. If we then divide this by the
value of gravity at sea level on Earth (9.81 ms™?) we get the units of seconds, which
is a measure of the effective exhaust velocity. Hence we can define the specific
impulse as the thrust per unit mass flow at sea level as follows [6]:

T V. V,
=T _Le (5.4)

Iy, = T = .
8oMm oM 8o

The most important thing to know about these relations is the dependence of the
rocket performance (thrust or exhaust velocity) on two factors: (1) the specific gas
constant R = R'/M, where R’ is the universal gas constant and M is the molecular
weight of the fuel. For maximum performance, fuels are required that minimize the
molecular weight. A hydrogen-oxygen combination is lighter than a kerosene-
oxygen combination and results in a larger Iy, (2) the combustion temperature T,
which depends upon the choice of chemical fuels. Fuels are required that maximize
the combustion temperature by having associated high heat of reactions. Chemical
propulsion systems are energy limited because of the amount of energy per unit
mass attainable from the reactants, which is around 13 MJ/kg and known as the
specific enthalpy. The enthalpy is defined to be a measure of the amount of
thermodynamic energy inside a substance, and a specific enthalpy just means
divided by the mass of that substance. We can then work out the thermal exhaust
velocity V, by inverting the equation for kinetic energy:

2E in 1/2
m:(—L) (5.5)

m

Then because we have a specific enthalpy in units of one other mass the exhaust
velocity is given by the square root of twice the specific enthalpy, which is ~5 km/s.
So this is the maximum amount attainable theoretically from a chemical-based
propellant. We will see in later chapters that fission and fusion release energy orders
of magnitude above chemical systems and thereby give a much greater exhaust
velocity. This limits the exhaust velocity attainable and thereby the specific
impulse, although high values of thrust and power can be attained with chemical
propulsion systems.

In the discussion on rockets above we learned that the performance of an engine
is dependent upon the combustion temperature and fuel molecular weight. What
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Table 5.1 Comparison of different rocket fuels

Fuel combination (molecular weight Combustion Specific
combustion products) temperature (K) impulse (s)
Hydrogen-oxygen 3,144 240
Hydrogen-oxygen 3,517 360
Hydrogen-fluorine 4,756 390
Kerosene (RP-1)-oxygen 3,670 353

should also be realized is that there is a physical limit to how high the combustion
temperature can be raised; it must not exceed the melting temperature of the
materials used to contain it. Clever schemes using magnetic fields can be employed
to mitigate this. But ultimately, chemical fuels have a practical physical perfor-
mance limit, which equates to a typical specific impulse of around 500 s, although
in theory could be as high as 1000 s. Table 5.1 shows the specific impulse for
various chemical fuels.

For rockets launching from Earth, the problem with any single rocket is that it
can only achieve a velocity of around 4 km/s. However, there is a clever solution to
this, which is to use the concept of staging. A staged rocket is a launch vehicle that
is constructed of several burn stages. After each propellant section has been used,
the stage is thrown away. This removes any unwanted mass from the vehicle and
gives the launch vehicle a lower mass ratio. Typically, a multistage rocket will
consist of two or three stages, but some can have more. An optimized staged rocket
will have the largest propellant section at the bottom and the smallest at the top
(serial staging); hence these are known as the first stage and last stage, with all
others listed sequentially in between. The Saturn V rocket had three stages, and this
is discussed briefly below. Other multistage systems exist, such as on the space
shuttle, which has two solid rocket boosters that are burned and jettisoned before
the external fuel tank (parallel staging).

Two fundamental concepts in rocketry are that of mass ratio and mass fraction.
These are two closely related concepts but with a subtle difference. Mass ratio is
simply the ratio of initial launch mass M; (fuel + spacecraft + payload, otherwise
known as the wet mass) to final mass M; when the fuel has been fully used up
(known as dry mass), such as at the destination when the vehicle has reached orbit.
Ideally any rocket would have a lower mass ratio and so have less propellant,
although for a given engine a higher mass ratio will allow a higher value of the
velocity increment or delta-V to be reached. The mass fraction is expressed
between 0 and 1 and is determined as follows:

m=1-— (%) (5.6)

A vehicle that had an initial take-off mass of one million tons and a dry mass
(after fuel burn) of 200,000 tons would have mass fraction of 1 — 0.2 = 0.8. This
would correspond to a mass ratio of 5. Ideally, any rocket design will have a low
mass ratio, as this allows for a greater amount of payload to be delivered into orbit
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for a given propellant. So mass fraction and mass ratio are a measure of how good
the rocket design is. Often in this book a related quantity called the payload mass
fraction will also be mentioned, which refers to the ratio of payload mass to dry
spacecraft mass (no propellant).

The mass ratio is also incorporated neatly into the ideal rocket equation, first
described by the Russian Konstantin Tsiolkovsky. This is obtained by first writing
down the expression for the rocket thrust, which is simply equal to the mass times the
rate of change of velocity, assuming that aerodynamic drag losses are negligible:

dv
T=m— 5.7
m— (5.7
In (5.7) dv/dt is the rate of change of velocity with respect to time, known as a
derivative in calculus. We then use the fact that thrust is related to the specific
impulse via the equation:

. dm
T= golspm = _golspz (5.8)

Here m is the mass flow rate of the propellant and is written as a derivative with
respect to time dm/dt. The negative is inserted due to the fact that the propellant is
reducing with time as it is being used up. We then balance these two thrust
equations to give:

dv dm
_— = — ()IY7_ 5.
™t 8ol s (5-9)

Re-arranging and canceling out terms we can then use calculus to integrate both
sides of the equation between an initial mass m; and final mass m; up to the burn
velocity vy:

1 1 (™ ™
Jdv:——J dm:—J dm (5.10)

And we finally get the ideal rocket equation to describe the final velocity
achieved once the propellant has been completely burned up:

vh = golspln <m> (5.11)
my

Often v, is also written as a velocity increment Av. This relates the burnout
velocity of a rocket to its specific impulse and mass ratio. The mass ratio increases
exponentially for any defined increase in velocity increment, and inverting the

equation can show this:
M; Av/y
— | = 5.12

<Mf) ‘ G2
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where the exhaust velocity is given by:
Vex = golsp (5.13)

Equation (5.12) tells us what mass ratio is required to achieve a given burn
velocity with respect to the spacecraft (not to distant space). The mass ratio is equal
to the exponential of the velocity ratio e/ so if Ay = v, then we have e' which
is 2.718; in other words the wet mass at launch must be 2.718 multiplied by the dry
mass. This doesn’t seem too stringent, but the situation rapidly changes, as a higher
Av is required. For example, if Av = 2v,, then we have e2, which is 7.389.
Similarly, e = 20.085, e* = 54.598 and ¢’ = 148.413. What we are seeing is a
rapidly increasing mass ratio, so that to achieve an increasingly higher velocity
increment requires massive amounts of propellant.

For a slow interstellar velocity of say 1/10th of 1% of light speed, ~300 km/s,
using chemical rocket fuels with a maximum exhaust velocity of 5 km/s would
require a mass ratio of ~10%°, In other words, the fuel mass would have to be around
100 times the mass of Earth and still take over 4,000 years to get to, say, Alpha
Centauri. Because of the exponential mass ratio dependence on the velocity ratio,
the velocity increment attainable is usually limited to around 2—-3 times the exhaust
velocity. For optimum efficiency Av ~ v,, so there is not a large difference between
them. If v,, > Av during the early thrust period then the energy will be in the
exhaust and not in the spacecraft, but if v, < Av during the late thrust period, this
is equivalent to wasting propellant [7].

The higher the velocity increment required, the larger the mass ratio for a given
exhaust velocity. To lower the mass ratio, one must find ways to increase the exhaust
velocity. This requires alternative propulsion schemes using fuels that are more
energetic. It is of fundamental importance to rocketry to understand that the final
velocity increment Av can be much higher than the exhaust velocity. This is because
the acceleration of the vehicle is not provided by the expansion of the exhaust
products into the ambient medium but by the reaction of the combustion products
against the reaction chamber walls. Note also that for any mission that required an
equal deceleration phase on the trip the mass ratio would be squared. Similarly, for a
mission that accelerated, cruised, decelerated and then came back on the same
profile decelerating back into orbit, the mass ratio would be to the fourth power.

An example will demonstrate how this can be applied to both a single and multi-
stage rocket design. For this purpose we use the fusion-powered Project Daedalus
concept discussed in Chap. 11 [8]. This is a two-stage design with each stage having
an exhaust velocity of approximately 10,000 km/s. The two-stage Daedalus design
had a structural mass of 1,690 tons (first stage) and 980 tons (second stage).
Similarly, it had a propellant mass of 46,000 tons (first stage) and 4,000 tons
(second stage). The second stage mass includes a 450 tons payload. Let us firstly
assume that the Daedalus vehicle is a single stage design, so that:

Mstru('ture = 2,670 tons

M propetiens = 50,000 tons
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We then apply the ideal rocket equation to find the single-stage velocity
increment AV, as follows:

50,000 + 2,670

AV, = 10,000 km s~
Vo =10, ms( 2.670

) = 10,000 km s~' Ln (19.7)

AV, =29.819 km s~! (9.9%c)

Now let us compare this value to a calculation that splits the Daedalus design
into two separate stages:

50,000 + 2,670

AV, =1 kms™!
V1= 10,000 km s (4,000+2,670

> = 10,000 km s~ Ln (7.9)

AV, = 20,664 km s~ (6.9%c)

4,000 + 980

AV, =1 kms™!
Vs 0,000 km s ( 980

> = 10,000 km s~' Ln (5.1)

AV, = 16,256 km s~ (5.4%c)

The total velocity increment for the vehicle at the end of the boost phase is then
simply the sum of the velocity increment from each stage as follows:

AV = AV + AV, = 20,664 + 16,256 = 36,920 km s~ (12.3%c)

This shows that the total velocity increment from having multiple stages is
greater than for a single stage because AV,,, > AV,. We can also see then that
the total velocity increment is given by the sum of the velocity increments from
each engine stage:

AVig = AV, (5.14)
1

Further multi-staging of the Daedalus design is discussed in Chap. 11. But it is
useful to note that the amount of staging does hit a physical limit and it is usually
around four to five stages where obtaining additional velocity increment becomes
unpractical. Let us apply this understanding of multi-staging to the Saturn V rocket
that took men to the Moon [9]. This was a three-stage rocket with the approximate
staged masses shown in Table 5.2. This was a massive rocket standing at nearly
111 m tall and with a main tube diameter of nearly 11 m (Fig. 5.3).
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Table 5.2 Saturn V stages

First stage S-1C Second stage S-11 Third stage S-1VB
LOX/RP-1 propellant LOX/LH, propellant LOX/LH, propellant
Miructure = 131 tons Miucire = 36 tons Miwcire = 11 tons
Mpr‘opellanr = 2152 tons Mprap?llant = 445 tons Mpmpel[am = 107 tons
M,y = 2283 tons M,,..; = 481 tons M, = 118 tons
Ver = 2.9 km/s @66 km Ver = 4.2 km/s @186 km Ver = 4.2 km/s @323 km
altitude altitude altitude
I, =265s I, =424 s Iy, =434 s
f 108 m |
INSTRUMENT LUNAR
UNIT COMMAND
MODULE
= T
- = 10m

LAUNCH
MAIN ENGINES / PAYLOAD ESCAPE
MOTOR

15T STAGE 2"° STAGE 30 STAGE

TITLE: SATURN V DESIGN

MAT: ALUMINUM SCALE: 1:1,100

Fig. 5.3 Saturn V rocket

We also must take account of the approximately 45 tons payload, which included
the Lunar Command Module and re-entry vehicle. Calculating the different staged
velocity increments:

2,704 + 178 + 45
552+ 178 445

AV =29kms™! ( ) =29kms ' Ln (3.78)

AV, =3.85km s

552+ 47 + 45

AVy =42kms | (2272
2 ms (107+47+45

) =42kms ! Ln (3.24)

AV, =493 kms~!

Now the third stage calculation is a bit more complicated because it was not
separated until after a couple of Earth orbits and when the vehicle had entered the
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trajectory for trans-lunar injection. So we keep the third stage structural mass for
this calculation:

107 447 4- 45

AV; =42kms!
3 ms ( 47+ 45

) =42kms ! Ln (2.16)

AV; =324km s !
AV, = AV, + AV, + AV3 = 12 km s~

This shows the velocity of the Saturn V on its way to the Moon and is the typical
speed required that should at least exceed 11.2 km/s, although in this calculation
we have made some approximations and in reality the vehicle performance would
have been slightly greater to take into account gravity and aerodynamic losses that
came to a deduction of around 1.5 km/s.

5.4 Rockets for Space

Throughout the last century there have been many types of rockets, and it is
worthwhile spending some time discussing just a few of these so as to provide
the reader with some background information for the types, sizes and masses of
historical, current and some future launch vehicles. It is outside the scope of this
book to review all launch vehicles tested historically, as there are too many even to
name. However, we briefly discuss a select few to illustrate some variations in
rocket designs and performance (see Table 5.3). Most of these rockets grew out
of Intercontinental Ballistic Missile (ICBM) programs. The launch vehicle can be
classed depending upon the payload capacity to low Earth orbit. A small launch
vehicle would carry a payload of less than 2 tons, whereas a medium launch vehicle
would carry a payload of up to 10 tons. A mid-heavy and heavy would carry a
payload of up to 20 tons and 50 tons, respectively. Finally, any launch vehicle
capable of carrying a payload of 50 tons or greater is classed as a Super-Heavy type.

The German V2 or “Vengeance” weapon was the first ballistic missile to go
outside of the sensible atmosphere and was in use between the years 1944 and 1952,
although initial development started in 1942. V2’s were used towards the end of
World War II and were fired on various parts of Europe, with over 3,000 being
launched on London, leading to the deaths of several thousands. Some have
speculated that elements of the V2 design were based on ideas from the American
rocket pioneer Robert Goddard — this seems credible [10]. It is also possible that the
German effort to develop this rocket was a useful distraction from the perspective of
the Allies, diverting important resources away from the German air force and army
who wanted to build more planes and tanks. The V2 was a single-stage rocket using
a fuel combination of liquid oxygen and alcohol-water. Hydrogen peroxide with
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Table 5.3 Approximate layout for different launch configurations where the payload mass range
depends upon the mission to LEO, geostationary or heliocentric orbit or trans-lunar injection

Number Length  Wet Payload
Rocket stages Fuel (m) mass (t) mass (t)
V2 1 LOX{/alcohol 14 12.5 0.98
Black Arrow 3 RP-1/Hydrogen Peroxide 13 18.1 0.14
Mercury/Redstone 1 Ethyl alcohol/LOX/Hydrogen 21.1 28 3

Peroxide

Atlas 2 LOX/RP-1 58.3 335 13-30
Sputnik 1 LOX/Kerosene 30 267 1.3
Soyuz 2 LOX/RP-1 46 308 6.4
Proton 4 LOX/RP-1 and N204 UDMH 53 694 5-22
Ariane V 2 LOX/LH2 + SRB 54 700 6.8
Delta IV 2 LOX/H2 63-72  250-733 3.9-22.7
STS 3 LOX/H2 + SRB 54 2,000 29.5
Saturn V 3 LOX/H2/RP-1 108 3,039 45-119
Behemoth 3 Nitric Acid/Hydrazine 80 6,500 35
Titan IV 3-5 Hydrazine/Nitrogen Tetroxide 44 943 6-22

a potassium permanganate catalyst was also used to produce steam to power the fuel
pumps. The V2 was designed to reach 80 km (264,000 ft) altitude before the engine
shut off, traveling at supersonic speeds of 1.6 km/s (5,200 ft/s) to a range of 320 km.
Compared to modern rockets, the V2 was not particularly tall, standing at 14 m
(45.9 ft) with a diameter of 1.65 m (5.4 ft). The total mass of the rocket at liftoff was
12,500 kg (28,000 1b), and it carried a 980 kg (2,200 1b) warhead. It is without doubt
that the research conducted to develop the V2 set the stage for the next half century
of developments in rockets for space, in both the East and the West.

Towards the end of the war the Germans were developing an even more capable
weapon called the A9, which was intended to reach the United States. It was
successfully tested, reaching an altitude of 90 km and a top speed of 1.2 km/s, or
well over three times the speed of sound. After the war the Americans experimented
with many V2 launches and one of them called Bumper was launched in 1949 from
the White Sands proving ground in New Mexico, reaching an altitude of nearly
400 km and a top speed of 2.5 km/s, or over seven times the speed of sound.

It is worth mentioning that the German rocket scientist Wernher von Braun
developed rocket designs that were even larger than the Saturn V. von Braun was
always interested in space travel, and this appears to have been the underlying
motivation for much that he did before he was working for the Nazis during World
War II. His 1934 doctoral dissertation was entitled “Construction, Theoretical, and
Experimental Solution to the Problem of the Liquid Propellant Rocket,” and he
pursued his passion obsessively. His collaboration with both the German and U.S.
military rocket programs seems to have always gone in parallel with his personal
vision of manned space travel. Launching rockets to the Moon was certainly made
possible by his efforts, although his vision was much wider — deep space and Mars.
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In 1951 one of his designs for a large rocket began to appear in Colliers
magazine. The Behemoth was a monster of a rocket, standing at over 80 m
(265 ft) tall and with a total launch mass of 6500 tons (14,000,000 1b). The three-
stage rocket used a fuel combination of nitric acid and hydrazine. The first stage
produced a thrust of 124.5 MN with a specific impulse of 230 s and a burn time of
84 s. The second stage produced a thrust of 15.6 MN with a specific impulse of
286 s and a burn time of 124 s. The third stage produced a thrust of 1.9 MN with a
specific impulse of 286 s and a burn time of 84 s. This was an impressive rocket,
although it had a takeoff mass nearly three times greater than the Saturn V or the
space shuttle. In 1949 von Braun wrote a story called “Project Mars: a Technical
Tale” (not published until 2006) [11] in which he described the launch of the Sirius
rocket to Mars. It is clear that from the early days he was fascinated by the
possibility of sending people to Mars, and it must have been a grave disappointment
for him not to see the fulfillment of that vision. Although seeing men walking on
the surface of the Moon must have been very exciting for him, turning away from
the Moon to concentrate on LEO was not compatible with his vision of manned
space travel. It is sad to think that in the year 2010 we are still stuck in LEO.

On October 4, 1957 the Soviet Union surprised the world by the launch of the
first artificial satellite, called Sputnik 1. History records this event to be largely respon-
sible for initiating the ‘space race’ between the Soviet Union and the United States.
The satellite orbited Earth every 96 min emitting a radio signal detectable throughout
the world for several weeks. The satellite was placed into orbit using the single-stage
Sputnik rocket used on three occasions between the years 1957 and 1958 and which
was derived from the R-7 Semyorka rocket. Standing at 30 m (98 ft) in length, it was
much larger than the German V2, with a diameter of 3 m (9.8 ft) and a total launch
mass of 267 metric tons (590,000 1b). The rocket used a fuel combination of liquid
oxygen and kerosene. The four strap-on booster engines were designed to produce
970 kN of thrust with a specific impulse of 306 s, burning for around 120 s.
The first stage of the rocket produced around 912 kN of thrust, with a specific impulse
of 308 s, burning for 330 s. The fuel used in both the boosters and the first stage was
a combination of liquid oxygen and rocket propellant that consisted of refined
kerosene. The total thrust at liftoff was around 3.8 MN, carrying a payload mass
of 1.3 tons. The rocket was subsequently used as a strategic intercontinental ballistic
missile and was in use between the years 1959 and 1968. Derivatives of the original
R-7 Semyorka include the Vostok and Soyuz rockets, all-important in the Soviet
space program.

After the Americans captured a lot of the German V2 technology and scientists
as part of Operation Paperclip, in the 1950s they constructed and launched the
Redstone missile, which eventually became the Redstone rocket. The Mercury-
Redstone was used for some of the Mercury flights to LEO, and this included the
first and second flight of an American in space by Alan Shepard in Freedom 7 in
May 1961 and Gus Grissom in Liberty Bell 7 in July 1961. The rocket was 21.1 m
tall (69.3 ft) with a tube diameter of 1.8 m (5.83 ft), and at liftoff it would have a
total mass of nearly 28 tons with a payload capacity of nearly 3 tons. It could ascend
to an altitude of around 95 km (312,000 ft). Ethyl alcohol and liquid oxygen with
hydrogen peroxide powered the rocket.
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The experiences with the Redstone rocket led to the Jupiter rocket designs.
A class of Jupiter rockets has recently been considered as one option for replacing
the aging space shuttle fleet. The two proposals are the Jupiter-130 and the Jupiter-
246 rockets, and both are based around the current space shuttle external tank design
along with a set of solid rocket boosters. The Jupiter-130 rocket would be capable of
lifting around 60 tons into LEO with a specific impulse of up to 269 s and a thrust
of 6,550 kN. The Jupiter-246 rocket would be capable of lifting around 90 tons into
LEO. This would be the same core first stage as the Jupiter-130 but would have an
extended upper stage design, and it would be capable of missions to the Moon. This
would have a specific impulse of up to 460 s and a thrust of up to 8,734 kN.
The Jupiter-246 would also use an upper stage giving an additional 661 kN of thrust.

The Atlas family of rockets has been around since the 1950s, mainly for military
use, and has been a highly successful series. An exception to this military application
however was the launch of the astronaut John Glenn in Friendship 7, who in February
1962 became the first American to orbit Earth and was launched using an Atlas
rocket, as well as the other manned orbital flights during the Mercury program.
One proposal for replacing the space shuttle is to build the Atlas V rocket, which
has been successfully launched in several flights since 2002. The two-stage Atlas V
rocket is 58.3 m (191.2 ft) tall and has a tube diameter of around 3.8 m (12.5 ft).
It has a liftoff mass of around 335 tons and can carry a payload of up to 30 tons to
LEO or 13 tons to a geostationary transfer orbit. It has launched many successful
missions including New Horizons, which is currently on its way to the dwarf planet
Pluto. One proposal for a Heavy-Lift Vehicle (HLV) variant would be a three-stage
rocket capable of lifting around 25 tons to LEO. The heavy life version of an Atlas V
has a specific impulse of up to 311 s and a thrust of 4,152 kN.

All of the Gemini flights were launched using a Titan rocket in the 1960s. These
multistage rockets used a toxic propellant combination of hydrazine and nitrogen
tetroxide. One of the biggest in the Titan family was the Titan IV, which was
developed as an alternative for delivering 22 tons payloads to LEO or a nearly
6 tons of payload to geostationary transfer orbit. It was 44 m (144 ft) tall with a tube
diameter of around 3 m (10 ft) and it had a total liftoff mass of around 943 tons.
During the 1980s the Titan IV was considered as part of space shuttle architecture
for launching a lunar module to land on the Moon, but this was abandoned. Since
the 1960s the United States has also been launching the Delta IV rockets, consid-
ered one of the most successful workhorses of the U.S. launcher program. The latest
in the series was the two-stage Delta IV rocket, which can lift a 22.7 tons payload
into LEO. A heavy lift version was also developed that included an additional upper
stage. During the 1980s a very heavy lift version was also designed for the “Star
Wars” program using additional solid rocket boosters from the space shuttle. It was
to lift a total payload of around 45.5 tons consisting of huge laser platforms. The
design was never built.

Little known to most people even in Britain was the Blue Streak rocket program
conducted in the 1970s. The vehicle was intended for the launching of ICBMs and
eventually led to the development of the Black Arrow rocket, for the peaceful uses
of space. Throughout its development however Black Arrow suffered continuing
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funding problems and uncertainty over its future. The Black Arrow rocket was in
use between the years 1969 and 1971 and was based upon its earlier Black Knight
design. All of the Black Arrow rockets were built by the Saunders Roe Company
under contract with the Royal Aircraft Establishment, on the Isle of Wight, a small
island off the southern coast of England. Static firing tests were conducted at the
High Down site on the island although the actual launches took place in Australia.

The Black Arrow was a three-stage rocket, with a 135 kg payload located within
the third stage for deployment at LEO. It used a fuel combination of refined
kerosene (RP-1) and concentrated hydrogen peroxide as the oxidizer component.
The rocket was 13 m (43 ft) tall with a diameter of 2 m (6 ft 7 in), and it had a total
mass of around 18 tons (40,000 1b). The first stage produced a thrust of 255 kN with
a specific impulse of 265 s, burning for 131 s. The second stage produced a thrust of
68 kN with a specific impulse of 265 s, burning for 116 s. The third and final stage
was used as a solid propellant engine to produce a thrust of 27.3 kN with a specific
impulse of 278 s and burning for 55 s. There were a total of four launches of the
Black Arrow rocket.

The first RO was in June 1969, but due to a control malfunction had to be
destroyed after launch. R1 was set to launch in March 1970 but was also destroyed
during the launch due to a fuel leak. R2 launched in September 1970, but due to
a technical failure could not launch the satellite. Then finally on October 28, 1971,
the first British 66 kg satellite X3 Prospero was placed into a near perfect orbit,
carrying a micrometeorite experiment and solar cell test. This made Britain the
sixth nation to put its own satellite into orbit with its own launch rocket.
The satellite is still there today, although not being used. A fifth rocket named R4
was also built but was never launched due to the cancellation of the program. Now
sitting in the London Science Museum, it is a testament to a great achievement,
but also to a missed opportunity.

The satellite launch industry was to become a multi-billion dollar sector. Britain
played a fundamental role in the early formation of the European Space Agency
(and then later withdrew) as well as in the creation of the first Ariane rockets.
The main European launcher today is the Ariane V, which first flew in 1997 and is
operated by the successful company Arianespace. It is a 58 m tall rocket and at
liftoff it has a mass of around 700 tons carrying a 6.8 tons payload into orbit, which
is frequently made up of two satellites. The main Vulcain engine stage uses a
propellant of LOX and LH,, supplemented by two solid booster rockets made up of
ammonium perchlorate, aluminum and polybutadience, which provide around 90%
of the total 12,500 kN thrust at liftoff. Each booster has a propellant load of around
237 tons. When the Ariane V was first designed it was with the intention to locate a
small manned space shuttle on top called Hermes. This was a novel proposal that
never left the drawing board, probably due to financial reasons and shifting political
backing.

One of the most successful launch vehicles has been the U.S. space shuttle,
illustrated in Fig. 5.4 and shown in Plate 3. It had six orbiters in the fleet at its peak,
called Enterprise (experimental), Challenger, Discovery, Atlantis, Columbia, and
Endeavour. These vehicles began launching missions into LEO in 1981. The space
shuttle has had two serious fatal accidents in 130 flights, these being STS-51-L
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Fig. 5.4 TIllustration of the U.S. space transportation system

(Challenger in January 1986) and STS-107 (Columbia in February 2003). This is a
reliability of 98.5% or one mission loss in every 65 flights. The original design aim
of the space shuttle was that it would be highly reusable, launching around a 100
times per year, but in reality the launch rate has been around 10% of that figure.
Although the orbiter itself and the solid rocket boosters are reused, the external tank
is not but is discarded in orbit to burn up on re-entry. Considering the cost of getting
into orbit an ideal situation would have been to place those external tanks into a safe
geosynchronous orbit so that they could become a highly useful material resource
in future decades.

The other complication with the space shuttle was the thermal protection system,
consisting of something like 30,000 heat tiles, which have to be carefully checked
after each flight. In theory, the space shuttle associated technology is adaptable in
the form of a Heavy Launch Vehicle proposal already discussed above. The Soviets
also built a space shuttle known as Buran, which was successfully tested in one
unmanned flight. The design was a replica of U.S. technology, and the large launch
costs associated with each flight is possibly what killed the Soviet space shuttle
program.

In the 1990s NASA was considering options to replace the aging space shuttle.
One such option was the delta wing shaped Venture Star. It would take off from a
vertically positioned launch and then land horizontally on a runway like an ordinary
airplane. It was to be 38 m in length with a total mass of around 12 tons. The unique
feature of the Venture Star was the rear-mounted linear aerospike engine.
The Venture Star used a composite liquid hydrogen fuel tank, necessary to demon-
strate lightweight technology for single stage to orbit missions, but the failure of the
tank led to the project’s cancellation. The contractor Lockheed Martin was to
build the Venture Star and commercial missions were to begin in 2004 at a rate of
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Fig. 5.5 Illustration of venture star spaceplane

around 20 per year. A half-scale model or advanced technology demonstrator of the
vehicle was built called the X-33, which first flew successfully in 1999. This is
illustrated in Fig. 5.5 and shown in Plate 4. The design for this vehicle was elegant,
and it is a shame it did not enter into operational service. However, with advances
in material science there is always the possibility of restarting what was a very
credible program.

With the impending replacement of the U.S. space shuttle, government scientists
have been speculating on future launch system possibilities. Several candidates
have emerged. The first was that selected after the initial U.S. President Bush
presented his vision for space exploration. The Administration had decided to
develop a new launch capability based upon the Ares rocket designs. Ares V was
designed to lift the Altair lunar vehicle into Earth orbit. Ares I would be launched
separately, carrying the Orion spacecraft and crew. The Orion and Altair capsules
would then rendezvous in orbit and perform a lunar orbit insertion.

Considerable effort was used in developing the Ares launch vehicles, which would
be capable of lifting 25 tons into LEO. This was all part of the NASA Constellation
program aimed towards sending people to the Moon and eventually to Mars.
However, some questioned the Ares approach and said that it was just like the Apollo
program architecture with very similar rockets (although a good engineer might say if
the idea isn’t broken then don’t fix it). The Ares rockets were expected to have high
reliability but not necessarily high frequency of flights. Another proposal was the
Heavy Launch Vehicle, which would lift a massive 72 tons into LEO and would use
the rockets already on the existing space shuttles, while replacing the orbiter with a
lighter vehicle. Several independent scientists had proposed a variant on the Jupiter
family of rockets, which would lift between 39 and 96 tons into LEO. It would use
rocket technology similar to the space shuttle, but because it was much more massive
it could also be used for missions to the Moon.
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During the summer of 2009 the newly formed Administration of President Barak
Obama ordered a review of the American human spaceflight program. The review
committee was led by Norm Augustine and included former astronaut Sally Ride,
the first American female in space. They reported their findings in September of
2009. They concluded that the Vision for Space Exploration originally mandated by
former President Bush, known as the Constellation program, was unsustainable
with current funding levels. Instead the committee suggested three alternative
options known as pathways. Pathway 1 was a direct attempt to land a man on
the Moon, although it might require a test mission to the Moon first. Pathway 2 was
to concentrate on the establishment of a lunar base with the ultimate aim being to
explore Mars. Pathway 3 was to concentrate on flexible mission scenarios such as
the exploration of the local inner Solar System. This would include missions to
the Lagrange points, near-Earth objects or even landings on the moons of Mars.
Exploration of the Moon and Mars would be an end goal for this exploration
program.

The third pathway was an interesting suggestion, with recommendations to
develop a commercial launch capability along with greater international collabora-
tion on space exploration. This third way seemed to make a lot of sense. National
space agencies should be passing on knowledge transfers of their space exploration
experience and eventually permit commercial companies to operate missions to
LEO and ultimately the space station. Instead, governments should concentrate on
pioneering new frontiers in space, and the third pathway seemed to allow this
opportunity, but with the ultimate near-term goal being the establishment of a
lunar and Martian colony. In the end, however, none of the above scenarios will
be possible unless national space agencies are allocated funding levels appropriate
for what they are being asked to do. So in early 2010 President Obama canceled the
Constellation program and set in place instead a cheaper path to space, which relied
upon the private commercialization of the launch vehicle industry. As of the time of
writing this book, no firm decisions have yet been made on a clear mission target
or how this is to be enabled, although it is likely that low gravity wells (moons,
Lagrange points) are to feature as the main mission targets.

When the space shuttle fleet is finally retired there will be no U.S. launcher
capability for taking astronauts up to the International Space Station. One option for
NASA is to rely on a Russian rocket during this time. One of the most reliable
rockets in the world is the Russian Proton series, which was originally designed to
go around the Moon. A Proton rocket was used to launch many missions to the
planets, including the Phobos mission to Mars and the Luna series to the Moon.
In recent times they have been used to lift sections up to the ISS for full assembly.
The first launch of a Proton rocket took place in 1965 and dozens have been
launched since. It is a four-stage rocket with a total height of around 50 m and a
tube diameter varying between 4 and 7 m. For the first, second and third stages,
it uses a dinitrogen tetroxide (N,O,4) oxidizer with unsymmetrical dimethylhydra-
zine (UDMH) propellant, but for the fourth stage it uses LOX/RP-1 propellant.
The Proton can deliver a 22 tons payload to LEO or a 2.5 tons payload to lunar orbit.
At liftoff a Proton rocket will generate a thrust of around 9,000 kN.
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Another Russian option is the Soyuz rockets. The name Soyuz actually refers to
the booster rocket and the crew capsule that sits on top of it. Used as early as 1960 it
has played an important role in getting Cosmonauts into LEO ever since. Indeed,
in the wake of the Space Shuttle Columbia accident the US also had to rely on
Soyuz rockets for human Earth to orbit transport while the investigation got under
way. The Soyuz capsule also remained on the station as a vital two or three-person
rescue lifeboat should anything go wrong in orbit, with each capsule replaced as the
crew is replaced. Despite a few tragic accidents over the years it has been quite a
reliable piece of space hardware. However, many within the United States are
unhappy with relying on a foreign launch provider.

Let us consider for a moment the ideal requirements for an Earth to orbit
transport system. Firstly, there is reliability so that we can launch a payload into
orbit successfully with a minimal failure rate. Next there is reusability, where 90%
of the carrier is reused for future missions and a high quantity of them, such as at
least 100. Then there is frequency so that the launch vehicle can be used a 100 times
in a year if required. This would require a quick turnaround time for the vehicle —
within a few days at most. Adaptability is also important so as to carry a variety
of payloads and also to allow an extension of the carrier for an assortment of
missions — to Earth orbit, the Moon and beyond. Finally, any such launch system
should be economical so as to be as cheap as possible in terms of cost per unit
mass access to space. All of the launch vehicles discussed above are the ballistic
rocket type, with emphasis on massive thrusting of an aerodynamic projectile to
high altitude.

However, there is another way to get into orbit and promote space travel at the
same time and this is the concept of a winged spaceplane — essentially a vehicle that
takes off from a conventional runway and heads straight up into orbit. A vehicle
that could do this would go from London to Tokyo in around 3 hours compared to the
10 hours flight expected with conventional commercial aircraft such as a Boeing 747.

The dream of a spaceplane has been around for decades, but what really made
this seem possible were the experimental flights of the NASA X-15 in the late 1950s
and early 1960s, which reached a top speed of just under seven times the speed of
sound. Neil Armstrong, the first man on the Moon, was one of the test pilots for
the X-15 program. Flying on board a very fast aircraft would not be a new
experience for some passengers who may have flown across the Atlantic on board
the British and French Concorde at over two times the speed of sound in the latter
part of the last century.

But what are the technical challenges towards the development of such a
spaceplane? The main problem is velocity — to reach orbit. The requirement to
achieve orbit is a velocity of 7.9 km/s, which equates to around 23 times the speed
of sound (340 m/s at sea level). To achieve velocity you need energy, and this is
proportional to the velocity squared. In other words, if you want to go twice as fast,
you need four times the amount of energy. The key to this is of course (1) the fuel
(2) the engine design. This is why there are now designers all over the world
experimenting with new engine designs that can give performance advantages
and make the cost to orbit just that little bit cheaper. Many of these engine designs
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Fig. 5.6 HOTOL spaceplane

are based upon supersonic combustion technology or a scramjet, using the
atmosphere to supply the oxidant at high speed while transferring the main thrust
generation to a rocket engine when the atmosphere becomes too thin and the vehicle
is essentially entering the near vacuum of space.

In the 1980s two companies in Britain got together to create a concept for a
single stage to orbit Horizontal Takeoff and Landing Spaceplane called HOTOL,
which is illustrated in Fig. 5.6 [12]. The two companies were British Aerospace
(now called BAE Systems) and Rolls Royce. The vehicle would have been around
63 m x 12.8 m in height with a wingspan of 28.3 m. It would take off from a rocket
sled to assist the initial launch and then use jet engines to accelerate to a speed of
seven times that of sound, and then once it reached around 30 km altitude the rocket
engine would kick in. The unique engine design, called the Swallow, was a liquid
hydrogen and liquid oxygen fueled concept but with a varying propellant feed as the
vehicle climbed to higher altitudes. The payload capacity of HOTOL was around
7 tons to an altitude of 300 km in its 4.6 m (15 ft) diameter cargo bay. The initial
design was for an unmanned vehicle, although later designs did exist for a manned
concept. At the time the ESA choice for the future was the French proposed Hermes
mini-shuttle topped Ariane V, HOTOL or just Ariane V. Unfortunately, funding for
the HOTOL concept was withdrawn in 1988, and the ESA choose Ariane V as its
main launcher of satellites into LEO. One of the things criticized in the HOTOL
design was the thermal loading protection upon re-entry. Another issue was the
position of the engine, forcing the center of gravity to be rearwards of the vehicle,
which may have presented stability issues in flight.

Many of the designers who worked on HOTOL are now involved with its
successor, called Skylon and illustrated in Fig. 5.7. This design aims to solve
most of the technical problems associated with HOTOL [13]. At a length of 82 m
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it is not a small vehicle and is around twice the length of the U.S. space shuttle.
It has a liftoff mass of over 300 tons and a dry mass of around 41 tons. Designers are
investigating the use of heat exchanger technology as well as an oxidizer-cooled
combustion chamber and a specially adaptive nozzle all to be included in the
Skylon design. The twin SABRE engine is a pre-cooled hybrid air-breathing rocket
engine, running a combined cycle along with the rocket engine. What has made
Skylon so attractive compared to HOTOL is the lightweight heat exchanger in the
engine. The performance of the engine is expected to be at a specific impulse of
around 2,000-2,800 s (due to its air-breathing engines) and is much more efficient
in its use of propellant compared to conventional launch vehicles. Because the
engines are positioned on the wings there are no center of gravity issues like those
associated with HOTOL. The fuselage is constructed of a lightweight carbon fiber
structure that is sufficiently strong to support the mass of the aluminum fuel tanks.

It is envisaged that Skylon would be reusable at a turnaround time of 2 days for
around 200 flights without the need for conventional rocket staging. It would cost
something like $3,000/kg for each payload in a single flight and would be a
substantial reduction on costs associated with the space shuttle. The typical mission
has the vehicle taking off from a conventional runway like an ordinary aircraft and
then accelerating to over five times the speed of sound. At an altitude of around
26 km the rocket engines would be switched on to place a 12 tons payload into LEO
or 300 km or a 10.5 tons payload to 460 km. If heading directly towards the
International Space Station it could deliver a 9.5 tons payload or up to 13 astronauts
for a single flight. Although the payload capacity is around half of the space shuttle
it is an impressive amount considering the nature of the vehicle design. Extensions
of the design exist that would allow up to 60 people to be carried into space for
the emerging market of space tourism. It is estimated that the cost of the Skylon
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research and development program to flight is around $10 billion. Reaction
Engines Ltd, has received substantial funding for the Skylon project, including
well over a million dollars of European ESA funding that includes UK government
support. Overall, the Skylon concept has great potential for expanding access to
space for many people, and not just trained astronauts, while at the same time
massively reducing costs to deliver satellites to LEO. It is a project that deserves
political and financial support.

One design developed by Orbital Sciences Corporation is the Pegasus rocket.
This concept was first tested successfully in 1990 and has since flown on numerous
occasions, including launching the Interstellar Boundary Explorer IBEX) probe
discussed in Chap. 8. It works on the principle of giving the rocket a headstart by an
air launch high up into the atmosphere. A large carrier aircraft, Lockheed L-1011,
takes the solid rocket to an altitude of around 11 km from which it is released, free
to ascend under its own thrust into LEO. The 17 m length rocket stage also has its
own wings spanning 6.7 m to assist it through the upper part of the atmosphere
during the early stages of rocket burn. The rocket section has a mass of 24 tons not
including the payload. When it reaches an altitude of 88 km the second rocket
stage kicks in and boosts it to over 200 km. A third stage then takes it further to an
altitude of over 700 km. The beauty of this concept is that it can in principle be
launched from any conventional runway, and the operators of Orbital Sciences
Corporation claim that it halves the cost of putting a satellite into orbit using a
conventional launcher. The disadvantage of this system however is that the payload
capacity is limited to around 500 kg for LEO or for an escape mission to the planets
a mass of around 135 kg. But the simplicity, reusability and cost effectiveness of
this design in a market where satellites are becoming more compact points the way
to the future of launch systems.

Another concept was developed by Burt Rutan for his company Scaled
Composites (SpaceShipOne was his answer to the X-Prize competition) is to
launch a vehicle to 100 km (328,000 ft) altitude, the edge of space — although
too low to launch a satellite. It would be carried by its mothership, White Knight,
and then released an at altitude of 21 km. Then, using its 74 kN thrust hybrid solid
rocket engine, it would boost to a speed of around 1 km/s or over three times the
speed of sound, reaching a maximum altitude of around 112 km. Tourists on board
the next generation design, SpaceShipTwo, will be able to experience several
minutes of weightlessness and terrific panoramic views of Earth. The successful
completion of the X-Prize objective on December 17, 2003 (100 years after the
first Wright brothers’ flight) marked a major milestone in aviation history.
SpaceShipOne has the capacity to carry a payload of 3.6 tons to an altitude of
perhaps as high as 150 km. Although it doesn’t reach a high enough altitude to
release a satellite, combining the technology of SpaceShipOne with that of the
Pegasus concept could allow cheap access to Earth orbit and a significant reduction
in the cost of launching satellites.

The Falcon 9 rocket is another proposed private launch vehicle for placing cargo
and astronauts into space. It’s built by a company called Space Exploration
Technologies (SpaceX) and in July 2010 had a successful launch of the rocket
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from Cape Canaveral in Florida. The two-stage rocket design uses liquid oxygen
and kerosene (RP-1) fuel and has a spacecraft sitting on top called ‘Dragon,” which
is where any crew or a payload of up to 10 tons total mass would be located. When
on the launch platform it is 54 m in height (178 ft) and has a liftoff mass of 333 tons.
Rockets like Falcon 9 may lead the way in demonstrating low cost access to
space, although there are other approaches. The full commercialization of access
to space will take the funding away from the limited resources of government-
funded space programs.

For interstellar missions, chemical fuels are clearly inadequate. An interstellar
mission is likely to require a specific impulse exceeding one million seconds in
order to reach a third of light speed accelerating at several g (suitable for a robotic
mission). The space shuttle and Saturn V rockets are fantastic achievements for
near Earth and lunar operations, but clearly fall short of this longer distance goal.
From an examination of these historical rocket designs it can clearly be seen that for
all of their monstrous power they are totally inadequate for more ambitious
missions such as going to the stars. The thrust may be large, but it is too short-
lived to result in the very high specific impulse and thereby velocity increments
required. Hence we must invent new methods of propelling a vehicle through space.

In this chapter and the one preceding it we have learned about different types
of propulsion systems such as the jet engine for air travel and the rocket engine for
space travel. In particular, we have learned about the key mechanism responsible
for the thrust generation and more importantly how to calculate the thrust for both
air-breathing engines and rockets. In later chapters of this book we shall examine a
variety of propulsion systems for space travel, which are based upon non-chemical
reactions. We shall also learn how to calculate the thrust and other important
performance quantities for some of these different concepts and eventually we
shall examine some historical propulsion concepts for interstellar flight, learning
what performance levels are possible. From this extensive knowledge, it is the
intention of this book that the reader will then have developed a theoretical mental
process that they can apply to any new propulsion design for space. The challenge
then will be to invent new concepts using this tool, to be able to confidently and
capably calculate the likely performance.

Finally, it is important to note that although chemical rockets will not form the
basis of an interstellar probe, they will still be very important in the overall mission
architecture. Any probe built on Earth must then be transferred into LEO for final
assembly and launch. For a large interstellar probe this may necessitate consider-
able space infrastructure such as the use of orbital docking ports and crew stations —
all delivered to orbit using chemical propulsion systems. There are alternative
mission architecture paths such as the use of a space elevator, but if assembled
from a top down (orbit to surface) approach this would likely require material from
the Moon and the use of electromagnetic mass drivers to accelerate any material to
Earth orbit — all implying that the first launch would be several centuries away at the
earliest. To launch the first unmanned interstellar probe mission by the year 2100
chemical rockets and SSTO vehicles are likely to play an important role in the early
phase of the mission.
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5.5 Practice Exercises

5.1.

5.2

5.3.

A rocket engine has a specific impulse of 50 s and a constant mass flow rate of
10 kg/s. What is the exhaust velocity and thrust of this engine design? A new
rocket engine is tried out which has a variable mass flow rate and follows a
i = 10¢~! trend so that the mass flow rate starts at 10 kg/s, where ¢ is the burn
time that we assume here to be equal to the specific impulse. What is the thrust
of the engine after 50 s? Assuming that the thrust then remains constant after
50 s at this final level, what specific impulse would be required in order to
generate a equivalent thrust to the original design?

A single stage rocket is designed using chemical propellant that has a
maximum performance of 500 s specific impulse. It has a mass ratio of 3.
The total structure and payload mass is 10 tons. What is the mass of propel-
lant? What is the final velocity increment after complete propellant burn
and assuming no structural mass drop? The structure is redesigned so that
the mass ratio is increased to 3.5. What is the new velocity increment? Finally,
a decision is made to split the design into two separate stages with a structural
mass of 6 tons (first stage) and 4 tons (second stage), where only the first stage
structural mass is dropped after its propellant is burned. What is the final
velocity increment?

The space shuttle has an external tank of liquid hydrogen and liquid oxygen
with a total gross mass of 756 tons and an empty mass of 26.5 tons. The
external tank has a specific impulse of 455 s and supplies the fuel for the three
main engines. It also has two solid rocket boosters (SRBs), each of which has a
gross mass of 571 tons and an empty mass of 68 tons. These have a specific
impulse of 269 s and supply around 83% of the total thrust at liftoff and
are jettisoned at an altitude of 46 km. At liftoff the space shuttle burns both the
main engines and the SRBs. The sequence of the mission is to burn both the
external tank and SRBs. When the SRBs are jettisoned the ET continues to
burn until it is used up and then it is jettisoned. Finally, the main engines burn
with a specific impulse of 316 s to maintain altitude while accelerating
towards its orbital altitude of 380 km, where the International Space Station
awaits. The complete system has a gross liftoff mass of around 2,000 tons.
Using this information and the equations given in this chapter, compute the
velocity increment of each stage of the mission and the final velocity as it
nears its orbital altitude.
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Chapter 6
Exploring the Solar System and Beyond

While the insights of modern physics permit us to dissect the
anatomy of interstellar flight, we must forego rash conclusions
that any such flights are imminent or feasible. We cannot yet
even define an adequate power source. If we had it, many
problems of using it would be beyond us. Other obstacles may be
even more formidable. For instance, what would happen to an
interstellar rocket that hit even a small meteoroid, if the collision
were at nearly the speed of light? . . .with our present knowledge,
we can respond to the challenge of stellar space flight solely
with intellectual concepts and purely hypothetical analysis.
Hardware solutions are still entirely beyond our reach and far,
far away.

Wernher von Braun

6.1 Introduction

In this chapter we learn about the various objects in and surrounding our Solar
System, from the planet Mercury and the dwarf planet Pluto to the long-period
comets that originate from the outer parts of the Oort Cloud. In the last 50 years or so
since space travel began we have learned much about our neighboring worlds and
the reasons why we might want to go there. The day that spacecraft start arriving in
the Kuiper Belt and beyond will represent the true moment when humanity has
begun to leave the safe cradle of our Sun and venture towards the distant stars.

K.F. Long, Deep Space Propulsion: A Roadmap to Interstellar Flight, 77
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6.2 Near Earth

Our own planet Earth is to us a model for a life-bearing world. To us it seems quite
large at 12,756 km in diameter and a mass of around 6 x 10?* kg. The atmosphere
is perfectly suited to us and is largely made up of 78% nitrogen, 21% oxygen,
0.04% carbon dioxide and water vapor along with other gases. Our climate varies
between —89°C and +60°C depending on the seasons and location on the planet.
The surface pressure at sea level is what we term one atmosphere, which is equal to
around one bar. Earth is located at a distance of around 1.5 x 10® km from the Sun,
which we term one astronomical unit (AU). It has an orbital period of around 365
days and of course each day lasts around 24 hours. Our world has a vast ocean of
liquid water and as far as we know is the only planet in the Solar System confirmed
to harbor life. Life has existed on this world for around 3.5 billion years of its
4.5 billion year history. Earth has a solid core of nickel and iron, surrounded by a
liquid molten outer core, mantle and crust. The inner liquid core rotates, giving rise
to our magnetic field. Since humans first entered the domain of space they have
considered the possibility of staying there. But to do that requires an artificial
replication of the environment from which we have evolved, and so enter the
requirement for a space station.

The Russians built the first manned space stations. The very first was Salyut 1,
which operated from April to October 1971 and eventually had a crew on board for
over 20 days, although sadly the crew died on reentry due to a pressure valve
opening prematurely. Salyut 4 operated between December 1974 and February
1977 and hosted two separate crews, one for over 60 days. Salyut 5 operated
between June 1976 and August 1977, hosting three crews on board, for a total of
67 days. Salyut 6 operated between September 1977 and July 1982 and hosted five
different crews, the longest staying for 185 days. Salyut 7 operated between
April 1982 and February 1991 and hosted ten crews during its decade-long life.
Eventually, the Russians developed the Mir space station, which operated between
the years 1986 and 2001, a record 15 years. Mir still holds the record for the longest
continuous human presence in a structure in space for nearly 10 years with a
maximum of six humans occupying it at any one time. Mir was finally de-orbited
in 2001 during a controlled re-entry. There is no doubt that the early Russian
experience in manned space stations is unique and a valuable contribution to our
understanding about how long humans can remain in the space environment.

The United States eventually caught up with the Russians and placed its first
space station Skylab into orbit in 1973, which was in use until 1974. During its time
three different crews lived on board. Today, the international community is focused
on the final construction phase of the International Space Station (ISS). This is a
joint enterprise with the United States, Russia, Canada, Japan and several European
nations and has been permanently occupied since October 2000. This orbital
platform stands as one of humanity’s greatest engineering accomplishments.
It ranks up there alongside the so-called Seven Wonders of the World. The ISS is
the first manmade wonder of the extraterrestrial type. The ISS is an achievement
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built upon past successes. Time will tell if international cooperation in the
construction of this platform, visible to all humans from the surface of Earth, will
help to bring about peaceful relations among nations.

Moving on from Earth orbit we come to our single satellite — the Moon. At first
sight it appears to be an uninteresting place, having no atmosphere of its own and a
surface temperature that varies between +138°C and —180°C, depending upon
whether the Sun shines on any part of the surface. The Moon is of course
very important for Earth, because it is what causes our ocean tides. It also affects
Earth’s spin, and a typical day has gone from 6 hours when Earth was first formed to
the 24 hours day we have now. In billions of years from now one Earth day is
expected to be much longer than 24 hours. It is believed that the Moon has acted
to stabilize Earth’s axial tilt over its history and so may have been important in
creating a stable climate for the evolution of life. The Moon is of course less than a
third the size of Earth, being 3,476 km in diameter and with a mass around 80 times
smaller. It is thought that the Moon has an iron-rich core surrounded by a mantle and
a crust and around 3,000 moonquakes occur per year, measuring between 0.5 and
1.5 on the Richter scale, due to the seismic activity hundreds of kilometers below
the lunar surface. Over time, hot lava from the liquid magma interior has created the
ancient lava plains visible from Earth. It is not fully understood how the Moon
formed, but was probably a result of an impact between the young Earth and another
planetisimal-sized body.

One of the greatest moments in the history of our species was initiated by a speech
from the U.S. President John F. Kennedy on May 25, 1961. In this speech he made the
commitment to send a man to the Moon before the decade was out and return him
safely to Earth. This was finally achieved on July 20, 1969, when two crewmembers
from Apollo 11, Neil Armstrong and Edwin (Buzz) Aldrin stepped out onto the
surface of another world. History records that Neil first spoke those wonderful words:

That’s one small step for a man, one giant leap for mankind.

Without doubt, mankind’s first steps onto another ‘heavenly body’ will be
remembered for 1,000 of years hence. It is quite likely that even today we do not
fully appreciate the significance of this achievement on our human psyche. During
the Apollo program in total 12 human beings walked on the lunar surface, between
the years 1969 and 1972. They returned some 380 kg of Moon rock back to Earth,
clear evidence that men really did go there.

The first landings were over 40 years ago now, and many people have been
disappointed with the lack of progress in continuing the Apollo journey. To address
this, and the apparent lack of direction with NASA, the U.S. government launched
the ‘vision for space exploration,” an initiative under the leadership of former
President Bush. This plan set out a 2020 timetable for the return of humans back
to the Moon, and by 2024 the plan was to have a permanent human settlement with
crews rotated every 180 days or so. This is the spirit of previous exploration
programs such as the exploration of the Antarctic or the manning of the International
Space Station. Unfortunately, economic considerations put a swift end to this plan.

Without a doubt, very exciting times do lay ahead for the next generation. But
what are the science exploration drivers for a return to the Moon if we were to go?
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First, there is the establishment of a lunar colony. This has been a long time in the
waiting since the first landing in 1969. A colony will help us to learn how to live off
world and continue to develop the space-based capability of our planet, should we
forget. This is a necessary condition if we are to hope to one day travel much further.
We must learn to walk before we can run. The use of a lunar base will also provide
an opportunity to study the ancient geology of the Solar System and help us
to understand more about the evolution of our own planet. If positioned right,
the base could provide an excellent opportunity for a surface telescope, giving
much clearer views than are obtained from the surface of Earth or even in Earth orbit.

One of the exciting prospects for the Moon is the potential for frozen water,
otherwise known as ‘lunar water.” This is located within the lunar rocks around the
poles, and in 2009 the LCROSS spacecraft identified around 100 kg of lunar ice in a
dark crater of the southern pole. Since then a concentration of 101,000 parts per
million has been identified over the lunar surface. Some hailed this as exciting news,
with increased chances for any future lunar settlement. Others were disappointed at
the small quantity discovered. There is also the potential to ‘mine’ lunar helium-3,
which could be used in nuclear reactor technology or a space propulsion system such
as Project Icarus (discussed in Chap. 17), although some estimates suggest that a large
amount of energy expenditure would be required in advance to perform these
operations, offsetting any gain. Whatever the truth, we certainly have several reasons
to return back to the Moon today and unlock its potential for the use of the human race.

The Solar System is very old, around 5 billion years in fact. How the Solar
System came to form is a story that has been pieced together over centuries,
although even today we still do not have the complete picture. The best model
that we have is known as a proto-planetary formation model. Our Solar System
started off as a rotating flattened disc nebula of gas and dust surrounding the young
Sun. Over time, grains of dust fell together under the influence of gravity and
formed clumps. Eventually these grew in size and grew by a process of coagulation
as all of these clumps settled towards the mid-plane of the disc. This allowed
them to grow even larger — into 1-10 km sized planetisimals. Eventually, much
larger bodies were formed the size of Moons. These then collided, forming
even larger objects, which became the rocky cores of the planets.

For arotating gas cloud as massive as the Sun, this whole process takes around 2—-6
million years, producing a protostellar disc of around 500 AU in size. How we have
gone from this process to the formation of life and eventually a civilization of humans
is a discussion for another text. However, it is a remarkable fact that the substance that
makes up our biological structure (mainly carbon) is born from the embers of evolved
stars (especially heavy elements), and so it is destined to return. If we are able to
successfully discover life on any of the other planetary bodies within our Solar
System, this will shed enormous insights into our evolution and potentially unravel
part of our common purpose. And so it is that the discovery of life elsewhere must be a
major scientific driver for future exploration missions. To understand the potential for
such a discovery, it is worthwhile discussing the other planets in our Solar System,
their structure and the opportunities for future exploration missions.



6.3 The Colonization of Mars 81
6.3 The Colonization of Mars

Mars has been fascinating to human beings for centuries, and there has been much
speculation about the possibility of alien Martians. Mars is slightly smaller than
Earth, being 6,786 km in diameter with a mass around one tenth that of Earth.
The surface temperature varies between —140°C and +20°C and it has a very low
surface pressure of around 100th the Earth. It is much further from the Sun than
Earth is, at around 1.5 times the distance, and it has a much longer orbital period of
687 days, or around 1.88 Earth years. Its rotation period is similar to Earth, which
means that one day is around 24 hours. Mars has its own atmosphere, consisting of
90% carbon dioxide along with nitrogen, oxygen, argon and other elements. Mars is
a dusty, barren planet with many rocks that have a high content of iron, giving rise
to the familiar orange-red color. When the Sun drops below the horizon twilight can
last for up to two hours as the light is continually scattered by the dust and ice
particles that reside high up in the atmosphere.

The polar caps of Mars are believed to contain water and carbon dioxide that is
covered by a haze of cloud. During the summer months, the carbon dioxide part of
the ice caps can shrink to a size only several hundred km across, leaving a residual
cap consisting mainly of water. It is thought that in the past Mars was a wetter and
icier planet. With gradual warming, however, the poles remain the only place where
ice is stable. The planet is still warming up today, and evidence of this can be seen
by the presence of pits within the frozen carbon dioxide at the southern pole. Images
from orbital spacecraft have shown the presence of flow deposits known as ‘water
flow,” which is like mud, due to groundwater seeping up through cracks in the
surface then freezing on exposure to the low pressure atmosphere. This creates a
sort of dam around the crack, which eventually bursts as the pressure builds below
it. Water in the form that we know it would not stay in that stable state upon
exposure to the atmosphere. Instead, it would boil at a very low temperature and
evaporate away. We do not know if water resides upon the Martian surface today,
although we are confident that it did in the past. If spacecraft can discover the
presence of accessible water on Mars, this will make future exploration missions
so much easier.

Mars is an important target for future space missions because of all the planets
in the Solar System it appears to be the one most similar to Earth. It has both carbon
and nitrogen in the atmosphere and water frozen into the soil. It may have interest-
ing subsurface hydrothermal systems. Its 24-hour day means that astronauts will not
require significant adjustments to the Martian time cycles. Mars itself has a low
gravity of 3.72 m/s*> compared to Earth at 9.81 m/s>. This is due to the difference in
mass of 6.486 x 10** kg (Mars) and 5.974 x 10** kg (Earth). Consequently,
launching a mission from Mars would be a lot cheaper than launching one from
Earth, provided the raw materials and manufacturing were available locally. Mars
has a complicated geothermal history with the potential for significant human
mining. It even appears to have all of the necessary elements for creating industrial
products from materials such as glass and metals. Eventually, oxygen and energy
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can be produced from the water in the soil and atmosphere. The most exciting
possibility for Mars is the prospect of bacterial life (discussed later in this chapter)
or even plant life in the past. If life of any form can be shown to emerge on another
world independent of Earth, then this is strongly suggestive that we are not alone in the
universe and life emerges purely as a function of chemistry, given the right conditions.

Mars has a large canyon system, which is caused by internal stresses within the
planet. One of these is the Valles Marineris, which measures around 4,000 km with
a variable width of 150-700 km. There are also many smaller valleys up to a
1,000 km across that may have been formed by running water. In its past, Mars is
thought to have had many floods, glaciers and volcanic eruptions that have shaped
the surface the way we see it today. Mars can stand on record as having the tallest
volcano in the Solar System known as Olympus Mons. It is around 24 km
(80,000 ft) high and three times bigger than Mount Everest on Earth. Mars also
has tremendous dust storms that contain charged particles and speed across the
planet between 50 and 100 m/s. Most of these are quite small and harmless in
the low-pressure environment. These are so called ‘dust devils,” which appear as the
planet’s surface warms up in the morning and disperse in the evening as the surface
cools. Some of these can be quite fierce, though, reaching up to 10 km high and
several 100 m across. They can cover the planet for months at a time, presenting a
real problem for surface exploration missions.

Mars has two moons, known as Phobos and Deimos. Deimos is quite small, at
only 15 x 12 x 11 km in size, and it orbits Mars every 30 hours. It is a heavily
cratered moon but contains no meteorite ejecta deposits on its surface because its
gravity is too weak to prevent any surface material from escaping. Phobos is much
bigger, at 27 x 22 x 18 km in diameter, and it orbits Mars around three times a day.
Its most famous landmark is the Stickney Crater. The interesting fact about Phobos
for astronomers is that the moon is moving closer to Mars at a rate of just under 2 m
per century so that eventually in around 50 million years it will crash into the surface.
Alternatively, it may break up and form a Martian ring. Whatever scenario comes
true, Phobos may be a problem for far future Mars colonies and orbital space stations.

Any spacecraft traveling from Mars to the outer planets will have to pass through
the Asteroid Belt, which is between 2 and 3.5 AU and consists of 1,000 of objects
ranging between 1 and 1,000 km in diameter. Because Mars is less massive, the
escape velocity for any rocket is also much less, at around 5 km/s compared to
Earth’s 11.2 km/s. In the last century many spacecraft visited Mars, including
Vikings 1 and 2 in 1976, Pathfinder and Global Surveyor in 1997 and the European
Mars Express from 2003.

In 1949 the German rocket scientist Wernher von Braun wrote a science fiction
novel called Project Mars: A Technical Tale (finally published in 2006), which
described a possible mission to Mars in the future. He said that [1]: “Despite our
preoccupation with the problems of today, we must not neglect those of the morrow
{tomorrow}. It is the vision of tomorrow which breeds the power of action.”

Indeed, the planet Mars provides a powerful and attainable vision for humanity
to aspire to and to begin to initiate wider long term exploration plans today.
The exploration and colonization of Mars is our future. It is not a question of ‘if’
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but one of ‘when.” The technology exists today to undertake such bold missions and
move us away from our fixation with orbital operations. We must learn to have
courage in the face of great risk, for the rewards of succeeding are many.

In 1989 the U.S. space agency NASA published a plan to go to Mars [2]. It was
based upon a 90-day study that involved tripling the space station size to add vehicle
assembly hangers and constructing vehicles for the Moon and Mars; any eventual
mission would take around 18 months, with only a 3 day stay on the Red Planet. It
was a mission that would have cost of order $450 billion and was destined for
rejection by the then political leaders. To move out into the Solar System we need
to develop a strategy for space exploration that is sustained by economic and practical
self-sufficiency. This means using the resources of Solar System bodies to provide the
consumable propellants and life support materials to reduce the costs and increase the
performance of space missions. The objectives of the missions would be defined by
scientific and economic returns. This necessitates a ‘live off the land’ approach to
human planetary exploration where technology and materials are recycled to mini-
mize waste. We must plan for a permanent presence rather than just a quick visit. To
achieve these things, we need to take measured risks in human space exploration
using innovative technology that leads to high gains in the short term. Current space
exploration plans are limited to a handful of highly qualified individuals, and this
wrongly constrains human access to space. Private industry must be allowed to
pioneer the way, but motivated by government support and strong leadership.

In an attempt to demonstrate that missions to Mars could be achieved for a more
moderate cost, the American engineer Robert Zubrin proposed the Mars Direct
plan, which was estimated to cost $55 billion over 10 years [3]. The plan was to
launch a heavy lift booster carrying the Earth Return Vehicle (ERV) that included a
chemical plant, a nuclear reactor and a quantity of hydrogen fuel, because the
hydrogen abundance is only about 5% in the rocks on Mars and is difficult to
extract. It would arrive at Mars after a 6-month journey using a conjunction
trajectory mission that is characterized by long surface times, short in-space
durations and minor propulsion requirements.

Once on Mars, the ERV would use the nuclear reactor to react the hydrogen (H,)
with the atmospheric carbon dioxide (CO,) at elevated temperatures and pressures
to produce methane (CH,) and water (H,O) via the reaction CO, + 4H, — CH,4 +
2H,0 that creates methane and water. Oxygen is also extracted from the water by
electrolysis over a period of 10 months, which can be used for rocket fuel. Then, 26
months after the launch of the ERV, the Mars Habitat Module (MHM) is launched
from Earth carrying a crew of 4 and arrives 6 months later. It uses the spent upper
stage along with the MHM to generate artificial gravity by a tether. Eventually the
MHM reaches Mars, lands and the crew stays for a period of 18 months, conducting
scientific surveys of the Martian surface, thereby maximizing Mars surface time.
When completed, they return to Earth in the ERV that is by then fueled up and ready
to go. The total mission duration would be around 910 days or 30 months.
Eventually, missions to Mars will result in crew stay durations of order 10-12
years. The Mars Direct Plan is a bold and well thought through proposal, and
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international space agencies should be finding ways to plan for Mars Direct-type
missions in future program plans. Indeed, the NASA vision for space exploration
does state that Mars is a secondary goal after a human return and settlement of the
Moon. Ideally, any lunar mission scenarios should optimize Mars exploration ties to
prepare us for the greater challenges ahead.

In 2006 members of the British Interplanetary Society, led by the scientist
Charles Cockell, published an extensive report on the design of a base located at
the Martian geographic North Pole [4]. This was Project Boreas, a study that ran
from 2003 and was an international project involving over 25 scientists and
engineers. Its primary aim was to design a station to carry out science and explora-
tion in the Martian polar region. The crew would be up to around ten people to
allow for flexibility in exploration objectives in the fields of geology, geophysics,
astronomy, climatology and astrobiology. The station was designed with present-
day technology and considered all aspects of the station such as the power
requirements, thermal control, science laboratories, human habitation and life
support systems. Other aspects to the mission were also considered, such as surface
drilling and surface transportation. The proposed mission date for such a station was
2038 with a crew staying for the duration of the mission, lasting three summers and
two winters, and then returning to Earth in 2042, several years later.

Exploration-based missions like that proposed for Project Boreas will make
eventual human colonization of Mars possible. Raymond Halyard has described
such a scenario [S]. He looked at the establishment of three self-sufficient permanent
outposts, all within transport range of each other, by the end of the twenty-first
century. With regular supplies delivered from Earth the expansion of the small colony
into a much larger colony will become possible. The first colonies would be a set of
three manned by 18 people in each one, with each station capable of manufacturing
some of the equipment and structures for the next colony station — seen as a necessary
condition to ensure colony growth. With an assumed 2% per year contribution of
equipment and structures towards the next settlement the colony would double
approximately every half century. Earth would act as the support structure using
nuclear-thermal propulsion technology for supply missions, as the colony gradually
builds in size, solving many technical challenges along the way, perhaps many
resulting in loss of life as humans exist at the frontier of survival conditions.

Let’s consider for a moment, how a human settlement of Mars would work in
practice and the sort of timescales involved in future landings. For the purposes of
this exercise let’s use the definitions: Before Colonization Time (BCT) and After
Colonization Time (ACT). Here we define a colony to be a self-sustainable commu-
nity of ~1,000 people not dependent on Earth for any resources (including water,
food, oxygen), other than medical supplies, generating its own trade economy,
satellite governance, and with Earth as a customer base. At the beginning of Mars
colonization, missions will be launched (the first landings) from Earth to Mars
at a steadily increasing rate. This will be the start of the period BCT. This actually
began in 1965 with the first space probe to visit the Martian system, Mariner 4,
launched by the United States. Subsequently the first spacecraft on the Martian
surface was Mars 3 in 1971 launched by the Soviets. At the same time, missions
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will be launched from Mars back to Earth as crew and soil/rock samples,
for example, are sent home for analysis. After a significant number of Mars missions,
a considerable habitat base will be built up. Perhaps over time, several such habitat
bases will be constructed located at different positions on the Martian surface.
Eventually, maybe after a few decades, sufficient infrastructure will have been
built up on Mars so that the Earth to Mars missions will settle down to a steady
rate and then drop off to a lower number of missions as only replacement crew are
sent, along with essential components that need replacing. By this time, the infra-
structure built up on Mars will be sufficient to enable some crew to remain on the
surface for very long periods of time, and eventually settle. This will also see the first
human Martians being born on the planet.

For all intents and purposes, the human Martian settlement will be considered a
permanent colony, which will then begin producing its own trade economy and
independent self-governance, given the large human population. Having sufficiently
explored the Martian surface, the need will arise to explore the surrounding space
around Mars, including the moons Phobos and Deimos as well as the many asteroids
nearby. Mining operations will then begin for materials such as iron-nickel ore to
boost Earth production levels. The continued build up of infrastructure and space
launch capability from Mars will see a dramatic rise in the number of missions
launched from Mars into space to explore the rest of the Solar System and beyond.

The first space race was to the Moon between the United States and the former
Soviet Union. The second space race is the private commercialization of Earth orbit
and lunar travel for tourism. The third space race will be the full private commer-
cialization of space, driven by economic business returns. The exploration of Mars
will be the true beginning of the third space race. At some point, the industrial scale
missions will increase and the number of missions launched from Mars into space
will exceed the number of missions launched from Earth into space. This will occur
naturally, due to the closer proximity of Mars to the outer planets and Asteroid Belt,
as well as the lower Martian gravity making launches from Mars more cost
effective. By this time, the colony on Mars will be substantial, perhaps numbering
~10,000s humans. This will be the start of the period ACT, and this will be the
turning point in human exploration of outer space.

Both robotic and human missions will then be launched at an ever-increasing
rate from the Martian surface into the outer Solar System, accelerating human
ambitions in space travel. This will initiate the true era of human interplanetary
travel. Such missions will become normal and will also result in an increase in the
technological capability (e.g., propulsion) as more ambitious missions are
attempted. This may see the advent of human exploratory missions to the Kuiper
Belt and eventually the Oort Cloud. Missions to the nearest stars will then be a
logical continuation of this effort, and the initiation of human interstellar travel will
finally begin. In the end, the colonization of Mars will bring about a paradigm shift
in thinking about the wider exploration opportunities for space travel. Traveling to
other stars will be seen as a natural technological progression of humanity’s
expansion into the cosmos, bringing about advances in new space propulsion
systems as we reach for more ambitious missions (Fig. 6.1).
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Fig. 6.1 The exploration of Mars from orbit with a space shuttle in near orbit, although not a very
realistic scenario

One of the best candidates today for long distance space missions is fusion
propulsion, discussed in Chap. 11. However, fusion reactor technology has not yet
reached maturity and is still the subject of prototype demonstrators on Earth.
To prepare for the day when fusion propulsion will become available, plasma
propulsion offers a near technology demonstrator as well as providing an efficient
propulsion system for Mars missions. An engine of this sort has been proposed in
recent years known as the Variable Specific Impulse Magnetoplasma Rocket, or
VASIMR [6]. This is a highly developed technology that can be scaled for fusion
designs, in theory. It bridges the gap between high thrust-low specific impulse
engines and low thrust-high specific impulse engines and can perform in either
mode. Exhaust velocities of ~300-500 km/s may be possible. The engine is ideal for
Earth-Moon or Earth-Mars missions if a small fission reactor can supply the
electricity. Using a 12 MW reactor, it can get a crew to the vicinity of Mars within
115 days. The technology is reaching maturity, having been successfully ground
tested with its full rated power of 39 kW using argon propellant. Current research is
aimed at testing the second stage of the design, by ion-cyclotron boosting the
plasma stream to 200 kW. Investment in this technology now will be essential if
we are to achieve human missions to Mars within decades and develop fusion-based
technology for longer term goals. So this technology is a clear demonstration
of how a focus on a single technology for a Mars-based mission can bring missions
to the stars that little bit closer.
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The eventual colonization of Mars will be a turning point in the human exploration
of space. In particular, it will be marked by a radical change in attitudes towards space
travel. Prior to this period, attitudes will be along the lines of: space travel is too
expensive; too difficult; mission targets are too far; what is the justification for going?
Viewpoints will persist that claim we are fundamentally limited by our technology
and we should be focusing inwards on our problems on Earth and remain at home.
These attitudes will only lead to one result — stagnation and regression of the human
race. Once we have achieved the colonization of Mars, attitudes will change and a
renewed confidence about human capabilities in space travel will be born. Attitudes
will be along the lines of: Space travel can be done relatively cheaply; there are many
reasons why we must go into space; we are capable of achieving anything; we must
focus outwards and think about the long-term future of humanity and we must reach
the nearest stars and colonize other worlds. The human race will have moved from a
negative attitude to a positive one, with eyes open to the full possibilities that space
travel offers our species. When the human colonization of Mars finally gets underway
one can envisage six key phases of exploration as follows:

. Initial landings and establishment of exploration base.

. Permanent presence, self-sustaining energy reserves (fuel, food, oxygen).
. Exploration of many sites, establishment of multiple communities.

. Establishment of first Martian cities.

. Exploration of near Mars orbit including the moons.

. Exploration beyond Mars.
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Alternatively, one may consider the negative prospects for future space travel.
This could be along the line of a stagnation scenario, where humans never settle
Mars but instead retreat back to Earth. There is also a divergence of interest
scenario, between two self-governed powers on both Earth and Mars. This could
be a divergence of interests due to political, economic, territorial, technological or
even religious lines that lead to interplanetary tension between people of both
worlds. Then there is the extraterrestrial scenario, where intelligent beings arrive
in our Solar System, but seeing that Earth is already inhabited, decide to colonize
Mars before us. This is assuming they are not malevolent and chose to terminate our
species. Finally, we must consider a failed colonization scenario, where we try to
colonize Mars but fail, due to the challenges of day to day living on the Martian
surface. It may just be too difficult a challenge for us. Similarly, we may attempt to
explore the remainder of the Solar System and fail. This again would lead to
stagnation of our race. But if we do not try, we will never know.

However, with the renewed confidence of having colonized Mars, should we be
successful, we will then see that nothing is beyond our potential. One consideration
will be the actual terraforming of the Martian environment in the distant future, to
make it adapt to our human physiological needs. Such ideas have been widely
explored in the literature and would likely involve a large settlement with an
industrial base. Mars was once warm and wet and with time it can be made to be so
again by trapping sunlight within the Martian atmosphere, perhaps assisted by ozone
production, so that it can slowly heat up over many years and release some of the
water frozen in the surface [7]; Mars is the symbol of hope and endless possibilities.
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6.4 Other Planetary Objects

Being the planet closest to the Sun, Mercury is often not visible in the night sky.
Perhaps for this reason, it is not given much attention. Most astronomical interest
has focused on Mars or the outer planets. But Mercury has its own fascination, and
it is worth considering the possibilities for future exploration of this innermost of
worlds. Mercury does not have any moons and is a small world in comparison to the
other inner planets, being around 4,879 km in diameter and around 1/20 the mass of
Earth. It is very close to the Sun at only 57.9 million km or just over 2/3 the Earth’s
distance and experiences extremes of temperature: —170°C to +430°C, a staggering
temperature range of 600°C.

Despite its proximity to the Sun, Mercury does have its own atmosphere
(although very thin) consisting of 42% oxygen, 29% sodium, 22% hydrogen, 6%
helium, 0.5% potassium, as well as some argon, carbon dioxide, nitrogen and water
vapor. The presence of sodium and potassium in the atmosphere makes Mercury an
inhospitable planet. Mercury has an orbital period of around 88 days and a rotation
period of around 59 days, which means that the planet makes three spins on its axis
for every two complete orbits, and one Mercurial day lasts for two of its years.

One of the most interesting features of Mercury is the presence of a magnetic field
due to a large iron core (presumably in a liquid state), which makes up around 75% of
the planet’s diameter or 40% of its volume. This compares with Earth, which also
has an iron core that makes up around 55% of its diameter or 17% of its volume.
Mercury may be an attractive proposition therefore for future explorers looking for
large quantities of iron, Mercury having more than any other body in the Solar
System. Despite its massive iron core Mercury has a very weak magnetic field that is
only around 1% of Earth’s magnetic field. This is a big mystery for future space
missions to investigate. Mercury is a heavily scarred planet, with one particular
‘scarp’ being 300 km long extending across the surface, as a result of the planet
contracting in size and cooling due to compressive forces. It has been speculated that
Mercury may have large quantities of ice at the poles deposited by passing comets,
particularly at the south pole, where little sunlight reaches the shadows of the craters.
Several spacecraft have visited the orbit of Mercury, including Marina 10 in 1974,
Messenger in 2010 and the planned BepiColumbo in 2014. The Mercury Messenger
mission was launched in 2004 and went into orbit around Mercury in 2011.

The planet Venus is known affectionately as the sister planet of Earth. It is
named for the Roman god of love, which is ironic considering the planet’s huge
+480°C surface temperature, which is hot enough to melt lead and even hotter than
the surface of Mercury despite being twice the distance from the Sun. The temper-
ature is so high on Venus because short wavelength solar energy in the form of
visible light waves penetrates the thick atmosphere but then the heated planet
re-emits light at a much longer wavelength that becomes absorbed within the
clouds. It becomes trapped, maintaining a high surface temperature. This is the
greenhouse effect. Venus doesn’t have any moons of its own and is a planet similar
in size to Earth, around 12,104 km in diameter and about 15% less massive than
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Earth. The crushing atmospheric pressure is equivalent to nearly 1 km down in the
oceans of Earth and the atmosphere consists of 96.5% carbon dioxide, 3.5%
nitrogen and sulfur. It is located at around three quarters Earth’s distance from
the Sun, has an orbital period of around 225 Earth days and a rotation period of
around 243 days, so that a day on Venus is longer than 1 year. Venus has the
peculiar behavior of rotating on its axis in the direction opposite to its orbital
motion (retrograde motion). The planet has very quick winds that are able to
move around the complete planet in about four Earth days.

Several spacecraft have visited Venus, including Mariner 2 in 1962, Mariner 10
in 1974, Pioneer Venus Orbiter in 1978, Magellan in 1990 and Venera 7 in 1970 (one
of ten Venera probes to successfully land on the surface). When spacecraft land on
the planet, they do not last for very long due to the dense corrosive atmosphere.
Spacecraft have to descend through several cloud layers of sulphuric acid. If the acid
droplets could reach the surface in the form of rain this would be deadly to any
astronaut colony. However, because of the high pressures the acid simply evaporates
at much higher altitudes. But the atmosphere still creates massive chemical reaction
problems such as corrosion for any spacecraft that land there. For the same reasons,
most asteroids entering the atmosphere do not generally make it to the surface, but
are destroyed on entry and so Venus has few impact craters.

Venus is the most volcanic planet in the Solar System, and it is the volcanism
that creates the thick carbon dioxide atmosphere, which prevents heat energy from
escaping. It has been speculated that in the distant past Venus may have had an
ocean and may have had several continents, consisting of flat volcanic lava plains
that are constantly shifting and reforming the surface. It has many volcanoes, and
the largest is Theia Mons, which is around 6 km (20,000 ft) high. Venus has some
very strange-looking dome shaped hills probably formed by successive lava
eruptions. These are around 25 km in diameter and 700 m in height. The internal
makeup of Venus is thought to be similar to Earth, with a solid core of nickel and
iron surrounded by a mantle and crust. The planet does have a magnetic field, but it
is miniscule compared to Earth’s.

Jupiter is the largest and most massive planet in our Solar System. For these two
reasons it holds much fascination. It has also played an important role in history, in
focusing the debate over the role of science in human civilization. This was played
out in dramatic events recorded between the Italian astronomer Galileo Galilei and
the Catholic Church. Galileo was put on trial in 1633 for heresy because he claimed
that Earth orbited the Sun. This idea was suggested earlier by the astronomer
Nicolaus Copernicus in 1514 and so is called the Copernican model. We now
know that Galileo was correct.

Jupiter is a colossal planet of around 142,984 km in diameter with a mass over 300
times that of Earth. Its atmosphere consists of 80% hydrogen, 13.6% helium along
with methane and many other gases. It even has hydrogen cyanide, which is believed
to be formed by the interaction of ultraviolet light and lightning discharges in the
atmosphere. The presence of ammonia crystals in the upper cloud layers is thought to
be responsible for the white cloud layers; these are then colored by the presence of
phosphorous and sulphur compounds, giving Jupiter its notable appearance. It has a
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surface temperature of around —110°C and an atmospheric cloud pressure of between
0.2 and 2 atmospheres. Jupiter also has an extensive magnetosphere. Scientists are
still unsure about the internal structure. It may have a solid rocky core 20 times more
massive than Earth, which makes up around 4% of the mass of the whole planet.

Some of the most incredible sights on Jupiter are the tremendous storms driven
by 0.2 km/s (700 km/h) winds. One of these is an enormous spinning wheel-like
storm around 20,000 km long and 10,000 km wide known as ‘the Great Red Spot,’
where internal winds spin for around 6 days in a counter clockwise motion. This is
usually visible on the surface through any moderate-sized telescope, and the storm
is so big that Earth could fit inside of it. The atmosphere itself moves fastest at the
equator and slowest at the poles; this is known as differential rotation. It is located
at 778 million km from the Sun, which is way over five times the distance of Earth.
It has an orbital period of around 12 years and a rotation period of just less than
10 hours. Because it is so massive it has a whopping escape speed of 59.5 km/s, and
the large gravity well is also useful for exchanging momentum in spacecraft
‘slingshot” maneuvers, for the use of either acceleration or deceleration. Several
spacecraft have visited the Jovian system, including Pioneer 10 in 1973, Pioneer 11
in 1974, Voyager 1 and 2 in 1978 and Galileo in 1995.

People of Earth got a wakeup call from Jupiter in July 1994 when 23 separate
fragments from Comet Shoemaker-Levy 9 crashed into the atmosphere at speeds of
around 60 km/s, colliding with the equivalent energy release of millions of metric
tons of TNT and sending ejector up to 3,000 km out above the atmosphere. Since
1994 there have been several other impact events with Jupiter. If such a collision
were to occur on Earth, we simply would not survive it. Jupiter may make an
excellent location for mining of helium-3 fuel for nuclear fusion reactors or
propulsion power systems. This material would be mined from the atmosphere
and then delivered to Earth on container ships. Jupiter could become a major
re-fueling station in the centuries ahead.

To date, Jupiter has an astonishing 62 moons, and a new one seems to be
discovered every few years. One of those moons, called Io, is known to be highly
volcanic as a result of tidal resonances with the big planet. Images of the surface of
Io clearly show dark spots flagged by bright red pyroclastic deposits resulting from
explosive debris ejected from the surface. The sources of these ejecta are known as
volcanic calderas. The surface is covered in sulfur compounds giving rise to its
riotous color and silicate rocks surround the lava flows. Images also show 121 km
(400,000 ft) high plumes coming out of the calderas, a warning to any orbiting
spacecraft to keep a safe distance. The lack of water in Io probably makes it
unlikely that this world harbors life. Some of the ejecta from Io result in the deposit
of charged particles into Jupiter’s magnetosphere, giving rise to auroral displays.

The moon Europa has to rank as one of the most interesting moons in the Solar
System. The surface shows icy plains with long dark ridges and fractures in the
crust up to 3,000 km in length. The surface ice thickness is unknown, but opinions
vary between tens of meters to tens of kilometers. It is believed that beneath this ice
sheet lays a subsurface ocean, perhaps up to 60 km deep. The main evidence for the
subsurface ocean is the identification of hydrated mineral salts.
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The saline ocean, which is full of electrolytes, has electric currents produced in
it by induction from Europa’s motion through Jupiter’s magnetic field. These
currents then generate Europa’s magnetic field. If Europa is similar to Io then
volcanism may be heating the moon internally through a process of tidal resonance
and the seabed may be littered with volcanic vents like those found on Earth. It is
quite possible that these are surrounded by life forms living off the internal heat
flow, protected by the presence of a magnetic field around the moon.

The planet Saturn has to stand out as the most beautiful of all the planets. Saturn
is also the second largest and second most massive planet in our Solar System, next
to Jupiter. It is 120,536 km in diameter and around 95 times the mass of Earth, 26%
of which is located in the core. It has a surface temperature of —180°C and its
surface pressure is larger than 1,000 atmospheres and consists of 96.3% hydrogen
and 3.25% helium. It is located at 9.5 times Earth’s distance from the Sun, has an
orbital period of over 29 years and a rotation period of around 10 hours. The escape
speed is not as large as Jupiter but is still much greater than on Earth at 35.5 km/s.
Like Jupiter, Saturn may have a rocky core surrounded by liquid metallic hydrogen
and molecular hydrogen layers. The presence of a smaller (than Jupiter) liquid core
gives rise to a weaker magnetic field than Jupiter. The beautiful yellow appearance
of Saturn is believed to be caused by the presence of ammonia in the atmosphere,
the clouds of which are quite thick, uniform and cooler than on Jupiter, giving
rise to little visible features. Saturn also has very high wind speeds, faster in fact
than on Jupiter, and they reach speeds of up to 500 m/s near the equator.

The planet is surrounded by a complex ring structure held in place by Saturn’s
massive gravity, which is clearly visible from any basic telescope and is probably
the reason why Saturn holds such fascination (having few surface features). The
rings are around 46 m (150 ft) thick, stretch to 273,000 km and consist of 1,000
narrow, closely spaced ringlets with names such as A and F ring. The rings are
composed of mostly frozen water and ice-coated rocks that range in size between
1 mm and several meters. Several features do appear in the rings due to the nearby
moons, which exert their own gravitational influence on them, helping to shape the
orbits of the bodies within the rings. Like Jupiter, Saturn has many moons. To date
there are 63, which range in size from a few kilometers to that of small planets. One
of the moons, called Enceladus, is a 500-km wide geologically active body and is
one of the brightest objects in the Solar System. Ice particles and water vapor fall to
the moon’s surface. The volcanoes produce geyser-like plumes of ice particles
and water vapor that erupt from the surface vents, renewing the surface material.
Some scientists believe that Encedalus may be a suitable environment for living
organisms, given it has a combination of water ice and volcanism.

The biggest moon in the Saturn system is Titan, which may contain dry riverbeds
carved by flash floods of liquid methane over a cold surface of —180°C. Recent
discoveries suggest that oceans of liquid methane tens of miles across may be present
today. The Cassini-Huygens probe entered the opaque-layered hydrocarbon atmo-
sphere of Titan in 2005 and took pictures of features that resembled liquid oceans and
the clear presence of surface weathering and erosion carved from water ice and
hydrocarbons. The identification of surface channels is also suggestive of falling rain,
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probably methane, down onto the surface. Titan is an important world for another
reason — that it may have resembled the early-formed Earth billions of years ago.
Titan has to rank as one of the top visitor spots for the first human spacecraft
missions to the outer Solar System. Several spacecraft have visited the Saturn system,
including Pioneer 11 in 1979, Voyager 1 in 1980, Voyager 2 in 1981 and Cassini
in 1997.

The planet Uranus is very large, having a diameter of 51,118 km, and is over 14
times more massive than Earth. It has an atmosphere mainly made up of 82.5%
hydrogen, 15.2% helium, 2.3% methane along nitrogen and hydrogen compounds.
Its surface temperature is around —218°C, and it has a surface pressure of greater than
1,000 atmospheres. Uranus exhibits prolonged seasons, which can last for over
20 years, but despite this Uranus is so far from the Sun that the seasonal temperatures
do not vary widely. The blue green color of the planet is largely a result of scattering
in the largely cloud free cold atmosphere (some methane clouds are present). When
reflected sunlight from the clouds passes back through the methane gas it absorbs the
red part of the light spectrum but allows other wavelengths through, giving rise to
the color that we observe. It is located around 19 times the distance of Earth from the
Sun, has an orbital period of nearly 84 years and a rotation period of a little over
17 hours. It is believed that Uranus has a liquid core made up of mostly icy water,
methane and ammonia and this core makes up around 80% of the total mass of the
planet. The planet also has its own magnetic field, but it is nearly 50 times stronger
than that of Earth although its strength varies.

The Voyager 2 spacecraft visited Uranus in 1986 and made the discovery that the
planet has 11 rings, the thickest of which is around 10 km wide; they consist of
particles of a coal-like substance. Unusually the rings are perpendicular to the
planet’s orbital path through the Solar System, largely because of the planet’s
unusual orientation 98° to the orbital plane. This also results in retrograde motion
of the planet and the large planetary wind speeds, between 40 and 160 m/s, flow
primarily in the same direction as the planets direction of rotation. It is not known
how Uranus got its unusual tilt but is thought to be due to some catastrophic impact
event in the distant past.

The planet Uranus has 27 moons at last count. Miranda is a small moon only
470 km in diameter, but it has huge canyons 20 km deep, which are a mixture of old
and young geologically, possibly as a result of impact events during its evolution.
Miranda would be a geologist’s dream to explore. The moon also has considerable
tectonic activity and may experience tidal heating effects due to the gravitational
field of Uranus that could internally heat up the moon. This also may be responsible
for the motion of icy material on the cold —187°C surface.

The discovery of the planet Neptune did not come about through a direct observa-
tion but instead from studying perturbations in the orbit of Uranus. As such it was a
theoretical prediction for the existence of a planet, which was then proved in 1846.
Neptune is located right at the outer limits of our Solar System, and we did not know
much about this world until the arrival of spacecraft in the late 1980s. It is a large
planet with a diameter of 49,528 km and is around 17 times more massive than Earth.
The atmosphere is largely made up of 80% hydrogen, 19% helium and 1.5%
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methane. It has a surface temperature of —218°C and a surface pressure of over
1,000 atmospheres. It is located at around 30 times the distance of Earth from the Sun,
has an orbital period of around 165 years and a rotation period of just over 16 hours.
The bluish color of the planet is due to the presence of methane in the atmosphere,
which absorbs the red part of the visible spectrum, the same as Uranus. Neptune and
Uranus are very similar in size, but Neptune is around 20% more massive and the axis
of rotation has a tilt of only 30° to the orbital plane compared to Uranus’s 98°.
Neptune has its own giant storm known as the ‘Great Dark Spot.” White cloud
features can also been seen on the surface of Neptune, where winds have carried
methane gas high up into the cool upper part of the atmosphere. The gases then
condense into crystals of methane ice.

An interesting fact about Neptune is that it is believed to be still slowly
contracting gravitationally today. This is due to gravitational energy being
converted from deep in the planet’s core into thermal energy that continues to
heat it, slowing down the collapse. Like all of the other gas giants, Neptune also
contains rings, five of them, which are less than 50 km to up to 4,000 km in width
and are located at various distances from the planet, between 42,000 km and
63,000 km. Neptune has 13 moons. One of its moons is called Triton. This is an
icy world with a young surface and tenuous atmosphere. It is believed that Triton
did not form originally within the orbit of Neptune but instead was a visitor from the
Kuiper Belt, which was then gravitationally captured. Triton even has its own thin
atmosphere, and evidence suggests that the atmosphere is warming up. Triton is an
interesting moon with surface cracks around 80 km wide spewing up nitrogen
through geysers 8 km high. Triton has a reddish appearance that could be due to
irradiation of methane on the surface of the moon, which is in gaseous, or ice, form.
It is a very cold world with surface temperatures of —235°C. Most peculiarly for a
moon, Triton orbits Neptune in the opposite direction to the planet’s rotation.
The Voyager 2 spacecraft visited Neptune in 1989.

6.5 Mining He-3 from the Gas Giants

During the Project Daedalus study (see Chap. 11) designers settled on the atmo-
sphere of Jupiter for the choice of helium-3 acquisition. It has also been suggested
that helium-3 could be mined from the Moon, approximately one million tons
deposited by the solar wind, although it may require far more energy to extract
the helium-3 than is gained from its actual use. Alternatively, there is direct mining
of the solar wind itself, but there are not large quantities to be gained from this.
Then there are the asteroids, although due to their small surface area and low
gravity, very low levels are expected to be present on their surface. The U.S. scientist
John Lewis has considered the question of gas giant mining for helium-3, specifically
for Jupiter, Saturn, Neptune and Uranus [8]. The composition for all these planets is
expected to be about 45 parts per million (similar to the Sun). There are two basic
problems with gas giant mining. The first is overcoming the huge gravity wells. The
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escape velocities for the various gas giants are 21.3 km/s (Uranus), 23.5 km/
s (Neptune), 35.5 km/s (Saturn) and 59.5 km/s (Jupiter).

The second issue is extraction of helium-3 from the background of helium.
Launching a spacecraft to orbit Uranus, which would arrive in around 7 years,
and then dropping a probe down into the atmosphere could solve the problem of
fuel extraction. An inflatable gasbag would then be used to move through the
vertical atmosphere until a few atmospheres of pressure had been reached. Neutral
buoyancy would then be maintained. Small fission reactors would be used to power
pumps and any refrigeration for the liquefaction and extraction of the helium-3 by
separating it from the helium-4. Any other excess gases would be either dumped or
used to cool the systems on board. The equipment would then be jettisoned and the
fuel tank essentially launched back into orbit to rendezvous with an awaiting
vehicle. Alternatively, the material could be launched on a highly elliptical orbit
and returned to either Earth or Mars after several years. Any atmospheric probes
would also have to avoid the hazards of lightning strikes if Jupiter is involved.

Historically the distance to the gas giants would also have been perceived to be
an issue, but with today’s technology practically all of the Solar System is reach-
able. From Earth the gas giants are located at 5.2 AU (Jupiter), 9.5 AU (Saturn),
19.2 AU (Uranus) and 30.1 AU (Neptune). However, it is worth noting that the
distances from Mars are slightly closer, namely 3.7 AU (Jupiter), 8 AU (Saturn),
17.7 AU (Uranus) and 28.6 AU (Neptune). Overall, all of the gas giants have great
potential, although Uranus is approximately half the distance of Neptune and has a
much lower gravity well. Despite being further, it would seem that Neptune and
Uranus are acceptable to mine, because the escape velocities are reasonable
(approximately twice that of Earth).

If helium-3 mining turns out to be as important as it appears to be presently, this
could open up a whole new economic frontier. Any colony established on Mars
would be in a prime position to exploit this opportunity and so would likely
dominate mining activities on the asteroids or gas giants. By this time, private
entrepreneurs should have developed sufficient space transport capabilities for orbital
and probably lunar exploration. In fact, it is most likely that private initiatives would
have overtaken government programs in the majority of space operations. A compet-
itive market in space exploration will emerge based around the areas of commercial
tourism and economic opportunities such as the acquisition of rare materials. Seeking
new opportunities to make business returns, they will want a part of the helium-3
mining industry of the future.

6.6 The Outer Solar System

Pluto is unfairly known as the mythological god of the underworld. It is unfortunate
that it has now been given the status of a dwarf planet. Pluto is a small world of only
2,320 km in diameter and has a mass of order 0.002 Earth masses. It is thought to
have an atmosphere made up of methane and nitrogen. It has a surface temperature
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of —223°C and a surface pressure of only —3 micro-atmospheres. It is located
around 40 times the distance of Earth to the Sun. It has an orbital period of around
248 Earth years and a rotation period of over 6 Earth days. The escape velocity is
even smaller than Earth’s Moon, a tiny 1.2 km/s.

The planet’s orbit is unusual in that it is more elliptical and more steeply inclined
to the ecliptic plane than any of the other planetary bodies in the Solar System,
being at an angle of more than 17°. The American Clyde Tombaugh discovered
Pluto in 1930, and at the time there were rumors of a ‘Planet X’ as far back as the
1800 s due to perturbations in the orbit of Neptune that could not be accounted for.
The appearance of Pluto is not well known, but images obtained from the Hubble
Space Telescope in 1994 clearly show what appear to be bright polar caps and a
dark equatorial belt. The same images are suggestive of the presence of surface
basins and impact craters. It is believed that a methane, nitrogen and carbon
monoxide atmosphere, giving rise to the high surface reflectivity and allowing us
to see it from within the inner Solar System, covers the surface of Pluto. The origin
of Pluto is unknown, but it seems likely that it originates from the Kuiper Belt, the
outer boundary of our Solar System.

Pluto is now known to have several moons. The largest is Charon, which is
around 1,200 km in diameter (half the size of Pluto) and orbits Pluto’s equator in the
same period as Pluto rotates on its axis, so that Charon is always hovering over the
same spot on Pluto. Charon is in very close proximity to Pluto, with a separation
distance of just under 20,000 km. The other moons are known as Hydra and Nix,
and a fourth moon has recently been discovered. No spacecraft have visited Pluto to
date, but the U.S. probe New Horizons (discussed in Chap. 8) is on its way there and
due to rendezvous with it in 2015.

In recent years Pluto underwent a controversial re-categorization to a dwarf
planet, which some see as a metaphorical demotion. This goes to the heart of what is
a planet. But wider discussions in the astronomical community began to ask if this
sort of definition was sufficient. Those charged with considering a more appropriate
definition raised several issues. A planet must have a mass below that of a brown
dwarf so that the deuterium-burning limit is not attained. So this places a maximum
mass on a planet of around 8% of the Sun. The minimum mass of a planet is a bit
trickier to define, but it should be massive enough so that its own gravity maintains
a spherical-like shape. A planet must not be a satellite of another world and may
have satellites of its own. It must of course orbit a central star (although there are
objects called ‘free floating planets’ that inhabit space but do not orbit any star).
A planet must also be big enough to dominate its own orbit, and unfortunately this is
where Pluto apparently fails the test, where part of its orbit is partly captured by the
planet Neptune.

Other dwarf planets have been discovered. This includes Ceres, located around
413 million km from the Sun. It has a rotation period of around 9 hours and an
orbital period of 4.6 Earth years. With a diameter of around 965 km it is the largest
object in the Asteroid Belt and was discovered as long ago as 1801. Many of the
dwarf planets reside within the Kuiper Belt. This odd-sounding name derives from
Gerard Kuiper who first proposed its existence in 1951 as the origin of many objects
from the outer reaches of the Solar System. It is also the source of short-period
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comets, which take less than 200 years to orbit to the Sun, and the comets travel
along the ecliptic plane where most of the planets are located. Also in the Kuiper
Belt is Eris, which was only discovered in 2005 and was one of the objects that
started the whole Pluto debate. Amusingly Eris is named after the Greek goddess of
discord. Eris is the largest object in the Kuiper Belt so far discovered, with a
diameter of around 2,413 km (larger than Pluto), and is located 10 billion km
from the Sun. It has an orbital period of around 560 Earth years. It is an interesting
world, thought to be made of mainly rock and water ice and methane ice that makes
it visible through a powerful telescope, being brighter than Pluto. Evidence
suggests that Eris even has its own moon.

Another Kuiper Belt object is Sedna, named after the Inuit goddess of the sea.
It is around 1,500 km in diameter, or three quarter the size of Pluto, and is located
around 130 billion km from the Sun, or 900 times Earth’s distance from the Sun.
It is also three times further from the Sun than Pluto, which gives it the distinction
of being the most distant object yet discovered within the gravitational reach of the
Sun. It is thought to have a rotation period of between 25 and 30 days and may have
a moon of its own. It has a highly elliptical orbit, which extends between 76 and
900 AU, and its orbit is tilted at around 12° to the ecliptic plane. Amazingly, it takes
around 10,000 years to orbit the Sun.

There are many other objects outside of Pluto, including Quaoar, an object
approximately 2,500 km in diameter, located at 42 AU in a nearly circular orbit,
which is tilted at 7.9° to the ecliptic plane. Finally, it is worth mentioning XR190 or
Buffy, an object also located three times further from the Sun than Pluto, with a
diameter of less than 1,000 km. It is located at around 58 AU in a near circular orbit,
which is tilted at 47° to the ecliptic plane. Other authors discuss a short but useful
review of planetary objects particularly beyond the orbit of Neptune [9].

Named after the Dutch astronomer Jan Hendrik Oort (after the revival of his idea
in 1950), the Oort Cloud is an immense spherical cloud surrounding the Solar
System. It is located outside the Kuiper Belt and extends from around
2,000-50,000 AU from the Sun. The outer boundary of the Oort Cloud therefore
marks the true edge of the Solar System, where the gravitational influence of the
Sun becomes so weak that objects can easily escape out into deep space. The Oort
Cloud is largely made up of icy objects that are dispersed at tens of millions of km
from each other. When another star comes near, its gravitational influence can
affect the orbits of the Oort Cloud objects, sending some of them towards the inner
part of our Solar System; this is what we call long-period comets. It is not known for
sure how many objects reside in the Oort Cloud, but the total mass is predicted to be
around 40 times the mass of Earth. Outside of the Oort Cloud and the bounds of our
Solar System lays the diffuse interstellar medium. A collection of particles of
mainly hydrogen and helium spread throughout space. When a spacecraft gets to
here then it will surely be an interstellar voyager.

Before the first interstellar probe can be launched, demonstrator missions to the
Kuiper Belt and Oort Cloud will firstly have to be attempted. Proposals for this have
been made [10]. One is called Icarus Pathfinder, which is a mission to 1,000 AU
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within 10-20 years and could use a VASIMR engine. This demonstrator mission
would test out various technologies required for longer-range missions. Another is
called Icarus Starfinder and is a mission to between 10,000 and 50,000 AU and
would have a full up fusion-based engine that would be used for the actual
interstellar flight. These concepts are illustrated in Plates 18 and 19.

6.7 Practice Exercises

6.1.

6.2.

6.3.

Construct a map showing the orbits of the different planets as concentric
spheres. The orbits should be drawn to scale. For each planet identify all the
spacecraft missions that have visited such worlds historically. Plot these on the
map and include the year of spacecraft arrival in the planetary system. From
this information identify the diffusion rate (number of probes per year per AU)
from Earth of robotic expansion out to the Solar System and beyond and on the
basis of this information extrapolate the arrival of the first interstellar probe at
the Alpha Centauri system, assuming technology was to scale linearly.

In this chapter we have discussed the possibility of mining lunar ice from the
Moon, helium-3 from the solar wind and gas giants, iron ore from Mercury.
What other precious materials, minerals or gases can you identify as potential
commercial incentives for driving Solar System exploration and thereby being
an enabler for interstellar progress?

Imagine a future 200-300 years from now where humankind has fully
colonized the Solar System. We have small bases or colonies on most of the
planets and moons and economic trade exists between those colonies.
Describe the inter-colony communications, legal system, and trade activities.
If the Solar System is fully colonized and humans exist in the outer reaches, is
this infrastructure a sufficient platform from which to embark upon manned
interstellar missions? If so how and if not why not?
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Chapter 7
Exploring Other Star Systems

There are countless planets, like many island Earths. . .man
occupies one of them. But why could he not avail himself of
others, and of the might of numberless Suns?. .. when the Sun
has exhausted its energy, it would be logical to leave it and look
for another, newly kindled, star still in its prime.

Konstantin Tsiolkovsky

7.1 Introduction

In this chapter we learn some fundamental astrophysics and consider the types of
stars that exist in the universe. This is important, as the determination of a suitable
destination is a fundamental prerequisite to launching any interstellar probe. Such a
venture will require an enormous amount of effort, time and money; and mission
planners need to be sure that they are sending the probe to the right place. When it
finally reaches its destination, perhaps a century later, it will enter the orbit of
another star and even of an extrasolar planet with a suitable biosphere for life. This
could become a future home for pioneering humans, representing our first true
expansion out into the cosmos. Alternatively, we may find life is there already and
shed light on a question that has haunted our dreams since we had first looked to the
heavens — are we alone in the universe?

7.2 The Stars and the Worlds Beyond

To begin, it is worthwhile reviewing what we know about our own star. The Sun is
quite an ordinary star, one of possibly 400 billion in our galaxy, which we call the
Milky Way, and taking around 220 million years at a speed of 220 km/s to orbit
the galactic center located around 2.5 x 10'7 km away. The Sun contains 99.8% of
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the total mass in our Solar System, and is on the edge of a galactic spiral arm. It has a
beautiful solar corona that can be seen during an eclipse. It is believed that perhaps
something like 50% or (even higher) of stars in the galaxy come in pairs, so-called
binary systems, but our Sun is alone. The Sun is much bigger than any of the planets in
our Solar System, with a diameter of 1,390,000 km and a mass of 2 x 10%° kg, which
is nearly 335,000 times the mass of Earth. It is at a distance of 1.5 x 10® km from
Earth, which is 1 AU. It has a surface temperature of 6,000°C and a core temperature
of around 15 million C where the pressure and density becomes greater. The Sun
has a surface gravity 27.9 times stronger than Earth. The escape velocity from the
Sun is an astonishing 618 km/s, although this is reduced to 42 km/s in the reference
frame of Earth. Heat is transported in stars through the processes of convection
(hot buoyant mass is carried outwards and cool mass is carried inwards), conduc-
tion (small amount of collisions between particles) and radiation (electromagnetic
energy generated from nuclear reactions at the core that gradually diffuse from the
center towards the surface in a time frame of order 50,000 years) [1].

Most people now understand that stars are essentially atom factories and that every
atom that makes up our bodies has originated at some point from the depths of a star —
the stars that preceded our existing Sun. We are literally children of the stars. The Sun
has an enormous atmosphere that stretches right out into the Solar System and
surrounds all of the planets. It blows off a huge charged particle plasma stream
known as the solar wind that travels at speeds of between 300 and 1,000 km/s
and interacts with the planetary magnetic fields, causing the aurora phenomena.
The solar wind is a clear demonstration that although the Sun exhibits an overall
state of equilibrium (a necessary condition for a life-habiting planet such as Earth),
it is also a dynamic object. A view through a specially designed solar telescope
reveals the presence of short-lived cool temperature 4000°C regions on the surface
which are known as sunspots and which range up to 100,000 km in size around
the location of magnetic bipolar fields. The number of sunspots appear in periodic
frequency in an 11-year cycle. Flares are generated in regions of high magnetic field
intensity around the sunspots, which are then revealed as massive ‘tongues of fire’
emanating from the solar surface.

The mystery of how a star stays stable for long periods of time was finally solved
by German-born physicist Hans Bethe in the 1930s. He correctly described the
fusion reaction sequence that maintains a balance over billions of years. The Sun
is around 5 billion years old with a temperature and pressure at the core sufficient to
cause the generation of a total solar energy output rate of 4 x 10*® W mainly by the
proton-proton and carbon—nitrogen—oxygen chain of nuclear reactions. Throughout
its history, the Sun has been on the brink of collapsing gravitationally due to its
enormous mass, but if it does so even a tiny bit, the core heats up slightly, increasing
the fusion reaction rate and therefore radiation pressure on the collapsing atmo-
sphere. This pushes back out and prevents the collapse. Similarly, if for some reason
the Sun was to increase some of its core-produced energy, it would begin to expand
outwards, but then the core reaction rate would slow down, reducing the pressure and
allowing the atmosphere to collapse back to its original size. The Sun is in effect a
giant self-sustaining pressure cooker with an automatic sensor on the stove switch,
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Table 7.1 Stellar fusion burn cycle

Fuel (ignition temperature) Typical reaction products
Hydrogen burning (107 K) Helium

Helium burning (10® K) Carbon, oxygen

Carbon burning (5 % 108 K) Oxygen, neon, sodium, magnesium
Neon burning (10° K) Oxygen, magnesium

Oxygen burning (2 x 10° K) Magnesium, sulfur

Silicon burning (3 x 10° K) Iron

and all stars work on the same principle. This is known as a state of hydrostatic
equilibrium. How a star gets to this state of equilibrium is a complex process of cloud
collapse and fragmentation until fusion conditions are satisfied. A star will evolve
throughout its life, burning hydrogen, helium and heavier elements until sufficient
energy is produced to maintain the hydrostatic equilibrium state. The typical burning
cycles are illustrated in Table 7.1.

A star begins as a giant molecular gas cloud at a low temperature of around 10 K,
which is cold enough for hydrogen atoms to form molecules. These are spread
throughout space and typically contain a total mass in the range 10°-10° solar
masses and have a density of 10° molecules/m’® or greater. They are around
1040 pc in radius (1 parsec = 3.26 light years), and it is the combination of low
temperature and high density that makes them the perfect place for the seeds of star
formation. This process is described by something in astrophysics known as the
Virial theorem, which states that for a molecular cloud in space if twice the total
internal energy of the cloud exceeds the absolute value of the gravitational potential
energy, the force due to the gas pressure will dominate over the force of gravity, and
the cloud will expand. But if the internal kinetic energy is too low the cloud will
collapse until it adjusts thermally to its new state as a main sequence star in a
process that takes around 10 million years. This leads to the formation of pre-
nuclear burning objects called protostars. Such objects, such as the Eagle Nebula,
have been seen in images taken by the Hubble Space Telescope.

Protostars with masses of less than 8% than that of a solar mass evolve into
objects where gravity is countered by the pressure of degenerate electrons — brown
dwarfs. Light is emitted primarily in the near infrared, and these are faint objects.
To sustain hydrogen burning through to helium burning, the core must be greater
than 3 x 10° K and the star must have a minimum mass of around 75 times that of
Jupiter or 7% that of the Sun. Brown dwarfs only need another 1% of a solar mass to
effectively become a star. These are less massive than stars but more massive than
planets. If a collapsed cloud has a final mass of more than ~8% of the Sun, fusion
reactions can be initiated with the thermonuclear ignition of hydrogen to helium.
It is not known for sure how massive a star can be, perhaps between 100 and 150
solar masses, although recent reports of astronomical observations indicate that a
star may go as high as 300 solar masses. The limit to the mass of a star is due to the
presence of significant radiation pressure (pressure due to photon gas) generated in
stars much larger than our Sun. Small changes in total energy are accompanied by
large changes in the internal and gravitational energies. In effect, large stars are
easily disrupted and therefore are rare.
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A planet is generally much smaller than a star and lies in orbit about a star at
distances of between 0.1 and 100 AU. It has its own self-gravity and is illuminated
by a star and any nearby moons. No nuclear fusion takes place, and the planetary
core is formed through a process of sedimentation and coagulation of dust grains to
large sizes. It is supported by the chemistry of its materials, which usually gives it a
solid surface. In contrast, a star is generally much bigger than a planet and is the
center of orbital attraction for the system being positioned at the foci of an ellipse.
The star also has its own self-gravity, which dominates the system, and the star is
the main source of illumination for that system.

People often wonder about Jupiter’s potential for becoming a star, not just
because of its enormous size but also because its atmosphere is mostly hydrogen
and helium, the same as stars. However, the main difference is that the heavy
elements are about three times more abundant in Jupiter than in a star, which is
characteristic of a body formed by the planetesimal process. It turns out that in order
for Jupiter to be a star, it would have to be around 75 times more massive than it
currently is. This could only occur if another planetary body (equivalent to that
mass addition) were to come into near contact with Jupiter and be gradually
accreted, thereby causing the planet to gravitationally collapse so that fusion
ignition could occur. The total mass of the combined body would have to be around
8% of the mass of the Sun, which is the minimum mass required to achieve the
ignition of hydrogen and helium elements. More than 75 times its own mass sounds
like a lot and is an unlikely scenario. However, a more likely (but still speculative)
possibility is that another planet of around 13 times the mass of Jupiter might be
accreted. This would then allow the combined mass to be around 7% of the Sun
mass, which is the requirement for reaching the deuterium burning limit and
thereby produce a brown dwarf. The whole question of Jupiter becoming a star
was dramatically demonstrated in the film 2010: The Year We Make Contact,
directed by Peter Hyams and based upon the novel by Arthur C. Clarke.

The radius of a star is easily determined from the luminosity relation

L = 4noR*T? (7.1)

where ¢ is a physics constant called the Steffan-Boltzmann constant equal to a
value of 5.67 x 10~® Wm 2 K. For the Sun the radius R is 6.95 x 10° km and
the surface temperature 7 is 5,780 K. This allows for example one to determine that
if two stars have the same temperature but one of them is 100 times more luminous,
then its radius must be 10 times greater. For the Sun the luminosity is around
4 x 10*® W, which is how much energy, it radiates per second. There is also a limit
to a star’s luminosity, known as the Eddington luminosity limit, named after the
British astronomer Arthur Eddington. This is when the luminosity is so great that
the star will begin to lose mass, and increased radiation pressure will lead to an
intensely driven solar wind. For massive stars the outer envelopes are only loosely
bound so they are prone to lose material, which results in a variability in their
luminosities. Many stars, of course, will end their life in a catastrophic collapse of
the core, which results in a supernova explosion visible throughout the universe.
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This is accompanied by a rapid rise in the solar luminosity for a short period before
decreasing. The amount of energy output from a supernova can be as much as
10* J, which is about as much as the Sun produces throughout its whole life.

What we are really interested in is whether other stars in the universe are similar
to our own and if not, how they are different. We know that our star has a habitable
planet with life on it within its orbit. So if we find a similar star to ours, which also
has a planet in a similar orbit, the chance for life would seem good. But many of the
stars in our galaxy are not like the Sun, and so we have to understand them better.
The other problem is that it is difficult to determine whether or not they have a planet,
let alone a habitable one, because they are so far away. However, this has all changed
in recent years with the discovery of many extrasolar planets around other stars.

At this time, however, let us concentrate on stars within our near neighborhood,
which are potentially reachable with an unmanned probe in the next century or so.
This will help to inform us about where we may like to go on our first missions
to the stars.

A credible distance for any interstellar probe to travel in under a century is
probably out to around 15 light years or less. In this distance there are 31 stars of
varying spectral type, which includes G, M, K, D and F class stars. The spectral
types are a form of stellar classification going from the hottest stars (>33,000 K
surface temperature) to the coolest stars (<3,700 K surface temperature) in the
order O, B, A, F, G, K and M, respectively. These are further designated with
numbers from 0 to 9 to indicate subcategories in stellar class. The 20 nearest stars
are shown in Table 7.2 and many others are illustrated in Fig. 7.1 with exact
distance scaling. It is worth discussing just a few of these as potentially interesting
targets for a future space mission.

Alpha Centauri is located 4.3 light years away, or 1.34 pc, and is the nearest star
to our Sun and the brightest star in the southern constellation of Centaurus. It is
actually a binary star system, with its companion Alpha Centauri B located around
11 AU distance at the closest approach and 36 AU distance at the farthest. Centauri
B is not resolvable with the naked eye. Centauri A and B are believed to be between
5 and 6 billion years old and so predate the Sun. Alpha Centauri A is slightly bigger
than the Sun with 10% more mass and over 20% larger in size. It is a main sequence
star of spectral type G2. Alpha Centauri B is slightly smaller than the Sun at 0.9
solar masses with a radius of 13% less and is of spectral type K6. Centauri B is also
interesting because the observed light curve varies over a short time scale and gives
rise to flare events, one of which has actually been observed.

The binary system also has a stellar companion in orbit around it called Proxima
Centauri, which is located at 0.21 light years (around 13,000 AU) from the pair and
an angular separation of 2.2° (around four times the angular diameter of the Moon in
the sky), which is larger than the separation distance between the binary pair thought
to be gravitationally associated with Proxima Centauri. This combination means that
the Centauri AB-C is a triple star system, although some still argue that Proxima is
not gravitationally bound to Centauri A and B. Proxima Centauri is a small red dwarf
star of 0.12 solar masses and is of spectral type M3. It is thought by astronomers to be
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Table 7.2 Stellar data for nearby stars

Distance
Star (light years)  Spectral type Relative mass (radius)
The Sun 0 G2 1.0 (1.0)
1. Proxima Centauri 4.3 M5 0.1 (0.14)
2. Alpha Centauri A and B 44 G2/K6 1.10 and 0.89 (1.23 and 0.87)
3. Barnard’s Star 5.9 M5 0.15 (0.12)
4. Wolf 359 7.6 M8 0.2 (0.04)
5. Lalande 21885 8.1 M2 0.35 (0.35)
6. Sirius 48915 A and B 8.7 A1/DA (double) 2.32 and 0.98 (1.8 and 0.022)
7. Luyten 726-8 8.9 M6 0.12 and 0.1 (0.05 and 0.04)
8. Ross 154 9.5 M5 0.31 (0.12)
9. Ross 248 10.3 M6 0.25 (0.07)
10. Epsilon Eridani 10.7 K2 0.85 (0.72)
11. Luyten 789-6 10.8 M6 0.25 (0.08)
12. Ross 128 10.8 M5 0.31 (0.1)
13. 61 Cygni A and B 11.2 K5/K7 (double)  0.59 and 0.5 (0.7 and 0.8)
14. Epsilon Indi 11.2 K5 0.71 (1.0)
15. Procyon 61421 A and B 11.4 F5/DA (double)  1.77 and 0.63 (1.7 and 0.01)
16. +59° 1915 A and B 11.5 M4/MS5 (double) 0.4 and 0.4 (0.28 and 0.2)
17. Groombridge 34 Aand B 11.6 M2/M4 (double) 0.38 and 0.16 (0.38 and 0.11)
18. Lacaille 9352 11.7 M2 0.47 (0.57)
19. Tau Ceti 11.9 G8 0.78 (0.79)
20. Luyten BD + 5° 1668 12.2 M4 0.38 (0.16)

a flare star and can vary in magnitude suddenly. It is slightly closer to us than
Centauri A and B and located at a distance of around 4.22 light years.

Because Centauri A and B are very similar to the Sun, including in metallicity, it is
thought that they may be host to several planets. Stable orbits have been found in the
inner systems for both stars but within a few AU of the center. So far, however, no gas
giants or even brown dwarfs have been located. It may be that the astronomical
technology is not yet sufficiently advanced to resolve any terrestrial planets within the
system, although with the rapidly improving techniques we should be optimistic that
positive detection surveys will be completed in the near future. For any such planets
with liquid water present they would have to be at a distance from each star of 1.2 AU
(Centauri A) and 0.7 AU (Centauri B), in the habitable zone. There is optimism in
the astronomical community that some terrestrial planets may yet be found in the
Centauri system, making the case for the first mission target for any interstellar probe.
In particular, having three different stars of varying spectral type to visit (even in
flyby mode) will maximize the science return of any such mission.

Barnard’s Star, located 5.9 light years away, or 1.8 pc, is the fourth nearest star
to our Sun. It was the mission target for the BIS Project Daedalus [2] (discussed
in Chap. 11). The main reason for choosing this target was because at the time it
was believed that astronometric evidence indicated the presence of one or two
large Jovian gas giant planets by observing perturbations in the proper motion.
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Fig. 7.1 Map of local interstellar neighborhood

The planets were thought to have a mass 1-2 times that of Jupiter and located in an
eccentric orbit within a few AU of the parent star. But later this claim was found not
to be true [3].

Barnard’s Star is an M4 class red dwarf population II star located in the
constellation of Ophiuchus; although untypical of other population II stars it has a
high metallicity, with an abundance of chemical elements higher than helium. It is
around 0.15 solar masses in size and around 0.12 solar radii, much smaller than the
Sun. It is beyond the range of human visibility and requires a telescope to view it.
It is thought to be much older than our own Sun, perhaps by several billion years.
Some observations indicate that it may be flaring today, which would certainly
make it an interesting stellar object of scientific study if you can get a probe out to it.
By the year ap. 11,700 Barnard’s Star will have moved so close to us that it will
only be 3.8 light years away, closer than the current nearest neighbor, Alpha
Centauri. Perhaps we could wait until then before launching a mission there, but
that seems a long time to wait for new discoveries. The situation today however is
that unless smaller planets are found in orbit around the parent star Barnard’s star
is unlikely to be a priority target for the first interstellar mission.
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Tau Ceti, located at 11.9 light years, or 3.65 pc, and is the 25th nearest star to our
Sun or 19th system. This is a single G-class star with a mass just slightly less than
the Sun at (.78 solar masses and a slightly smaller size of 0.79 solar radii. As of
today, no giant exoplanets have yet been discovered in this system. However,
infrared surveys have detected a prominent debris disc that extends from around
30 AU out to 55 AU and would contain objects at least as large as comets in an
abundance ten times more than in our own Solar System and perhaps much greater
in the form of rocky planets [4]. It is possible that terrestrial-sized planets exist in
this system, but they are yet to be detected, and the presence of so many cometary
objects would make the stability of any world very questionable. Life would have to
evolve in a changing environment due to the frequency of impact events. Despite
this, if any Jupiter-sized planets do exist and deflect a sufficient amount of these
impacts then any smaller world may have a chance. But to date radial velocity
surveys have not detected any planets. The star is in the constellation Cetus and is
visible with the naked eye. It has a similar mass and spectral type to our own Sun.
The metallicity of Tau Ceti is only about one third of the Sun despite being twice as
old, so the formation of terrestrial planets is made less likely. Because of the
similarities with our Sun it has frequently been the target of SETI-type searches,
with no positive results yet obtained.

One of the more interesting potential targets is Epsilon Eridani; located 10.7 light
years away or 3.28 pc it is the star 12th nearest star to our own Sun. Despite its great
distance from us, Epsilon Eridani is likely to be a system of intense scientific interest
in the coming decades. This is because radial velocity observations have detected the
existence of a giant gas planet Epsilon Eridani b at around 1.5 Jupiter masses with a
period of around 7 years [5]. It is in an eccentric orbit with a semi-major axis of
around 3.4 AU from the parent star and represents the nearest exoplanet discovery
found to date. Another much smaller planet at around 30 Earth masses and with a
period of 280 years may also be present in the system with a semi-major axis or
around 40 AU, approximately the distance of Pluto from our Sun.

Because the star is so young, around 600-800 million years old, it is likely to be
the site of early Solar System formation, and this is evidenced by the detection of
dust rings or debris belts mainly composed of asteroids in the system with a
structure that suggests collisional evolution of the system, similar to how our own
Kuiper Belt was formed [6, 7]. The belts were detected from infrared emissions
using NASA’s orbiting telescope IRAS. There are two asteroid belts located at
3 AU and at 20 AU; the third dust disk is much further out in the system, between
0.35 AU and 100 AU. The structure of these belts may even imply the presence of
other planets undergoing early formation, perhaps in the habitable zone, which is
within 0.48-0.93 AU from the star. The star is of spectral type K2 and located in the
constellation of Eridanus. Due to its young age the stellar winds from the star are
expected to be tens of times higher than for our own Sun. The star has a mass of 0.85
solar masses and a radius of 0.72 of the Sun. The metallicity is quite low.

There is no doubt that scientists have many reasons for why we would want
to send a space probe to this system. There is so much happening and by definition
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so much to find, although the age of the star and early forming Solar System
probably makes this a weak candidate for the discovery of any life. Indeed, a
radio wave search (and later a microwave search) conducted in the 1960s for this
system (and Tau Ceti) detected no intelligent signals, but this shouldn’t be a
surprise. In terms of an interstellar probe and mission planning, the problem will
always be the amount of propellant required and the vehicle performance in order to
reach such a great distance within a reasonable amount of time. Epsilon Eridani is
drifting towards the star Luyten 726-8, and they will come within less than a light
year’s distance of each other in around 31,000 years, perturbing any outer Oort
Cloud-like objects.

In recent years the field of astronomy has seen the detection of several hundred
planets around other stars, the number now at over 500. Figure 7.2 shows the masses
of the exosolar planets discovered as of December 2009. For the objects plotted
where the mass (lower bound) is known there are 394 plotted out of a total of 432
identified at the time this data was collated. Of this total 59 (14.9%) have a mass
<100 Earth masses, 38 (9.6%) have a mass <30 Earth masses, 17 (4.3%) have a
mass <10 Earth masses and 9 (2.3%) have a mass <6 Earth masses. If we assume
that there are 100 billion stars in the galaxy, and we further assume (conservatively)
that each one has at least one planet then there are around 100 billion planets
(but probably a lot more). If the 2.3% estimated above represented an accurate
sample (in all probability it does not, but this is due to the limitations on current
technology and observational techniques) this would equate to 2.3 billion planets
below 6 Earth masses.

Most of the planets discovered so far by astronomers are gas giants, as these are
easier to detect using the radial velocity method. Of the M class stars surveyed
around 1% are believed to possess a giant planet. This number increases to 7% for
stars of a spectral class F, G and K. One of the main observation platforms making
these discoveries using the planetary transit technique is the French mission called
CoRoT, which was launched in 2007. The transit technique looks for changes in the
brightness of a star due to a planet moving across the line of sight to the observer.
It even discovered the first so called ‘superEarth’ planet. Another platform using the
planetary transit technique is Kepler, which uses a camera to cover 105° of the sky
in the constellation Cygnus so as to examine 100,000 stars at distances of between
150 and 2,500 light years. The main advantage of instruments such as CoRoT and
Kepler is they are space-based platforms not limited to optical aberrations due to
Earth’s atmosphere, a problem that has limited Earth-based telescopes for centuries.
Other more exciting projects are on the discussion table, including NASA’s Terres-
trial Planet Finder mission and the ESA’s Darwin mission. We live in exciting
times, where the full power of technology is being utilized for astronomy.
The detection of habitable worlds and possible life-bearing worlds is likely to be
made within decades if not sooner, and then we will know for sure to what locations
we should send our first space probes.

When considering what target stars to send a spacecraft probe to, one must
consider several critical factors, such as the mission duration and the potential
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Fig. 7.2 Plot of exosolar planet masses discovered up to December 2009

engine performance for a stated mission (e.g., maximum cruise velocity possible).
One can examine this question by simply considering the linear distance in light
years to a set destination at different velocities in appropriate units, which is given
by the product of the velocity (fraction light speed) and the time (years). Table 7.3
shows the results of some mission speed-distance optimization possibilities.
One simply reads across the mission duration and fractional light speed to arrive
at a contour, which is then traced to derive the mission range. This can be compared
to Table 7.2 shown earlier.
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Table 7.3 Typical linear mission range to different star systems as a function of maximum cruise
velocity and mission duration

Mission Max cruise Max cruise Max cruise Max cruise Max cruise
duration velocity velocity velocity velocity velocity
(years)  10%c 20%c 30%c 40%c 50%c

50 51y, 2 systems 10 ly, 8 systems 15 ly 20 ly, 68 systems 25 ly

60 6ly, 3 systems 121y, 19 systems 18 ly, 48 systems 24 ly 30 1y

70 7ly, 3 systems 141y, 27 systems 21 ly, 74 systems 28 ly 351ly

80 8ly, 4 systems 161y, 40 systems 24 ly 321y 40 ly

90 9ly, 7 systems  18ly, 48 systems 27 ly 36 ly 45 ly

100 10 ly, 8 systems 20 ly, 68 systems 30 ly 40 ly 50 ly

7.3 The Discovery and Evolution of Life

The prospect for discovering planets around other stars is a very exciting one.
The prospect of discovering planets with life is even more exciting. Should we ever
encounter intelligent life on such worlds, this will inevitably change the course of
our future and have enormous implications for some of the world’s most cherished
belief systems. So far astronomers have discovered over 500 planets orbiting other
stars in our galaxy. These discoveries do seem to suggest that planets of some form
accompany many Sun-like stars in our galaxy. Any Earth-like worlds are thought to
inhabit what is known as the habitable zone, a region within a Solar System
thermally compatible with life. The thermally life-friendly environment may be
provided by radiative heating (sunlight) or tidal heating (due to planetary reso-
nance). Several of the large Jupiter-like extrasolar planets have been found within
this region around other stars. The chances that some of those planets or their
moons existing within a tidally heated habitable zone (like Jupiter’s Moon Europa)
appear to be good. Typically, extrasolar planets are located in an orbit around the
primary star at distances from 0.03 to 40 AU.

One of the first exosolar planets to be discovered was a companion to the star 51
Pegasi, a Sun-like star beyond our own Solar System. Another is a companion to the
1-million-year-old 6Q Lupi, where images show a faint companion 100 AU distant.
The mass of this companion is uncertain due to the crudeness of the planetary
evolution models. Another image captured was of the brown dwarf 2M 1207, which
showed the existence of a faint redder companion 2M 1207b gravitationally bound
to its host star. It is located at 55 AU from its host star and has a mass of around 5
times that of Jupiter. Extrasolar planets have also been suggested in the form of
free-floating planets [8]. These are not in orbit around any star but perhaps have
been ejected out into deep space. They are thought to have masses of between
0.1Mgy, and 1Myypier- Alternatively they may have originated in interstellar space
and formed in a similar manner to stars with mass ranges between 1 and 13 Myypiter-
The number of unbound planets could be as common as brown dwarf stars or even
exceed the number of stars, but this is speculation. It is thought that if they are many
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in number, most will consist of low mass rock or icy planetary embryos ejected
from the host star system. This is a field of active research. It is entirely possible that
the first star systems our robotic probes will visit is a brown dwarf system, not
visible to us today but being at a distance much closer than Alpha Centauri.

The detection of life on another world depends heavily on the accuracy of the
scientific instruments making the measurements. In particular, a high-speed flyby
probe has a small window of opportunity upon which to make any observations
(perhaps hours to days), hence deceleration at the target destination is preferred.
Detection techniques were demonstrated in the vicinity of Earth at the instigation of
the American astronomer Carl Sagan helping to kick-start the field of astrobiology.
When the Galileo spacecraft passed by Earth in December 1990 during its first
flyby, it looked at the planet to see if it could detect signs of Earth. It detected strong
absorption of light in the red part of the visible spectrum, and this was particularly
strong over continents. It is believed that this is caused by absorption of chlorophyll
in plants by photosynthesis. It also detected absorption bands of molecular oxygen,
a result of the activity of life on Earth. It detected infrared absorption bands due to
the presence of methane. Methane is produced by either volcanic eruptions or life.
Finally, it identified modulated narrowband radio transmissions unlike any natural
source, a signal perhaps characteristic of the existence of intelligence with technol-
ogy. These four observations are now known collectively as the Sagan life criteria.
Observations of distant worlds should focus on these sorts of characteristic, for
evidence of any life-dwelling occupants.

On planet Earth there is a variety of different terrains including land, ocean,
atmosphere, ice, deserts, forests, rocks and an abundance and variety of life forms.
It is not known for sure how life first started, but it may have been deep down in the
ocean vents living off the volcanic heat. With such a wonderful world, why would
we ever want to leave it? Indeed, as far as we know today Earth remains the only
world that harbors life in the entire universe. Not just intelligent life, but any form
of life. It may be that our own Solar System is in fact teaming with different types of
life forms, although the intelligent variety is less likely. Historically the definition
of life was clear. Fundamentally it was based upon several important parameters,
such as reproduction, growth, nutriment, respiration, excretion, senses, environ-
mental stimuli and locomotion. Reproduction is generally the process by which a
new organism is produced from a pair of parent organisms, although asexual
reproduction also occurs. Growth refers to the increase in size and complexity of
an organism during its development from an embryo to a mature state, which
includes cell division, enlargement and differentiation. Nutriment is the ability of
an organism to ingest nourishment, which for animals is food and water. Respira-
tion refers to the reactions by which an organism releases the chemical energy from
the food it has taken. Excretion is the elimination of waste products of the metabo-
lism by the living organisms. In theory, any structure that metabolizes and self
perpetuates can be considered alive, and these are then the important signs of life
for biological detection on any planet. Any organisms will be dependent upon the
ability to move from one place to another (locomotion) as well as any senses that
allow it to respond to any changes in its environment such as heat, sound, light.
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All of life as we know it is carbon-based, that is, the main elements (compounds)
that make up the structure are based largely upon the element carbon, although it is
quite possible that in the vast universe we may find alternative forms of life based
upon other elements such as silicon. But carbon has the most versatile chemistry
compared to other elements. Carbon atoms can form chemical bonds to create
especially long and complex molecules. Among these are ‘organized molecules’
upon which living organisms are made. Also, the main constituents of organic
molecules (carbon, hydrogen, nitrogen, oxygen, sulfur, phosphorus) are among the
most abundant elements in the universe, leading us to believe that life elsewhere
will also be based upon organic (mainly carbon) chemistry. Organic molecules are
scattered throughout the galaxy and are found in giant molecular clouds of inter-
stellar space.

Radio astronomers have detected many dozens of carbon-based chemicals from
the observations of spectral emission lines of light. These include ethyl alcohol such
as formaldehyde. Falling meteorites called carbonaceous chondrites are also often
found to contain a variety of organic substances. So from the earliest days, Earth has
been bombarded with organic compounds. Ultimately, what we need is the light
spectrum of an extrasolar planet to pick out molecules that indicate the presence of
chemicals such as water. There is a proposal (currently not funded) for a space
infrared telescope called the Terrestrial Planet Finder. The hope would be to
produce a spectrograph of an extrasolar planet, which clearly shows evidence for
water vapors, ozone, and carbon dioxide. Although non-biological processes can
create all of these molecules, the presence of life will change the relative amounts
of each molecule in the planet’s atmosphere. Thus, the infrared spectrum of such
planets will make it possible to identify worlds on which life may have evolved.

In 2010 astronomers successfully measured the atmosphere of the exoplanet GJ
1214b, an object thought to be over six times more massive than Earth and nearly
three times larger. Using the Very Large Telescope in Chile astronomers detected a
thick featureless spectrum, indicating a thick hydrogen atmosphere blanketed by a
cloud layer like either Venus or Titan. Alternatively it may be the result of an icy
world sublimating due to the proximity to the star forming an atmosphere of steam.
The point is that we can already detect the atmospheres of alien worlds.

When one examines the background noise level in the sky at various radio and
microwave frequencies, there is a range of frequencies of between around
1-10 GHz that has very little cosmic noise. There is also the region between 1.42
and 1.66 GHz. This range is known as the ‘water hole,” as it is thought to contain
hydrogen and hydroxide, which combined together make up H,O, or water. At even
lower frequencies there is substantial emission from interstellar gas making it noisy.
Similarly, at higher frequencies the radio waves tend to be absorbed by Earth’s
atmosphere also making lots of noise. Hence the range of frequencies that comprise
the ‘water hole’ would appear to be ideal for picking up interstellar messages by
radio waves. More specifically, the ideal transmission is expected to be at a
wavelength of 21 cm, which corresponds to a frequency of 1,400 MHz. Time will
show if this fundamental assumption is correct, but so far no definitive signals have
been detected.
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In 1952 two American scientists demonstrated that simple chemicals could
combine to form pre-biological compounds under conditions thought to be similar
to the primitive Earth’s environment. This was known as the Miller-Urey experi-
ment. In a closed container they prepared a mixture of hydrogen, ammonia,
methane, and water vapor and exposed this mixture of gases to an electric arc
(simulate lightening bolts) for a week. At the end of this period, the inside of the
container had become coated with a reddish brown substance rich in amino acids
and other compounds essential to life. The results of this experiment suggest that
life could have originated as a result of chemical processes. It also suggests that
because it forms from common compounds found in the universe, life may have
originated on other planets, too.

This exciting prospect was bought home to scientists in 1996 with the discovery
of the Mars rock known as Alan Hills 84001 that had fallen to Earth 13,000 years
ago, when the rock had been ejected from the Martian surface during a collision
with a large body. Tiny fossils of bacteria about five times smaller than the diameter
of a human hair were found on the rock. When scientists cracked this rock open they
discovered the fossils were made of calcium carbonate (CaCQs3), which is the same
material that is found in seashells.

The evidence for the fossils being life was threefold. Firstly, lifelike shapes were
found in the rocks. Secondly, the chemical composition was consistent with life.
Thirdly, the existence of the tiny magnetite crystals was similar to crystals produced
by some bacteria on Earth. When comparing the grains of magnetite crystals to
those produced on Earth, it was initially concluded that they were identical.
Approximately 25% of magnetite crystals have a shape identical to that produced
by the terrestrial aquatic bacterium called MV-1. The crystals are classified as being
truncated hexa-octahedral in shape. But the main discoverers claim that terrestrial
bacteria haven’t penetrated the Mars rock since its fall to Earth some 13,000 years
ago. The grains could have formed by a blast of heat, perhaps when the rock was
chipped off Mars. However, the fact that the crystals were so similar to those found
on Earth raised the suspicions of some, and even today there is large disagreement
among planetary scientists on the origin of the fossilized bacteria. Some believe that
the grains could even have been formed by the process of blasting the rock off the
surface of Mars under extreme heat. The best way to solve this debate is to go to
Mars and find more such rocks, proving the question definitively.

When we examine planets around other stars we are compelled to ask if it is likely
that they harbor any form of life. This may be largely determined from the properties
of the atmosphere, using our own Earth biosphere as a baseline. If we are led to the
belief that life does exist on such worlds, then we are also driven to the possibility of
establishing communications, assuming they are intelligent. To address this, the
International Astronomical Union has set up a special commission to concentrate
upon the Search for Extraterrestrial Intelligence (SETI). At the general assembly in
1991 it even published a declaration giving instructions as to the procedure to be
followed in the event of an alien contact. Even if we received a signal, it would take a
finite time to reply, and then a finite time for the signal to reach them, and a further
finite time to acknowledge our reply. So there is a time delay factor, due to the size of
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the universe and the vast distances between worlds. So even if we pick up a signal,
it is unlikely that we can establish a regular dialogue with them.

One approach to the existence of intelligent life in the galaxy was proposed by
Frank Drake in 1961 and is a way of estimating how many intelligent life forms
there are. This takes the form of what is known today as the Drake equation:

N =R, Xf, Xn, xfy xfi xfe XL (7.2)

where N = the number of technologically advanced civilizations in the galaxy
whose messages we might be able to detect; R« = the rate at which solar type
stars form in the galaxy (~1/year based on observations and statistical studies);
f» = the fraction of stars that have planets (most stars are thought to have planets
~1); n, = the number of planets per solar system that are Earth-like, e.g., suitable
for life (we suppose one in ten stars have Earth-like worlds so ~0.1);
f; = the fraction of those Earth-like planets on which life actually arises (~1 if
we suppose that life evolves purely as a function of chemistry and conditions);
f; = the fraction of those life forms that evolve into intelligent species (~0.5 if we
suppose that around half will lead to intelligent life); f. = the fraction of those
species that develop adequate technology and then choose to send messages out into
space (~0.5 if we suppose that around half then develop the technology to commu-
nicate); L = the lifetime of that technologically advanced civilization (~1,000 may
be typical from history of Earth). Putting these numbers into the equation we find

1
N=—x1x0.1x1x0.5x0.5x 1000 years ~ 25 (7.3)
year

So with these numbers we estimate there are ~25 technically advanced
civilizations in our galaxy alone. If we include all the galaxies in the known
universe (around 100 billion), then the number runs into the billions and many
working in the field of SETI would consider this estimate of 25 to be ultra
conservative. The original numbers assumed by Frank Drake in 1960 led to an
estimate of around ten civilizations and others have computed numbers close to
10,000. The computation is really dependent upon the assumptions made and how
well one knows each of the parameters, underscoring the value of observational
astronomy in particular.

In 1950 the Italian physicist Enrico Fermi posted an important question.
If there has been sufficient time for galactic colonization to occur, where is
everybody? This has since been termed the Fermi Paradox, and many potential
answers have been proposed. If there had ever been a single advanced civilization in
the cosmological history of our galaxy, dedicated to expansion, it would have had
plenty of time to colonize the entire galaxy via exponential growth. No convincing
evidence of present or past alien visits to Earth are known to us, leading to the
standard conclusion that no advanced expanding civilization has ever existed in
the Milky Way.
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To examine the Fermi Paradox further, members of the British Interplanetary
Society set up Project Daedalus in the 1970s. This was a design study of an
engineered interstellar vehicle and is discussed in Chap. 11. The motivation behind
the project was to demonstrate if a credible design for interstellar flight could be
produced. It feasibility could be demonstrated just at the outset of the Space Age,
then this implied that in the coming centuries the design would be greatly refined
and interstellar travel would become possible. This directly implied that interstellar
travel must therefore be possible, and so the absence of other intelligent life in our
galaxy must be explained by other more sophisticated reasons. One of the leaders of
the Daedalus project was Alan Bond, who the design study later led to consider the
evolution of biological life from simple single-celled organisms all the way through
to complex life such as our own. Bond constructed a biological model and
concluded that although life was probably frequent in the universe, complex life
was probably very rare, something like one in every ten galaxies would have an
intelligent civilization like our own [10].

Another explanation for the absence of intelligent life is known as the ‘zoo
hypotheses,” where other intelligent civilizations simply choose to avoid our Solar
System and have no desire to interact with us. This could be due to a fear of our
perceived war-like mentality or due to a fear that interaction will bias our cultural
growth, as has happened several times with ancient cultures on Earth coming into
contact with a perceived more advanced culture (e.g., the Spanish colonization of
the Americas and the fall of the Aztec Empire). It is also possible that it is the nature
of intelligent life to destroy itself or others that it meets. This could be a fundamen-
tal result of our clan-like mentality, which may be ubiquitous among civilizations.

Others have suggested that technological civilizations tend to reach a point of
exponential advancement, also known as a technological singularity. Science
fiction writers such as Vernor Vinge have discussed ideas along these lines for
some time [9]. This technological growth leads to a marriage between biological
and artificial intelligence that allows even more intelligent beings to be created.
Such beings may then become disinterested with lower intelligence or advance to
an existence that is beyond the technology of others to comprehend or detect with
current instruments.

Whatever the answer to the Fermi Paradox, it is a thoroughly interesting topic
with perhaps a combination of answers. We can only hope to address it by theoreti-
cal methods, advanced astronomical techniques, the exploration of space or by
gaining a deeper meaning of the question ‘What is life?’

7.4 Practice Exercises

7.1. Using the data from Table 7.2, Eq. (7.1) and other information given in
this chapter, compute the luminosity of the following stars assuming these
surface temperatures: 3,042 K (Proxima Centauri); 5,790 K (Centauri A);
5,260 K (Centauri B); 3,134 K (Barnard’s star); 5,300 K (Tau Ceti); 5,084 K
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7.2.

7.3.

(Epsilon Eridani). What challenges do these different solar irradiance
environments present to a spacecraft passing close to the star trying to make
observations of it?

Conduct some research on the next generation of space telescopes coming
online or proposed within the next 20 years. What is the projected detail
(resolution) of a nearby star system that these telescopes will be able to
provide? How does this compare to the level of detail and amount of informa-
tion obtained by a flyby (non-decelerated) probe that travels to these star
systems and passes through at a cruise velocity of 10% of light speed? Will
the projected advances in astronomical techniques make the need for an
interstellar probe obsolete? What in situ information could a visiting flyby
probe obtain that an advanced astronomical telescope could not?

Examine each term in the Drake equation. Do some basic research into the
background of each term. On the basis of this research perform an optimistic
and pessimistic calculation to determine the likely upper and lower bounds for
planets in the galaxy that may harbor life. What key advances need to be made
in astronomy and other fields in order to tighten up the estimates of each term
in the Drake equation?
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Chapter 8
Solar System Explorers: Historical Spacecraft

Interstellar flight demands a gut-check for our entire civilization,

a journey so preposterously long and difficult that it dwarfs all
prior engineering. We’ll do it — in decades or, more likely, in
centuries — because we have no choice. We’re a driven species
and every bit of our recorded history says our most insatiable
compulsion is to explore.

Paul Gilster

8.1 Introduction

In this chapter we discuss some actual spacecraft designs that have been launched
into the outer parts of the Solar System. These spacecraft represent the first
ambassadors from Earth and move outwards with ever-greater speed and to an
ever-greater distance. Although these missions are only within the Solar System or
just beyond it, they are technology demonstrators for eventual interstellar missions.
This is what in the industry is termed ‘interstellar precursor’ missions. Some of
these visit the outer planets but others go beyond to the edge of our Solar System,
through the interstellar heliopause and into the Kuiper Belt. In the history of space
exploration there have been many successful missions, and it is not possible to
cover all of them, an entire book in itself. Instead, we briefly discuss only a select
few to give the reader an overview of the achievements of these explorers.

8.2 Precursor Mission Probes

Before we begin to explore some of the design concepts for reaching the nearest
stars, it is worth reviewing some of the historical space exploration missions that
have traveled across the enormous distances through space to far off destinations.

K.F. Long, Deep Space Propulsion: A Roadmap to Interstellar Flight, 117
DOI 10.1007/978-1-4614-0607-5_8, © Springer Science+Business Media, LLC 2012



118 8 Solar System Explorers: Historical Spacecraft

Table 8.1 Masses (kg) of science instruments on typical spacecraft designs [1]

Spacecraft —

Instrument | IIE Pioneer Voyager New horizons Ulysses IBEX
Vector helium magnetometer 8.8 2.7 5.6 2.3
Fluxgate magnetometer 0.3 24
Plasma wave sensor 10.0 9.1 7.4
Plasma 200 5.5 9.9 33 6.7
Plasma composition 5.6
Energetic particle spectrometer 1.50 3.3 7.5 1.5 5.8
Cosmic-ray spectrometer: 3,50 3.2 7.5 14.6
anomalous and galactic cosmic
rays
Cosmic-ray spectrometer: 230 1.7
electrons/positrons, protons,
helium
Geiger tube telescope 1.6
Meteoroid detector 32
Cosmic dust detector 1.75 1.6 1.6 3.8
Solar x-rays and gamma-ray bursts 2.0
Neutral atom detector 2.50 12.1
Energetic neutral atom detector 2.50 43 7.7
Lyman-alpha detector/UV 0.30 0.7 4.5 4.4
measurements
Infrared measurements 2.0 19.5
Imaging photopolarimeter 4.3 2.6 8.6
Imaging system 38.2 10.5
Common electronics, harness, 54
boom, etc.
Totals 352 30.1 104.4 29.9 54.9 25.2

The probes that represent these missions are the results of teams of engineers,
physicists and mission planners often widely distributed throughout the world,
all working towards the common success of the robotic ambassador reaching its
destination and achieving its scientific goals. These probes have helped us to gain a
better understanding for our place in the universe by the value of the science data
that they transmit back to us. The construction of these probes and the contribution
of the information they provide to the progression and technological development
of our civilization cannot be emphasized enough.

The instruments they carry vary remarkably in the physical properties they
intend to measure or even the technique by which those measurements are
achieved. Table 8.1 shows the various instruments used on several spacecraft
missions. Often a spacecraft will have several of the same instrument or two
different spacecraft may measure a similar property; allowing for duplication in
the measurement ensures confidence in its value or parameter range. For typical
spacecraft probes the total instrument mass will vary between around 20 and
100 kg. A team of specialists has carefully designed each instrument. Careers will
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literally be built upon the success of the instrument’s data return, feeding
into technical publications for the academic literature and advancing our overall
knowledge of the properties of space.

The total mass of an unmanned spacecraft can be divided into three classes
known as Reconnaissance, Exploration and Laboratory class [2]. A Reconnaissance
class probe such as the Voyager spacecraft would have a mass of between 0.2 and
0.8 tons and be intended for a flyby encounter with limited science return.
An Exploration class probe such as Galileo would have a mass of between 0.75
and 1.5 tons and would usually include an atmospheric re-entry probe with the main
orbiter. Laboratory class probes such as the Mars Viking spacecraft would have a
mass typically greater than 1.5 tons and include and orbiter and robotic lander.
An interstellar probe such as the fusion powered Project Daedalus discussed in
Chap. 11 would ideally encompass all three of these classes.

When the former administrator Daniel Goldin was in charge of NASA he
initiated the Discovery program, which is a series of low cost but highly focused
missions, modeled on the motto “faster, better, cheaper.” Under this program,
NASA undertook the NEAR Shoemaker mission to study the asteroid 433 Eros,
the Mars Pathfinder mission to deploy a rover, the Deep Impact mission that sent an
impactor into a comet, the Lunar Prospector mission to study the mineralogy of the
Moon and the Stardust mission to collect samples from the comet 81P/Wild. The
Discovery program was highly successful. After the success of this program, NASA
also formed the New Frontiers program that entailed a series of medium cost
(<$700 million) highly focused missions to explore the Solar System. Some of
the proposals launched or under consideration includes the New Horizons mission
to Pluto, the Juno mission to Jupiter, as well as missions to study the Moon, the
planet Venus and a comet. There is also the Flagship program, which is for much
more expensive missions ($2-3 billion).

In consideration of highly ambitious missions for interstellar travel, we first must
be aware of the missions that have ventured to the furthest reaches of our Solar
System and to consider what separates such missions from the more ambitious ones.
For the sake of comparison we shall categorize the different spacecraft mission
types as:

¢ Interplanetary probe

¢ Near distance precursor probe
« Far distance precursor probe.
* Long range precursor probe

¢ Interstellar probe

An interplanetary probe is a spacecraft that is designed to visit any of the planets or
other objects within our Solar System — from the planet Mercury to the dwarf planet
Pluto and any moons, asteroids or comets that happen to be located in between. An
interstellar precursor probe is a spacecraft that pushes the technological boundaries of
our capability to the furthest distances that can be reached at the highest speeds. Such a
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probe may go to the edge of our Solar System and the Kuiper Belt (out to 150 AU) or
even as far as the Oort Cloud (>10,000 AU). An interstellar probe is a spacecraft that
is design specifically to approach near the orbit of another star system, such as to Alpha
Centauri.

Table 8.2 describes the typical characteristics of such missions from an optimistic
point of view. Duration is the time period for which the mission is expected to last,
from launch to end of mission as determined by successful completion of the mission
goals. The specific impulse and exhaust velocity have already been discussed in
Chap. 5, and the numbers used are those required to complete the mission within the
specified duration. Risk in the context used here refers to the probability of a
negative performance of a specific system or sub-system such as by failing to
function within the allocated design margins and impacting the success of the overall
mission. Risk is often quantified as the probability of a specific event occurring
multiplied by the impact of that event; thus it is possible to usefully quantify and
minimize it. In general, any spacecraft mission should be designed to minimize risk,
and we characterize the current level of risk management used in modern day
spacecraft as the minimal baseline for this exercise.

Although a mission may be expensive and with a lot of hard effort gone into
making it a success, if it is lost within the Solar System, there is always the
possibility of building another one and to see it through to successful completion
within the lifetime of the designer. However, for longer duration-longer distance
missions with more ambitious goals risk must be managed more tightly. It would be
a sad result indeed if after traveling for a century a probe was to have a catastrophic
system’s failure that in hindsight could have been prevented. A concept closely
related to risk is system redundancy. This is the need to ensure completion of
overall system functionality, even if a part of that system fails. An example could be
in a specific science instrument such as an optical imager, where two to three may
be included in case one fails.

To increase the probability of achieving the mission goals, a high degree of
redundancy is desirable and may be expected for longer distance-longer duration
missions. The only problem, however, is that the doubling or even tripling of any
instruments will increase the mass of the spacecraft payload. So a clever choice of
redundancy is required for critical systems but not necessarily for all systems.
Alternatively, one can have a design with a very high degree of redundancy but
with fewer instruments so that a trade-off with the overall payload mass is achieved.
Overall, however, for an interstellar mission, one can expect a requirement for long
duration functionality, environmental longevity/survivability, and extreme risk
management with maximum engineering system redundancy. For any mission
launched towards the nearest stars, engineering failure modes and external envi-
ronment conditions are the biggest threat to mission success and must be mitigated
using ‘clever’ technology and sensible design decisions in the mission planning.
Such technology would be particularly focused on the need for self-repair and
possibly even self-replication, to a degree much larger than any conventional space
mission previously launched.
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8.3 Pioneer Probes

Pioneer 10 was launched in March 1972 and the NASA Pioneer program (which
included Pioneer 6-11) is one of the most successful in space history. An artist’s
illustration of a Pioneer probe is shown in Plate 5. In particular the Pioneer 10 and 11
probes are the first robotic explorers to visit the outer planets and to travel beyond the
orbit of the dwarf planet Pluto. Pioneer 10 is effectively the first interstellar spacecraft
because it was the first to leave the Solar System. It passed Neptune in June 1983 and
eventually left the Solar System 11 years later. As of 2009 it was at a distance of
around 100 AU from the Sun. Currently traveling at a speed of around 2.6 AU/year it
will reach the nearest stars in around 2 million years. The main purpose of the Pioneer
10 mission was to study the interplanetary and magnetic fields as well as the solar
wind interaction with the solar heliosphere. Because the spacecraft was performing a
flyby of Jupiter it also studied the Jovian atmosphere and satellite system.

The spacecraft had a mass of 258 kg of which around 29 kg comprised the
science instruments. As with the Voyager spacecraft, the Pioneer probe was
powered by a Radioisotope Thermoelectric Generator (RTG), providing around
155 W of power during the launch and 140 W by the time of the Jupiter flyby
encounter. The spacecraft carried 11 instruments, including magnetometers,
charged particle detectors, photometers, Geiger counters, plasma analyzers and
optical imaging cameras. The spacecraft also had both a medium and high gain
antenna. Six hydrazine thrusters were included to provide velocity, attitude and
spin-rate control. The Pioneers 10 and 11 spacecraft also carried a message to any
would-be space travelers that might encounter the probes. This was in the form of a
120 g, 349 cm? pictorial plaque constructed from gold and anodized aluminum and
included the naked picture of a male and female human silhouetted by the space-
craft and other symbols depicting our knowledge of the atom and our position
within the galaxy relative to 14 distant pulsars. Contact with the Pioneer 10 probe
was lost in 2003 due to power reduction and long-range communications reliability.

Pioneer 11 was nearly identical to the Pioneer 10 spacecraft except for an additional
science instrument known as a flux gate magnetometer, which measures the strength
and direction of magnetic fields in the vicinity of the instrument, particularly around a
planet’s magnetosphere. It was launched in April 1973 and left the Solar System 17
years later in February 1990. Unfortunately communications were lost in November
1995, 22 years after launch. Pioneer 11 also used a Jupiter gravity assist to pick up
velocity and obtained dramatic images of the Great Red Spot as well as accurately
determining the mass of the Jovian moon Callisto. Pioneer 11 had similar mission
objectives to the Pioneer 10 probe, although the mission also included a close flyby of
the planet Saturn, and it obtained spectacular images of the ring system, discovering a
new ring as well as a new moon.

One cannot mention the Pioneer probes without mentioning the Pioneer anom-
aly. This is the result of radio tracking Doppler shift observations of the Pioneer 10
and 11 spacecraft that consistently indicate a constant acceleration of around
8.74 x 107'° ms™ in the direction of the Sun being applied to the spacecraft.



8.4 Voyager Probes 123

It is possible that this is a result of fuel leakage or some anomalous drag. Alterna-
tively it may derive from a more exotic origin and may indicate that our under-
standing of gravity, particularly at high velocity, requires modification. One person
has speculated that the acceleration can be attributed to a modification of the
spacecraft’s mass due to an interaction with the zero-point field, or so called
Unruh radiation [3]. Others have speculated that the acceleration can be attributed
to the local expansion of the universe by equating it to the Hubble expansion, where
the acceleration is given by —cH, where c is the speed of light in a vacuum and H is
the Hubble constant [4]. If the Pioneer anomaly turns out to be a real reflection of
some unknown physics occurring it will potentially revolutionize our understanding
of the universe and be yet one more reason why missions such as the Pioneer probes
should be launched every few years where possible. Both the Pioneer 10 and 11
probes will take around 2 million years to reach the nearest stars along their
direction of travel at their current speeds.

8.4 Voyager Probes

Launched in September 1977 Voyager 1 (just 2 weeks after Voyager 2) remains
the most distant manmade object ever sent into space. An artist illustration of the
Voyager probes is shown in Plate 6. Currently traveling at a speed of 17.1 km/s or
3.6 AU/year it is also one of the fastest manmade objects. Its primary mission was
to reach and explore the Jupiter and Saturn systems. Voyager 1 got very close to
Jupiter at a distance of 349,000 km from the center of the planet that it reached in
March 1972, two years after launch. It also had an extended mission to locate and
study the outer boundaries of the Solar System and enter the Kuiper Belt. Despite
being launched in the 1970s, none of the current space probes (even New Horizons)
will overtake Voyager 1, due to the benefit of several gravity assists from the outer
gas giants. Both the Voyager probes were 722 kg in mass. They had a 3.7 m
diameter high gain antenna and 16 hydrazine thrusters, all run from an RTG
supplying 420 W. The spacecraft were covered with thermal blankets to protect
them. Voyager 1 had many instruments on board, including an ultraviolet spec-
trometer, infrared spectrometer and radiometer, photopolarimeter, cosmic ray
detector and magnetometers.

In December 2004 it finally crossed the termination shock of our Solar System,
where the heliosheath meets the interstellar medium and the solar wind compresses
up against interstellar space. As of 2005 Voyager 1 was in the heliosheath and
would have reached the heliopause by 2015, by which time it would technically
become the first manmade object to have left the Solar System. As of November
2008 it was at a distance of 108 AU from the Sun with radio signals taking nearly
15 hours to reach Earth. Although Voyager 1 has not been aimed at any particular
star system, it is moving in the general direction of a star in the Ophiuchus
constellation, which it will reach in tens of thousands of years.
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Voyager 1 made an interesting observation just prior to crossing the termination
shock, when the intensity of the low energy particles being observed suddenly
increased. This was believed to be due to the effect of crossing the magnetic field
lines where charged particles were beamed along the field directions. The space-
craft also measured increased levels of turbulence, adding to the evidence that
Voyager 1 had indeed passed through the termination shock, where the solar wind
bulk velocity was also believed to have dropped.

Voyager 2 was launched in August 1977 and is moving out of the Solar System
at a speed of 3.28 AU/year or 15.6 km/s. It completed flybys of all the main gas
giant planets Jupiter, Saturn, Uranus and Neptune. It completed its closest approach
to Jupiter in July 1970 coming within 570,000 km of the planet’s outer atmosphere.
It made many discoveries, including active volcanism on the Moon Io and the
existence of Jupiter’s Great Red Spot as being a storm. It reached Saturn in August
1981, Uranus in 1986. As of September 2008 Voyager 2 was at around 87 AU from
the Sun. For both Voyager 1 and Voyager 2 the nuclear power was expected to run
out 30 years from launch, which was around 2007, due to the atomic decay of the
radioactive elements. The probes should reach the heliopause in 2014 and in theory
the Oort Cloud in 24,000 years.

None of these Voyager probes exceeds around 17 km/s. At this speed any probe
would take 18,000 years to reach 1 light year and 76,000 years to reach 4.3 light
years (i.e., Alpha Centauri). Although Voyager 2 is not aimed at any specific star
system, it is heading in the direction of the star Sirius around 8.5 light years away
and will reach its vicinity in about 150,000 years. It is also of fundamental
importance to the subject matter of this book to realize that both of the Voyager
probes should remain in radio contact until about 2025, when their electrical power
is too weak to transmit. By this time, the probes would have been on mission
durations of around 48 years.

Both the NASA Voyager probes also contain a golden record, which is a
recording of sounds and images of life on Earth, for any extraterrestrial that may
find it. This was a suggestion by the astronomer Carl Sagan. A message from the
former U. S. President Jimmy Carter reads:

This is a present from a small, distant world, a token of our sounds, our science, our images,

our music, our thoughts and our feelings. We are attempting to survive our time so we may
live into yours.

The Voyager space probes are likely to become important pieces of history
hundreds of years from now. It would be a sad state of affairs if when we next
encounter them with future space missions; we still have no idea as to whether we
are alone in the universe. The recording will be an echo from a time at the
beginning of the Space Age, a time when humankind wasn’t very far from self-
destruction.
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8.5 Galileo

Named after the Italian Renaissance man, Galileo was launched in October 1989 and
was headed for the Jupiter system. This was largely a NASA project, although
Germany supplied the engine. To arrive at the Jupiter system, Galileo conducted
two gravity assists around the orbits of Venus and Earth. The spacecraft had a total
mass of around 2,380 kg. The propulsion on Galileo was a 400 N thrust engine along
with twelve 10 N thrusters using 925 kg of monomethyl hydrazine and nitrogen
tetroxide, although these were used for path corrections as the velocity to reach
Jupiter was imparted from the initial orbital insertion launch and enhanced by the
gravity assists. Galileo used two RTGs supplying 570 W of power, each of which
was mounted on the end of a 5-m boom. The spacecraft carried many instruments on
board, including a plasma wave antenna, magnetometer sensors, energetic particle
detectors, ultraviolet spectrometer, a star scanner, and heavy ion counter and dust
detector. All of the instruments combined made up 118 kg of mass. The magnetom-
eter was mounted on the end of an 11-m boom to avoid spacecraft interference.

During the mission the high gain antenna on the Galileo spacecraft failed to fully
deploy during its first flyby of Earth, possibly due to storage issues. Several
attempts were made to initiate the deployment, such as maximum spinning of the
spacecraft, thermal cycling the antenna, turning off the deployment motors contin-
uously — all to no avail. If such a thing happened to an interstellar probe this would
be a disaster, and underlines the need for system redundancy and ideally a truly
autonomous repair system such as the warden probes proposed in the Project
Daedalus study (discussed in Chap. 11). The low gain antenna was protected by
the presence of a Sun shield. The spacecraft also carried a small 339 kg 1.3 m-wide
probe to be launched into the Jovian atmosphere at a speed of 47.8 km/s, halting
transmission after about an hour when it reached 150 km into the atmosphere where
the pressure was around 23 atmospheres.

The Galileo mission was highly successful, making the first observations of
ammonia clouds within the atmosphere, confirming volcanic activity on the moon
Io and further suggesting the presence of a liquid ocean under the moon Europa.
It even found that the moon Ganymede had its own magnetic field — no other satellite
in the Solar System has a magnetic field. Remarkably, the mission also discovered
the presence of a thin ring system around Jupiter, made up mainly of dust. Some of
the most remarkable achievements of Galileo, which were unplanned, were its
observations of Comet Shoemaker-Levy 9, which crashed into the atmosphere of
Jupiter, providing real close up images of this catastrophic event. Designers were
concerned that when the probe reached the end of its life, it would de-orbit onto the
surface of the moon Europa, which is thought to harbor a liquid ocean and may
contain life. If Galileo entered this ocean any Earth-based bacteria present on the
spacecraft could contaminate any life forms already present on the moon. To prevent
this scenario, Galileo was plunged into the Jupiter atmosphere at a speed of 50 km/s,
where it was eventually crushed by the massive atmospheric pressures. What would
Galileo have thought had he known that a spacecraft bearing his name would enter
the atmosphere of that world that he first observed through a telescope?
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8.6 Ulysses

This was a joint initiative between NASA and ESA. Its original launch was delayed
by the space shuttle Challenger accident, but it was eventually launched in October
1990 aboard the space shuttle Discovery. The primary mission was to study the Sun
at all latitudes, and this was achieved by using an encounter with Jupiter so as to
change the plane of the spacecraft to an inclination of over 80°. This is known as an
out of the ecliptic plane mission. Previously, all observations of the Sun had been
performed from low latitudes and so Ulysses was to characterize the heliosphere as
a function of solar latitude, particularly above 70° at both the Sun’s south and north
poles. Among its many discoveries includes the fact that the outward solar magnetic
flux in the solar wind did not vary greatly with latitude, demonstrating the impor-
tance of magnetic pressure forces near the Sun’s surface.

Because the spacecraft went out to Jupiter it used an RTG for power generation.
The spacecraft was also covered with blanketing material and electrical heating
systems to help to maintain the temperatures from the relatively warm inner Solar
System to the cold temperatures among the gas giants. The spacecraft mass at
launch was 370 kg including 33 kg of hydrazine monopropellant for the eight
thrusters to use in attitude control course corrections around Jupiter. The spacecraft
had a 1.6-m high gain antenna dish. This could be used to search for gravita-
tional waves by the Doppler shift effect. It had several instruments on board
including an experiment boom that contained an x-ray instrument, a gamma ray
burst experiment, a vector helium magnetometer and a fluxgate magnetometer.
The boom also included a two-axis magnetic search coil antenna for measuring
magnetic fields. The spacecraft was used to assist in the triangulation of gamma ray
burst measurements from telescopes back on Earth. During its flight the spacecraft
also passed through the tail of Comet Hyakutake and Comet McNaught. The
mission ended in June 2009 when it was no longer possible to keep the attitude
control fuel warm and thereby in a liquid state. Ulysses is another good example of
international cooperation in space exploration with the spacecraft being built in
Germany and the instruments provided by the United States and other European
countries.

8.7 Cassini-Huygens

Launched in October 1997 by a Titan IVB booster rocket from Cape Canaveral in
Florida, the Cassini orbiter spacecraft was sent on its long journey to Saturn and its
surrounding satellites. After well over a decade the spacecraft is still operating and
uncovering the secrets of Saturn and its ring system, one of the primary mission
objectives. The spacecraft has a mass of 2,500 kg of which 350 kg is the Huygens
probe. When the propellant is added in the total launch mass is around 5,700 kg,
making it one of the heaviest spacecraft ever launched into space. The orbiter is
quite large with a total height of nearly 7 m. The spacecraft carries an array of 12
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instruments designed for no less than 27 diverse science investigations using
technology such as spectrometers, cosmic dust analyzers, magnetometers as well
as radar and imaging technology. It also carries three RTGs to convert radiatively
generated heat into electrical power, similar to other spacecraft such as Galileo,
Ulysses and New Horizons also discussed in this chapter. Communications of its
discoveries back to Earth are enabled by the use of a high-gain antenna and two
low-gain antennas. The spacecraft uses a cluster of 16 small rocket thrusters
powered by hydrazine propellant to control the spacecraft’s orientation, although
the main engine provides the thrust for trajectory changes using monomethyl-
hydrazine fuel combined with nitrogen tetroxide as the oxidizer.

The most interesting element of this mission was the inclusion of the 1.3-m
Huygens probe, which reached the moon Titan in January 2005 nearly seven years
after the mission launch. It descended into the nitrogen-methane covered atmo-
sphere for over 2 hours and landed on its surface. To reach the surface safely it first
performed atmospheric re-entry braking using its 2.7-m diameter heat shield
followed by the deployment of a parachute. The probe successfully transmitted
its data back to the main orbiter. Since then the main orbiter has detected lakes of
liquid hydrocarbon in the form of methane and ethane in the northern parts of Titan;
an exciting discovery. As well as the main mission objectives, the spacecraft also
discovered several new moons around Saturn and performed flybys of several other
objects such as the planet Venus plus Jupiter and its moons. During its outward
trajectory it also performed a unique radio wave test of Einstein’s theory of gravity,
general relativity. Again, Cassini-Huygens represents a real success in international
cooperation in space mission design because NASA designed the main spacecraft
whereas the Huygens probe was designed by the ESA. Plate 7 shows an image of the
Cassini-Huygens probe during pre-launch assembly.

8.8 Deep Space 1

This unique and advanced spacecraft was launched from Cape Canaveral in Florida
on board a Delta II rocket and was produced from conception to launch in just over
three years. It was designed with no less than 12 high-risk revolutionary techno-
logies and was part of the NASA New Millennium Program. Launched in October
1998 the spacecraft went on to perform a flyby of an asteroid and later on a comet as
the mission was extended. The main propulsion for Deep Space 1 was the NASA
Solar Electric Propulsion Technology Application Readiness (NSTAR) developed
by the then Hughes Electron Dynamics. It is an electrostatic ion engine using xenon
fuel and it was the primary mission objective to demonstrate long duration use of
this propulsion technology. It made history in this regard. With continuous thrusting
for 678 days at 0.092 Newton’s its performance enabled a specific impulse of
between 1,000 and 3,000 s, an order of magnitude improvement over chemical
systems. The exhaust velocity from the engine was around 35 km/s. It also
employed hydrazine-based attitude control thrusters although eventually the
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hydrazine was used up so the mission had to resort to using the main ion engine with
the surplus fuel remaining. The spacecraft had a mass of around 374 kg of which
only 74 kg constituted the xenon propellant for the ion engine.

The spacecraft used solar arrays to provide the required power, using linear Fresnel
lenses to concentrate the sunlight. The arrays would provide 2.5 kW at 1 AU,
84% of which was used to power the ion engines. Combining this technology with
solar cells and advanced microprocessors allowed an improvement over historical
solar array technology with the system used on Deep Space 1, costing less and
containing less mass than conventional solar arrays. The Autonav navigational track-
ing system was designed as an improvement over the already burdened Deep Space
Network transmitters. It took images of the asteroids as it was passing at a sufficiently
high speed, and from these photographs and the motion of the asteroids it was able to
determine its position accurately. Deep Space 1 was also unique in that it used an
artificial intelligence based control system called ‘Remote Agent’ to diagnose
and fault correct component malfunction, simulated throughout the flight. Such
technology is essential for an interstellar mission, too. Because many of the experi-
mental systems on board were tested rigorously, this technology can be applied to
other spacecraft with confidence in future missions. The mission officially ended in
December 2001, and despite some technical challenges that the team had to overcome
it was a very successful flight and an amazing achievement considering the experi-
mental nature of much of the on board technology.

8.9 CosmosI

Cosmos 1 was unique in that it was a project organized by the space advocacy group
The Planetary Society on a shoestring budget of only $4 million. Although the
mission did not proceed due to a failure of the rocket to reach the required
deployment altitude, having been launched in June 2005 from a submarine using
a Volna rocket based in the Barents Sea, it is still worth mentioning this creative
spacecraft concept that would have been a key demonstrator mission for the concept
of solar sails. The sail itself was comprised of eight separate 15-m length triangular
sails, it had a total mass of 100 kg. The sail would unfurl once in orbit at an altitude
of around 800 km and then structural tubes would inflate the sails so that photons
from the Sun would provide the necessary pressure to propel the spacecraft to a
higher orbit, potentially up to 900 km over one month. With a typical acceleration
of around 0.0005 m/s* the sail would achieve a velocity relative to Earth of 45 m/s
or if it remained in position for three months 4.5 km/s. Arguably, high speeds are
possible enabling missions to the outer planets with this technology in less than a
decade. An exciting and possible secondary mission objective for Cosmos-1 would
have been the demonstration of microwave beam propulsion. This would be
achieved by using the 70 m NASA Goldstone dish by beaming 450 kW microwaves
from the ground to the sail.
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Fig. 8.1 Various sail demonstrators (not to scale)

Initially, The Planetary Society planned to launch a second attempt known as
Cosmos-2; however, changes in the availability of technology led to a new proposal
known as LightSail-1, which was announced in 2009 and is expected to cost around
$2 million. This is also a solar sail demonstrator mission, and the planned launch is
sometime in 2011. Its main objective is to test the idea of using sails for space
propulsion, and it uses a Mylar material for the sail to propel the spacecraft once it
has been deployed into its 800 km orbit. It will use CubeSat technology as part of
the mission architecture. Follow up missions known as LightSail-2 and LightSail-3
plan to demonstrate solar sail control and a mission to the Lagrange-1 point. This is
an orbital position where the situation is such that a small spacecraft will be
stationary relative to two larger objects such as a moon or planet. The L1 point
lies on either the Sun-Earth line (ideal for solar observations) or the Moon-Earth
line (ideal for accessing lunar or Earth orbit). The Japanese Space agency JAXA has
also recently launched a 20-m diameter solar sail mission known as IKAROS for
Interplanetary Kite-craft Accelerated by Radiation of the Sun, which became the
world’s first solar-powered sail employing photon propulsion. JAXA plans to
launch a 50-m diameter sail. These achievements and the current LightSail attempts
are stupendous for the field of solar sail research. These concepts are illustrated in
Fig. 8.1 along with the IKAROS spacecraft discussed more in Chap. 10.

8.10 New Horizons

The latest robotic probe to be sent out into the Solar System is the New Horizons
mission as part of the NASA New Frontiers program. It was launched in January
2006 using an Atlas V rocket from Cape Canaveral, Florida. It is a follow on to
the originally planned (but canceled) mission called the Pluto Kuiper Express. The
trajectory for the probe will take it past the dwarf planet Pluto and out into the
Kuiper Belt to a distance of 55 AU. As the spacecraft is moving on a trajectory
towards Pluto it is capturing images from afar of the dwarf planet, demonstrating a
capability to track distance targets while also in motion, a critical requirement for
an interstellar probe. When the spacecraft finally arrives at the Pluto system it will
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fly within 10,000 km of Pluto at a relative velocity of 13.8 km/s during the closest
approach. The main science objectives for the mission include a flyby of Pluto and
its three moons Charon, Nix and Hydra. It will arrive at the Pluto system in July
2015. The primary goal is to characterize the global geology of Pluto and its moons
as well as map the composition of the surfaces. Another area of interest is the
possible presence of an atmosphere on Pluto and the rate at which it escapes.

New Horizons reached Jupiter in February 2007 and Saturn in June 2008 and
attained a velocity on passing of 21 km/s. As of March 2008 the probe is located
9.37 AU from the Sun and is traveling at 16.3 km/s or 3.4 AU/year, although it will
eventually slow down to around 2.5 AU/year so will never catch up with either of
the two Voyager probes. The probe has a mass of around 478 kg, and it uses an RTG
system for power generation in the range 200240 W. The propulsion system is
comprised of 16 large and small hydrazine thrusters proving a capability for up to
0.29 km/s velocity increment from a thrust range of 0.9—4.4 N. These are used for
trajectory changes and attitude control. The spacecraft uses a 2.1-m diameter high-
gain antenna for communications as well as several medium- to low-gain antennas.
There is a wide assortment of instruments on board the spacecraft including
imagers, plasma and particle spectrometers, radio science instruments and a dust
detector. New Horizons also carries some of the ashes of the American discoverer
of Pluto, Clive Tombaugh, as well as over 400,000 names of people stored on board
a disc and other artifacts such as an American flag.

Pluto is of course the subject of recent controversy, having been demoted from a
planet to a dwarf planet. It is interesting that some of the science team leading the
New Horizons mission have openly stated that they regard Pluto as a planet and not
a dwarf planet, on the basis that other planets in the Solar System such as Jupiter
and Neptune have not completely cleared their orbits either.

The discoveries that New Horizons will make of the Pluto system are likely to be
very exciting indeed. Without doubt, New Horizons is the most ambitious space-
craft mission yet launched to the outer part of the Solar System.

8.11 Dawn

The NASA Dawn spacecraft is a mission to the asteroids Vesta and Ceres that are
located between Mars and Jupiter. It was launched in September 2007, although it
won’t arrive at Vesta until 2011 and Ceres until 2015. It was launched from Cape
Canaveral in Florida using a Delta II rocket. The mission goal is to study these two
objects as remnants of the Solar System and characterize the conditions and processes
in the early formation, with the contrasting structures of icy Ceres and rocky Vesta.
Because Ceres has now been categorized (since 2006) as a dwarf planet, the Dawn
spacecraft will become the first mission to visit such a planetary object.

The spacecraft has several instruments, including cameras, optical and infrared
spectrometer, gamma ray and neutron spectrometers. It will determine the surface
elemental composition of each object, including the abundance of elements such as
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oxygen, magnesium, silicon and iron. Radio tracking of the spacecraft will enable
mission designers to determine the mass of the two objects, their gravity field,
information about their rotation axis and moments of inertia. Power for the space-
craft is provided by a 10 kW photovoltaic solar array and it uses a high-gain
antenna. The total spacecraft mass is around 1,210 kg. A unique element to the
Dawn mission is that it will actually go into orbit around the first asteroid before
powering out to the next one; it is not just a flyby mission. The mission follows an
outward spiral that includes a flyby gravity assist at Mars coming within 550 km to
the surface. The total mission will last around eight years.

The propulsion system for Dawn is three electrostatic ion thrusters, the same
engine used for Deep Space 1. There are three because they fire one at a time for
each phase of the mission. Each has a specific impulse of 2,100 s and a thrust of
0.009 N. The propellant is a total of 425 kg of xenon, of which 90% is allocated to
reaching Vesta and Ceres, the rest being available for a possible mission extension.
If Deep Space 1 is the first spacecraft to employ ion engines, then Dawn is the first
spacecraft to use them in an exploratory mission. Any remaining propellant would
be used for secondary operations, which could include visiting other asteroids.

8.12 Interstellar Boundary Explorer

The NASA Interstellar Boundary Explorer (IBEX) mission was launched in
October 2008 by use of a Pegasus XL launch from Marshall Island to an altitude
of 200 km. A solid rocket motor then burns to raise this apogee to around 37 times
the radius of Earth. It is by no means comparable in distance to the Pioneer,
Voyager or New Horizons missions. However, its mission and associated technol-
ogy are worth mentioning in the context of robotic explorers. IBEX has a mission to
study the interstellar boundary, the region between our Solar System and interstellar
space and in particular how the solar wind interacts with the interstellar medium.
This will allow an improved understanding of how the large atmosphere of our Sun
interacts with the interstellar wind passing through the galaxy.

It was mentioned earlier how the Voyager 1 probe had passed through the
termination shock, determined by increased levels of low energy particles. However,
the data from Voyager 1 was for a single point in space and at a given time. IBEX will
fill in the picture by providing information on the global nature of the heliosheath-
termination shock interaction. It plans to make observations by using energetic
neutral atom cameras to image the interaction between the heliosheath and the
interstellar medium. The two cameras on board IBEX will measure energetic neutral
atoms with energies in the range 10 eV up to 6 keV. The heliosheath-interstellar
medium interactions are studied by sending the spacecraft on highly elliptical orbits
up to 322,000 km from Earth (or 80% of the way to the Moon) that allows it to go
beyond Earth’s magnetosphere away from Earth’s radiation environment. IBEX will
build up an image of the termination shock and the surrounding interstellar space.
Another area of investigation for IBEX will be to study the galactic cosmic ray
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particles emanating from beyond our Solar System. This is a critical issue in
determining whether humans could ever undergo a journey between the stars.

The IBEX probe itself was a low cost, rapidly developed spacecraft. The space-
craft has a dry mass of 80 kg with an additional 107 kg fuel mass and 26 kg payload
mass. At a size of 58 x 71 cm, IBEX is a small but neat spacecraft. It uses 66 W of
power during normal operations with an additional 16 W being used by the payload.
The on board solar arrays provide 116 W. For orbital maneuvering it has a hydrazine
propulsion engine and can communicate using two hemispherical antennas.

8.13 Summary Discussion on Probe Design

It is worth conducting a brief examination of some historical spacecraft missions.
None of the above spacecraft will be heading out to the distant stars. However, even
without any power the Voyager probes should reach the heliopause in 2014 and the
Oort Cloud in 24,000 years. None of these spacecraft will travel at a speed much
exceeding 17 km/s. At this speed it would take 18,000 years to reach 1 light year
and 76,000 years to reach 4.3 light years, the location of the Alpha Centauri system,
some 271,932 AU distance. Similarly, if it took Pioneer 10 around 18 years to get
to 50 AU, at that speed of around 2.8 AU/year it would take around 98,000 years to
reach the Alpha Centauri system. And this is assuming that there are no obstacles in
between to degrade the spacecraft trajectory (e.g., magnetic fields, particles, dust,
asteroids, comets).

Table 8.3 shows a matrix of required linear mission velocities in units of AU/year
as a function of trip duration and distance to destination. Current and near future
maximum mission velocities are of order 10 AU/year or less. Any faster and this will
either increase the distance traveled in a fixed time or reduce the trip time for a fixed
distance. Now we have to remember that the nearest star is 272,000 AU away, so ata

Table 8.3 Linear determination of cruise velocity (AU/year) as a function of distance traveled
(100-1,000 AU) and mission duration (10-100 years), ignoring the acceleration phase

Years
AU 10 20 30 40 50 60 70 80 90 100
50 5 2.5 1.7 1.3 1 0.8 0.7 0.6 0.6 0.5
100 10 5 3.3 2.5 2 1.7 14 1.3 1.1 1
200 20 10 6.7 5 4 3.3 2.9 2.5 2.2 2
300 30 15 10 7.5 6 5 4.3 3.8 33 3
400 40 20 13.3 10 8 6.7 5.7 5 4.4 4
500 50 25 16.7 12.5 10 8.3 7.1 6.3 5.6 5
600 60 30 20 15 12 10 8.6 7.5 6.7 6
700 70 35 23.3 17.5 14 11.7 10 8.8 7.8 7
800 80 40 26.7 20 16 13.3 114 10 8.9 8
900 90 45 30 22.5 18 15 12.9 11.3 10 9
1000 100 50 333 25 20 16.7 14.3 12.5 11.1 10
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modest speed of 10 AU/year it would still take over 27,000 years to get there.
Clearly, to allow significant advancements in spacecraft speed and therefore
distance attained, different forms of propulsion technology will be required to
those being used today or even being proposed for the next two to three decades.
In the next chapters we will begin to review some of these proposals that have the
engineering aim of delivering high performance for minimum mission duration.

Now that we have considered many of the spacecraft that have been launched to
the outer parts of the Solar System, it is worthwhile discussing what this tells us
about the future. We can address this by considering some pivotal milestones in
both robotic and manned exploration of the Solar System and beyond and compare
the respective history. Eight key milestones are defined:

. Probe or human reaching the orbit of Earth.

. Probe or human reaching the surface of the Moon.

. Probe or human reaching the surface of a planet within the inner Solar System.

. Probe or human reaching the surface of a planet or moon within the outer Solar

System.

5. Probe or human reaching the edge of the Solar System defined to be around
100 AU.

6. Probe or human reaching the undisturbed interstellar medium defined to be
around 200 AU.

7. Probe or human to outer boundary of gravitational solar lens, point defined to be
1,000 AU.

8. Probe or human to inner Oort Cloud defined to be 2,500 AU.

BN =

The phrase ‘planetary object’ only refers to planets, dwarf planets or moons and
does not include asteroids or comets. The boundary between the inner and outer
Solar System is assumed to be the main asteroid belt between Mars and Jupiter.
To reach distances of a lot greater than 1,000 AU, it is likely that a combination of
technologies will be required. This includes a chemical rocket for achieving Earth
escape velocity. Technology such as solar sails would enable the attainment of a
high velocity. Gravity assists would also be required from either one or more of the
gas giants to add to the required Solar System escape velocity. The on board
systems would be powered by a radioisotope generator that could also be used to
power an electric engine to augment the sail and gravity assists.

We can examine the developments in the speed of planetary spacecraft and the
mission distances they attain after the journey is complete. Examining human
exploration we note that the first human carrying spacecraft into orbit was the
Russian Vostok 1 in 1961. The first manned landing on the Moon followed this in
1969, the American Apollo 11. Human past recorded expansion stops here but we
can make a fairly reasonable assumption (optimistically) that the first manned
landing on the planet Mars at 1.5 AU distance might occur by 2040. This then
allows one to form an extrapolated trend fit, which based upon the first lunar
landing and an assumed Mars landing turns out to be approximated by a linear or
low-growth exponential form and projecting a human expansion speed of
~0.01 AU/year. Extrapolating such a line forward suggests that human missions
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to the outer gas giants will not occur until the twenty-fourth century — a projection
which is hard to believe and perhaps illustrates that these types of projections may
not be appropriate.

Now let us briefly look at robotic probes. The first probe into orbit was the
Russian Sputnik 1 in 1961. The first robotic landing on the Moon was Luna 9 in
1966. The first probe onto the surface of another planet was Venera 7 onto the
surface of Venus in 1970 and the Viking probes onto the surface of Mars in 1976
(other missions also occurred during this period such as the Mariner and Russian
Mars spacecraft launched in the 1960s and 1970s). The first probe to a planetary
body out as far as Saturn was the Cassini-Huygens probe onto the surface of Titan in
2005. The first probe to reach 100 AU was the Pioneer 10 mission in 2009.When
this data is examined it is shown that unlike human exploration, robotic exploration
appears to follow a trend that approximates a high-growth exponential speed
improvement. Robotic missions to 1,000-2,000 AU for example, should be possible
by the end of the twenty-first century.

From the above very simple analysis we can summarize some important
conclusions:

1. Human expansion appears to follow a linear or low-growth exponential trend,
the gradient of which will only increase if ‘game changing’ propulsion technol-
ogy is designed, tested and applied to human space missions.

2. Robotic expansion appears to follow a medium to high-growth exponential trend
and progresses ahead of human expansion.

3. The first ambassadors to the nearest stars sent from Earth are likely to be robotic
in type.

4. Any human missions to the nearest stars will take centuries to thousands of years
and so will therefore require large World Ship type vessels if colonization is to
be successful.

What will change the human expansion possibilities is investment in propulsion
technology today? The required cruise speeds of 100-500 km/s are achievable in the
near future using medium-term ‘game changing’ propulsion technology such as ion
drives, nuclear thermal, nuclear electric or plasma drive propulsion technology.
Other longer-term ‘game changing’ propulsion technology is also on the horizon
such as solar sails, laser beaming, fusion propulsion and antimatter — all discussed in
the next chapters. Table 8.4 shows this author’s own personal projections for what is
possible in the coming decades just assuming medium ‘game changing’ technology
schemes. The opportunities for humans to follow our robotic explorers out into the
solar system and beyond are clearly there should we choose to take this path.

Any space probes expanding at an ever increasing rate out into the galaxy will
be a direct consequence of a trend in artificial intelligence, producing more intelli-
gent and more efficient probes. There will come a point where such probes will
avoid the mass ratio issue for large interstellar issues by simply re-fueling en route
and even manufacturing spare parts en-route. It is then not a large jump to expect
that such probes would be capable of completely rebuilding themselves — so called
self-reproducing and self-repairing probes. Unless faster than light speed propul-
sion technology comes to fruition, human expansion into the galaxy is likely to be
slow and require World Ships (see Chap. 1) to be successful.
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8.13  Summary Discussion on Probe Design
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Robotic probes however will not be constrained by the same limitations and
instead will colonize the entire galaxy in only hundreds to thousand of years. And
even if the robotic expansion was also quite slow, the probes have the luxury of
tolerating large journeys. In contrast humans may get bored with the journey or
even the attempt and this could give rise to a loss of purpose over multiple
generations, which could halt the overall exploration attempt of our civilization
or force a premature colonization selection point. The potential for full robotic
expansion of the galaxy leads to another interesting question that arises from this
analysis — if other civilizations do exist in the galaxy and they also embark on
similar robotic exploration attempts, how long would it take them to arrive in our
own Solar System? Sir Arthur C. Clarke provided a tantalizing answer in his 1948
story “The Sentinel”: [5]

“I can never look now at the Milky Way without wondering from which of those banked
clouds of stars the emissaries are coming. . .I do not think we will have to wait for long.”

8.14 Practice Exercises

8.1. For some of the spacecraft discussed in this chapter do some research into the
history of how the proposal for the mission and spacecraft design was first
made, noting the date. Then determine when the proposal became an actual
mission and assess the development time through the design stage and into
manufacture and launch. How long does it typically take to go from initial
concept development through to mission flight and completion for each
spacecraft examined? On the basis of this assessment how long would it
take to develop a new propulsion technology in particular that had not yet
been tested in the environment of space?

8.2. Three spacecraft set off in a race at the start of the year 2020 to be the first to
reach 50 AU (1) the first spacecraft Explorer accelerates for 1 year to a cruise
velocity of 3 AU/year, which it maintains for 2 years. It then fires up its engine
to give an instantaneous boost of 0.3 AU/year (2) the second spacecraft Diver
accelerates for 1.5 years to attain a cruise velocity of 4 AU/year, which it
maintains for 1 year. It then does a flyby of Jupiter and picks up an additional
velocity boost of 1 AU/year, assumed to be instantaneous (3) the third
spacecraft Ascender accelerates for 0.9 years to a cruise velocity of 2 AU/year,
which it maintains for 3 years. It then fires up its engine to receive an
instantaneous velocity boost of 0.5 AU/year. Using the linear equations of
motion described in Chap. 3, namely x = vt and x = at2/2, calculate each
stage of the race for each spacecraft, ensuring you only work in the units of
AU (distance), years (duration), AU/year (velocity) and AU/year2 (accelera-
tion). Sketch the mission profile for each spacecraft. Determine the year each
spacecraft crosses the finish line at 50 AU? Which spacecraft wins the race and
which one comes second?
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8.3. For interstellar mission proposals the most convenient units to use are years
(time), light years (distance) and fractions of the speed of a light wave in a
vacuum (speed). Because velocity equals distance over time, this relation can
be extended for an interstellar mission as light speed fraction equals light years
over years. Gaining an intuition for these units is crucial. Assess the distance
attained by an interstellar spacecraft moving at speed of 0.01c, 0.1c and 0.5¢
assuming the travel time was 1 year and 10 years and 50 years for each case.
The acceleration phase and relativistic effects are to be neglected in this
analysis. A spacecraft accelerates for 5 years and then attains a cruise velocity
of 0.008c. It travels a distance of 1.5 light years and then relays a radio signal
back to Earth to inform mission control of its scientific discovery at the
destination. How long did it take the spacecraft to reach its destination and
how long will it be before mission control receives the images of the
discovery?
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Chapter 9
Electric and Nuclear-Based Propulsion

We can take it for granted that eventually nuclear power,
in some form or other, will be harnessed for the purposes of
space flight. . ..The short-lived Uranium age will see the dawn
of space flight; the succeeding era of fusion power will witness
its fulfillment.

Sir Arthur C. Clarke

9.1 Introduction

The science that goes behind nuclear physics is very mathematical and based upon
the laws of quantum mechanics. Over many centuries and with determined effort
humans have gradually learned what exactly an atom is and how to tame it. It is true
that nuclear energy carries negative side effects through which history records the
consequence. However, it is also true that the energy released from atoms is at least
a million fold greater than can be obtained from any chemical reaction. To consider
the control of the atom for the peaceful purposes of electrical power generation will
also lead naturally to the consideration of alternative applications. One of those is
space propulsion. In this chapter, we shall firstly given an overview of electric
propulsion and then discuss what is considered the likely technology for future
Mars missions, nuclear electric and nuclear thermal propulsion schemes derived
from the process of fission.

9.2 Electric Propulsion

One of the common forms of space propulsion used today is electric propulsion, which
falls into three types: electrothermal, electrostatic and electromagnetic. In essence all
will heat up a fuel electrically and then use electric and/or magnetic fields to accelerate
charged particles to provide thrust. But they all have differences in how they achieve
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this, which are distinguished principally by the type of force that is used to accelerate
the charged particles. Different electric engines will also vary in their burn periods,
where some will burn for extended periods (continuous) and others will burn in set
impulses (unsteady). Because some electric engines do not contain an exit nozzle to
direct the exhaust velocities, they differ from a conventional rocket engine, although
both still exploit the action-reaction principle to obtain forward motion.

One of the first people to suggest electric propulsion technology was the
Russian Konstantin Tsiolkovsky, who wrote a paper in 1911 where he first
suggested that electricity could be used to produce a large velocity from the
particles ejected from a rocket. This was particularly the case for electrons ejected
from a cathode ray tube that would attain high velocities. The fact that such large
velocities could potentially be used for rocket propulsion was clear when it was
believed that an order of magnitude more energy release can be obtained com-
pared to chemically energized fuels. Much later, Tsiolkovsky and others realized
that positively charged ions could also be used for the same purpose. In 1906 the
American physicist Robert Goddard also considered the electric acceleration of
electrons for rocket propulsion in his notebooks. His later notes clearly demon-
strate that he also appreciated that the acceleration of ions would be more
advantageous than that of electrons. The name ion rocket was not coined until
the end of the World War II, when a young American student discussed the
applications of such propulsion [1].

One of the advantages of electric engines is that they offer the potential for a
high velocity increment with a higher specific impulse or exhaust velocity than can
be obtained using a chemically based rocket engine. Whereas a chemical engine
will rely upon the thermodynamic expansion of the gases to attain high velocity, an
electric engine instead obtains high velocity by directly applying electric forces to
the charged particles to accelerate them. This offers the advantage that high
temperature particles are not in physical contact with the spacecraft and thus are
not limited by the melting temperatures of the surrounding materials. Also, chemi-
cal fuels will tend to store their energy in the propellants, but with an electric
propulsion system the energy is usually generated by the use of solar panels. This is
known as solar electric propulsion — where electricity is generated from solar cell
arrays and linked to an engine. Such propulsion may be capable of attaining an
escape velocity of 10-15 km/s. Solar electric designs would use typical power
levels of 100 kW, and because this is quite low they would need to be supplemented
by chemical propulsion, for example, if intended for interplanetary missions [2].
So a solar electric scheme is a Sun-dependent one.

As part of the NASA New Frontiers program the JUNO mission, named after
the goddess sister-wife of the Roman god Jupiter, was due to be launched in 2011 on
a 5-year mission to Jupiter, arriving in 2016, to study the planet’s composition, gravity
field, magnetic field and to determine if it has a rocky core. This is a solar-powered
spacecraft but also utilizing an Earth flyby gravity assist to pick up velocity. There are
three solar arrays on the spacecraft, stowed on launch but unfurled upon reaching space.

Whereas a chemically based engine is energy limited (reactants have a fixed
amount of energy per mass) electrically based engines are not. This is because the
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charged particles are their own source of kinetic energy and so the reaction rate is
independent of the mass. This means that high power levels and high specific
impulse can be reached by using an electric propulsion-based drive. However, an
electric engine is power limited, due to the limited mass of the power system. This
limits the thrust of the engine and hence is the reason why electric engines only
produce low thrust levels and so moderate accelerations. In essence this means that
an electric engine will produce a long specific impulse which results in a large
exhaust velocity. However, a chemical engine will produce a high thrust but with a
small specific impulse resulting in a moderate exhaust velocity, only sufficient for
Earth escape speeds.

In the electrostatic approach positively charged particles such as ions (or
colloids) are accelerated in a static electric field by the Coulomb force in the
direction of the acceleration, producing thrust. Typical fuels for electrostatic
engines include inert gases such as argon and xenon. Historically, mercury was
also considered but this has been largely done away with due to fears over corrosive
and environmental impact issues. Examples of electrostatic thrusters include (1)
electrostatic gridded ion thrusters, (2) Field Effect Electrostatic Propulsion (FEEP),
and (3) colloid thrusters.

A Hall Effect Thruster (HET) is really a combination of an electrostatic and
electromagnetic engine because the typically xenon ions are accelerated by the
electrostatic field but yet the electrostatic field itself is generated by electrons
interacting with a magnetic field. Xenon is used due to the efficiency by which it
can be ionized and then electrically pushed around for eventual thrust generation.
A HET was used on the SMART-1 spacecraft. Another example of where electro-
static thrusters have been used includes the Intelsat VII spacecraft, which had
10 xenon 25 mN thrusters. This was ESA technology for the SAT-2 mission.
Typically, an electrostatic thruster can produce up to >1 N.

In an electrothermal engine electromagnetic fields are used to generate a plasma
state, which then thermally heats up the propellant and is accelerated through either
a solid or magnetic nozzle, which increases the particle’s kinetic energy. The
typical fuels include low molecular weight materials such as hydrogen, helium
and ammonia. There are different types of electrothermal engines, which include
(1) DC arcjet, (2) the microwave arcjet, (3) the pulsed plasma thruster and (4) the
Helicon Double Layer Thruster.

In electrodynamic propulsion (also known as magnetoplasmadynamic) is an
approach where positively charged ions are accelerated either by the Lorentz
force or by an electromagnetic field that may not necessarily be in the direction
of the acceleration but results in the particles being accelerated out of the plane of
the crossed fields. There are different types of electromagnetic engines, including
the (1) Electrodeless Plasma Thruster, (2) Hall Effect Thruster, (3) MPD thruster,
(4) Pulsed Plasma Thruster and (5) VASIMR.

An ion engine is a gridded electrostatic accelerator, which accelerates ions that
have been ionized such as by radio frequency methods. The ions exit the ionization
chamber and must pass through a double grid that has sub-millimeter holes, across
which an electric potential is applied. Ions are then extracted from the grid to
provide acceleration and exhaust velocities of around 30 km/s and specific impulse
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3,000 s. An ion thruster was used on the ESA EURECA spacecraft in 1992 and in
many other geostationary satellites. An excellent review of the early history of
electric propulsion developments from 1906 has been published elsewhere [3]. The
required specific power p to accelerate a spacecraft with an ion engine is given by:

_av,
=

p ©.1)

where V, is the exhaust velocity, n is the thrust efficiency. For a spacecraft
accelerating at 100th of gravity to achieve an exhaust velocity of 100 km/s and
assuming 100% efficiency the power required is 5 kW/kg. This suggests that such
propulsion schemes are impractical for outer interplanetary missions. However,
more modest accelerations of order 10,000th of one gravity and a more modest
velocity requirement of order 30 km/s results in a power requirement of around
2 kW/kg.

One of the issues with attaining better performance from electrically powered
engines is the need for an internal nuclear power source that gives a power output of
5 kW or ideally more for manned missions to the planets. Until then, electrical
propulsion systems will likely be only used for satellite control and orbit raising and
perhaps missions to Mars. As of today, over 200 solar powered satellites have
benefited from the use of electric propulsion. Electric propulsion was used on the
NASA Deep Space One mission discussed in Chap. 8. The ESA SMART-1
spacecraft also used an electric engine.

The specific impulse of an ion engine is given by consideration of the charge g
and ion mass m_as well as the electric potential difference V, through which the
ions are accelerated. These are related by:

Vex 1 29V,
Iy, =—=— A 9.2)
8o 8o m

For current ion thruster designs V, would typically be around 2.5 kV. If we
assume a xenon propellant, which has an atomic mass of 131.293 atomic mass units
(were 1 amu = 1.5505 x 10~?7 kg), then the specific impulse and exhaust velocity
for this configuration is 6,179 s and 60.6 km/s. The power of the rocket exhaust per
unit time will give an estimate of the energy expenditure of the engine, and this is
termed the ‘jet power.” This can be related to the exhaust velocity and mass flow
rate mby the following equation:

P =Emv2 (9.3)
2
The term p is an efficiency conversion term, which we can assume to be unity for
simplicity. Assuming a mass flow rate of 4 x 107 kg/s and the exhaust velocity
calculated above this would result in quite a high jet power of 7.34 kW. We can
easily calculate the thrust for this system as follows:

T =mV,yy 94

This computes to a thrust of 0.24 N.
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The British propulsion engineer David Fearn has considered the application of
ion engines to an interstellar precursor mission that could be completed in 25-30
years [4]. He discusses an advanced form of a 4-gridded ion thruster that can
provide a specific impulse as high as 150,000 s with thrust levels in the Newton
range and a velocity increment exceeding 37 km/s. Fearn identified the requirement
for a nuclear power source with a mass to power ratio of 15-35 kg/kW and an
output power of several tens of kW. Such a cruise velocity would allow a mission
out to 200 AU with a performance competitive with alternative propulsion schemes
such as solar sails (discussed in the next chapter).

Unlike chemical propulsion systems, electric propulsion systems are not energy
limited. In theory, a large amount of energy can be delivered to a given mass of
propellant so that both the exhaust velocity and specific impulse are very high.
However, electric propulsion systems are power limited. This is because the mass
of the power system itself places a limit as to how much energy can be delivered to a
propellant. Ultimately, this places a constraint on the maximum thrust levels
attainable (and therefore acceleration), and so the thrust to weight ratio is low.
In theory conventional electric propulsion will attain an exhaust velocity of up to
30 km/s (0.001c) corresponding to a specific impulse of thousands of seconds,
allowing missions to Alpha Centauri in around 42,000 years.

An extension of this technology is to employ a fully ionized gas that has been
heated to a much higher temperature so that the gas becomes a plasma state. Such
plasma propulsion designs have been proposed as ideal for Earth-Moon and Earth-
Mars missions in future decades. One of the exciting technology developments in
recent years is the Variable Specific Impulse Magnetoplasma Rocket (VASIMR), or
what is known as a Plasma Rocket [5, 6]. The former astronaut Franklin Chang-Diaz
and his team at the Ad Astra Rocket Company in Texas in conjunction with NASA
developed this. The engine is unique in that the specific impulse can be varied
depending upon the mission requirement. It bridges the gap between high thrust-low
specific impulse technology (e.g., like the space shuttle) and low thrust-high specific
impulse technology (e.g., like electric engines) and can function in either mode.
The company who designs the VASIMR engine talks about possible 600 ton manned
mission to Mars powered by a multi-MW nuclear electric generated VASIMR
engine, reaching Mars in less than 2 months.

The VASIMR drive could in theory attain an exhaust velocity of up to 500 km/s
(0.002c) corresponding to a specific impulse of around 50,000 s and could reach
Alpha Centauri in 2,200 years. Although this technology is impressive, it still
won’t get us to the stars in a short duration. This type of engine is also quite
convenient because it is considered to be a scaled down fusion development
engine. Several elements of the design, namely the ionizing and energizing of a
gas using an helicon RF antenna, the use of electromagnets to create a magnetic
nozzle and the storage of low mass hydrogen isotopes (including helium and
deuterium) are similar technology that would be used in a fusion-based engine.
Developing this technology will also assist in understanding how to control
plasmas for a space propulsion engine, although large improvements are required
in the power, field control and shielding.
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So far we have discussed electric propulsion technology, because it is relevant to
interplanetary vehicles within the inner Solar System. However, it has little appli-
cation in the outer parts of the Solar System or beyond. Instead, the technology must
be enhanced in some way, and this is where the nuclear-electric rocket comes
into its own.

9.3 Nuclear Thermal and Nuclear Electric Propulsion

To some the idea of using nuclear power to propel a spacecraft represents a future of
hazardous radiation risks. But to others it represents an opportunity to free up the
Solar System to not only robotic but full human interplanetary travel. This is
because the energy release available from nuclear reactions is of the order a million
times greater than that from a typical chemical reaction. This is by the process of
nuclear fission where a fissionable isotope is induced to undergo a process of fission
(atom splitting) by the absorption of neutrons. A nuclear reactor will contain this
fission process in a controlled way so that only a small neutron population persists
in the system to maintain a barely critical state.

As long ago as the 1950s the science and science fiction writer Arthur C Clarke
was discussing the idea of a nuclear powered spacecraft in his book “Interplanetary
Flight”. The unusual configuration that he proposed bore the resemblance of a
‘dumb-bell’ shape with the nuclear reactor power system being separated by
distance from any crew or payload section to ensure they are not exposed to any
radiation. Figure 9.1 depicts this design layout, along with the cylindrical spacecraft

Spherical Hulls

Cylindrical
Connecting Tube

I
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! Propellant & Shielding

Space Cruiser
Crew & Payload

Fig. 9.1 The ‘dumbbell’-shaped spacecraft as proposed by Arthur C. Clarke
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to represent the landing craft to be deployed on arrival at the mission target. It is
interesting to note that the ‘dumb-bell’ shaped design appears to be the basis for the
Discovery spacecraft depicted in the movie 2001 : A Space Odyssey and shown in
Fig. 1.2 of Chap. 1. Let us briefly consider how a nuclear reactor may be used in a
spacecraft by both thermal and electric means and then we shall review some
examples of actual spacecraft proposals.

The basic idea of a nuclear thermal rocket (NTR) is to use a nuclear reactor to
produce energy that is then moved by a heated working fluid (gas or liquid) such as
hydrogen, which can then be expanded for thrust generation through a rocket
nozzle. Because the more efficient energy release is higher, this means that the
exhaust velocity is also much higher than a chemical-based system, allowing for
reduced mass overall (propellant and reactor). Thus, a spacecraft cannot only have a
higher performance but can also carry a more massive payload.

Fundamentally there are three types of nuclear thermal propulsion systems,
known as solid, liquid and gas core reactors. A solid core engine will use a solid
reactor material to heat the working fluid, and these are considered to be simple
designs. High temperatures up to around 3,000 K will limit the performance to
around 1,000 s of specific impulse, however, due to the melting point of the materials
being reached. A liquid core engine will involve mixing the nuclear reactor material
with the working fluid so that the reactions take place within the fluid. In theory this
approach can lead to higher temperatures and so a more efficient design with a
specific impulse up to 1,500 s. A gas core engine could in theory achieve the highest
performance — up to 6,000 s specific impulse — because the fluid is a gas that can
circulate more rapidly while containing the reactor material inside a central gas
pocket and preventing it from interacting with the surrounding material structure.

Theoretical research into nuclear thermal propulsion was initially made by the
German scientist Ernst Stuhlinger working in the United States after the war and
members of the British Interplanetary Society such as A. V. Cleaver and L. R.
Shepherd who discussed atomic rockets where nuclear fission energy is used to heat
an on board fuel [7]. They discussed exhaust velocities of 10—100 km/s as obtainable
from ion rockets, although they said that such propulsion schemes would have
massive power requirements, which rendered the technology impractical at the time.

Nuclear thermal propulsion began its ground based experimental history in 1953
with Project Rover, which was a joint project of the U.S. Atomic Energy Commis-
sion and the U.S. Air Force [8]. Then it was in the 1960s that Rover came to fruition
in a series of Nuclear Engine for Rocket Vehicle Applications (NERVA) tests in the
Nevada test site in the United States [9]. The liquid hydrogen based NERVA engine
rocket was nearly 44 m in length and had a dry mass of 34 tons capable of
generating 334 kN of thrust in a vacuum with a specific impulse of around 850 s
and a burn time of over 1 hour. The specific impulse was approximately double
what can be obtained from any chemical system.

Because a nuclear thermal rocket will use fission as the energy source, this has a
maximum conversion efficiency of 0.0007, that is, the fraction of mass converted
into energy per reaction. As described in Chap. 5 the exhaust velocity is given by
the square root of 2¢, where ¢ is the fraction energy release. This leads to a
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maximum theoretical exhaust velocity of 0.0374c, or around 11,225 kmy/s. If we
assume a typical thrust maximum associated with the NERVA program of around
1,000 kN then the power required for the engine in the units of Watts is given by:

AT
2

P(W) 9.5)
where p is the approximate conversion efficiency, assumed here to be around 0.1%.
This then computes to a power required of 5.6 GW. Note that for the NERVA
program power levels of around 5 GW were being considered so the program would
had to have had a highly optimized design to perform this well.

Instead of a thermally heated fluid to provide the propulsion, the other sugges-
tion is to directly use the energy release from a nuclear reactor to produce electrical
energy in nuclear electric rockets. These have the capability to deliver payloads to
the outer planets with an order of magnitude greater mass than for solar electric
systems. An electric thruster would typically be based on an Argon fuel using ion
engines and operating in the 5,000-6,400 s specific impulse range. These are
typically low acceleration systems with potential power level requirements in the
200 kW to 1 MW range and capable of achieving heliocentric escape velocity of
50-60 km/s [10]. As a rule of thumb designers will aim for a dry nuclear electric
propulsion mass 30-35% of the mass of the spacecraft.

One study looked at using nuclear electric propulsion for a 1,300-day Jupiter
mission [11]. The authors described how the spacecraft would be launched into
orbit using a space shuttle. It would consist of a 9,400 kg vehicle and a payload
of 12,400 kg, which would encompass a 9,000 kg orbiting laboratory and 500 kg of
landers for use in sample return operations. The design was said to require a specific
mass of no less than 25 kg/kW. The engines would probably use mercury-based ion
thrusters or argon-based magnetoplasma dynamic thrusters and would have a
specific impulse of around 9,000 s and an effective jet power of between 270 and
840 kW. Other mission possibilities for a nuclear electric- based rocket would be to
Saturn and Uranus, where a 200 kW power system could deliver a payload
exceeding 3-8 tons in around a decade [12]. Going as far out as Neptune and
Pluto is also possible but would require improvements in power conversion system
efficiency, longer mission duration and the potential for a reduced payload mass.
However, as will be shown in the next few sections, more ambitious missions have
been proposed using advanced nuclear electric propulsion technology.

9.4 The Interstellar Precursor Probe

One of the first teams to properly consider an interstellar precursor mission was
CalTech’s Jet Propulsion Laboratory. In the late 1970s it conducted a study called
the Interstellar Precursor Probe (IPP), a mission designed to explore the solar
heliopause perhaps as far out as 1,000 AU [13]. It was to use nuclear electric
engines and would attain a heliocentric hyperbolic escape velocity of around
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50-100 km/s in order to achieve the mission in the stated timeframe of 20-50 years.
The power and propulsion system dry mass at 100 km/s exhaust velocity would be
round 17 kg/kW. The spacecraft initial mass would be around 32 tons, including the
engine, where around 1.2 tons would be allocated to the science instruments,
computation, data processing and communications systems. As well as instruments
such as spectrometers, magnetometers, and various plasma detectors requiring
around 100 W of power, the potential for using a 200-300 kg telescope was also
considered, as were nuclear electric engines, solar sails and laser sail technology.

It was to have been launched around the year 2000. The mission was for an
encounter with Pluto (including a 500 kg orbiter similar to the Galileo spacecraft)
and its moon Charon and then the extended mission would continue on to the
Kuiper Belt and beyond to a distance of 370 AU around 20 years after launch. After
50 years it would reach a distance of over 1,030 AU. The key mission goal was to
measure the interaction between the solar wind and the interstellar medium so as
to better characterize the space surrounding our Solar System. Primary objectives
also included a study of stellar distances through parallax measurements, low
energy cosmic rays, the interplanetary gas distribution and the mass of the Solar
System. The study did discuss the potential for an interstellar mission, but
concluded that the achievable escape velocity of 100 km/s for, say, a 4.3 light
year Alpha Centauri mission would imply mission duration of order 10,000 years,
so it did not seem worth seriously considering.

Much of the work from this project went into the design considerations for other
projects such as the Thousand Astronomical Unit (TAU) mission, which was also a
nuclear electric propulsion system. Many studies since, including the Innovative
Interstellar Explorer, have been based upon some of the initial calculations and
configuration layout considerations for the Interstellar Precursor Probe. In particular
this study really established for the first time the idea of an unmanned interstellar
precursor mission, laying out the science objectives, mission concepts and technology
requirements. It was seen as a way of addressing the interstellar problem without
actually launching an interstellar mission, while also delivering valuable science data.

9.5 The Thousand Astronomical Unit Mission

During the 1970s and 1980s scientists from the Jet Propulsion Laboratory had
discussed the concept of an interstellar precursor mission to explore the solar
heliopause that would last between 20 and 50 years. In its original incarnation it
was known simply as the Interstellar Precursor Mission (ISP). After further consid-
eration the concept eventually became known as the Thousand Astronomical Unit
mission or TAU [14]. The idea was to design an interstellar precursor mission that
was restricted to using only technology that had actually been tested. A good
distance to aim for which would also stretch the technology to its limit was deemed
to be 1,000 AU, hence the name of the mission. Recall, that an astronomical unit is
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Fig. 9.2 Illustration of the TAU proposal

the mean distance from the Earth to the Sun. The mission was for a planned launch
date around the year 2000.

Although solar sails were considered on option for propulsion if unfurled
sufficiently close to the Sun, the final concept used Nuclear Electric Propulsion
(NEP), where a nuclear reactor electrically ionizes the gas of a low thrust-high
specific impulse ion engine. This technology has since been clearly demonstrated in
the Deep Space 1 spacecraft discussed in Chap. 8. This would allow the vehicle
to reach a cruise velocity of 106 km/s (0.00035¢) after a 10 year burn, sufficient to
escape the Solar System. After jettisoning the main engine, the vehicle would then
cruise to its destination in under 50 years from initial launch. An alternative option
considered in the initial discussions was to launch the spacecraft into low Earth
orbit and then use gravity assists to reach an escape velocity of around 50 km/s and
utilizing RTG to power the spacecraft systems throughout the flight. This option
was rejected in the final choice, but it is worth noting that there are several ways of
performing a mission of this type.

The spacecraft would employ 12 xenon ion electric thrusters, each with a
specific impulse of 12,500 s and would burn for around 2 years with a specific
mass of 4 kg/kW. The vehicle systems would be powered by 1 MW nuclear reactor
with a specific mass of 12.5 kg/kW. The ion thrusters and reactor would be located
towards the rear of the vehicle. The total mass of the spacecraft would be about
60 tons, where 5 tons of this would be the actual spacecraft and instruments and
15 tons would be for the engine. The science payload and instrumentation would be
around 1.2 tons, which would include spectrometers, magnetometers and optical
cameras. Most of the mass would be attributed to 40 tons of liquid xenon.
The vehicle was about 25 m long and contained a 15-m diameter main antenna
for communications, located near the front of the vehicle. It is shown in Fig. 9.2.
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A nice addition to the spacecraft was a Pluto orbiter, which could be dropped into
Pluto orbit as the spacecraft went past, as well as making observations of the moon
Charon. The orbiter would be located in front of the main antenna as well as a massive
instrument boom with a telescope and auxiliary antenna located at either end.
The front and rear of the spacecraft would be separated by a large cylindrical column,
which would include a radiator on its surface to remove any waste heat generated.

A spacecraft reaching 1,000 AU would provide very valuable insights into the
outer Solar System and the solar heliopause. Specifically, finding any further Kuiper
Belt objects that may be lurking in the darkness would be of tremendous scientific
interest. One of the primary objectives of the mission was to perform long baseline
parallax measurements and allow the distances to nearby stars to be measured with
greater accuracy out to 50 kpc distance, which extends to the Magellenic Clouds.
Another interesting science objective of TAU was to test aspects of Einstein’s
general relativity theory by using a laser transponder so that Earth and the spacecraft
can act as end masses of a gravitational wave detector, with potentially much more
accurate observations compared to those limited to the location around Earth.
Scientists back home studying the spacecraft’s trajectory as communicated by
radio signals would achieve this. All scientific observations would be transmitted
back to Earth using an advanced 1 m optical telescope combined with a 10 W laser
transponder, allowing a transmission rate of 10-20 kB/s to a 10 m telescope located
in Earth orbit.

One of the advantages of a probe like TAU is that it would pass through the
Sun’s gravitational focal point located between 500 and 1,000 AU, where distant
light rays are bent around the Sun and converge to an amplified image. This would
provide for a magnification of future interstellar targets. However, we must remem-
ber that the nearest star system, Alpha Centauri, is nearly 272,000 AU away, much
further than TAU was designed to reach. At the specified maximum cruise speed for
TAU, it would take the vehicle around 12,000 years to reach Alpha Centauri. This
suggests that although a nuclear-electric engine may be useful for achieving
missions just outside of our Solar System, it is not adequate for much further
distances. But precursor missions such as TAU are clearly required before attempts
to launch probes to the nearest stars can be properly considered. It is a shame that
space agency managers didn’t realize the enormous potential in such a credible
spacecraft mission that TAU represents, especially since it could have been built
and launched by the year 2000 as proposed. The spacecraft would have been well
into the Kuiper Belt by now.

9.6 The Innovative Interstellar Explorer

The Innovative Interstellar Explorer (IIE) is a NASA proposal to launch a 34 kg
payload to around 200 AU. It largely grew out of an earlier study for a Realistic
Interstellar Explorer (RIE) proposed by Ralph NcNutt, who has been evolving the
concept of an interstellar precursor mission in collaboration with the Jet Propulsion
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Laboratory for some years and is the principal investigator behind the IIE [15-18].
He has argued the case for an interstellar precursor mission as a high priority for
science. For such long duration space missions the biggest problem has always been
the propulsion necessary for the required high performance. To send a space probe
to a distance of 200 AU in a time scale of 15, 20 or 30 years requires an average
velocity of approximately 13, 10 and 7 AU/year respectively. This is equivalent to
63, 47 and 32 km/s, respectively, and compares to the moderate 17 km/s or around
3.3-3.6 AU/year experienced by the Voyager probes. Because these velocities are
so large, conventional propulsion systems based upon chemical engines cannot
meet the performance requirements. Hence alternative technology is required.

The initial plan for the mission was for it to be launched in 2014 and arrive at its
destination in 2044, around 30 years after launch. By the year 2020 the Voyager
1 and 2 spacecraft would have ceased transmitting and be at around 150 and
125 AU from the Sun, respectively. So although they may have passed the
heliopause it is unlikely that they will have reached the undisturbed interstellar
medium, which is thought to be beyond 200 AU. Hence the spacecraft should be
able to reach it and transmit data using its high gain antenna. By the year 2057 the
spacecraft would be expected to reach 300 AU, some 43 years after launch.
By the year 2147, the spacecraft would reach 1,000 AU from the Sun, and be the
furthest and fastest manmade object ever launched into space. This will be a century
after the planned launch data. One century for 1,000 AU sounds like a long time,
and if we multiply this by the distance to Alpha Centauri at 272,000 AU, such a
probe would take many tens of thousands of years.

One of the primary science goals of the mission is to reach and measure the
properties of the interstellar medium as well as the exact location of the termination
shock. It would also measure the properties of the solar magnetic field and incoming
cosmic rays, important measurements for future spacecraft that leave our Solar
System. These measurements also have tremendous implications for understanding
the path of our supersonic Solar System through the cosmic ray intense Milky Way.
Our Solar System is protected from these rays by the solar heliopause, the boundary
between the solar wind generated by our own Sun and interstellar space. Innovative
Interstellar Explorer measurements may also shed light upon the role of cosmic rays
on biological mutation rates of life on Earth or even the cosmic ray link to global
climate change. Another science goal could be the measurements of the Big Bang
nucleosynthesis in terms of the abundance of helium-3, deuterium and lithium-7.
Exotic physics issues such as the detection of gravitational waves or further tests of
our theories of gravity would also be desirable objectives.

The Innovative Interstellar Explorer is shown in Fig. 9.3. It uses a combination
of a heavy launcher such as a Delta 4, to place it into orbit and a kW power ion
engine that burns xenon propellant and is powered by an RTG, similar to the
Voyager probes. This is necessary for long duration missions and to achieve the
required vehicle speed of around 10 AU/year at 100 AU. Any power source that
reduces the overall vehicle mass is also a bonus. In earlier versions of the mission
plan the trajectory would obtain velocity by dropping deep into the Sun’s gravita-
tional potential and then executing a velocity burn at perihelion. But this was



9.7 Project Prometheus 151

COMMUNICATIONS

ANTENNA \

RADIOISOTOPE
THERMAL
GENERATORS

TITLE: INNOVATIVE INTERSTELLAR EXPLORER SPACECRAFT

MAT: ALUMINUM-LITHIUM ALLOY OR

BERYLLIUM SCALE: 1:40

Fig. 9.3 Tllustration of the innovative interstellar explorer

abandoned in favor of a Jupiter flyby where the gravity assist will boost the
spacecraft velocity by around 25 km/s or 5.2 AU/year. It would obtain a maximum
cruise velocity of 37.5 km/s or 7.8 AU/year. With the heliopause boundary
speculated to be located between 100 and 150 AU, the Innovative Interstellar
Explorer would be the first probe to enter interstellar space — a milestone achieve-
ment and within our technological grasp. It could credibly be built and launched
today. As stated by mission planners in a 2006 paper [19]: “The time is right for the
first step into interstellar space.”

9.7 Project Prometheus

Project Prometheus was a NASA 2003 attempt to develop a deep space vehicle for
long duration outer Solar System robotic exploration mission that would combine
nuclear reactor technology with electric propulsion [20]. It was formerly named the
Jupiter Icy Moons Orbiter (JIMO) Project and was part of the NASA Nuclear
Systems Initiative. The motivation for such a spacecraft is to launch missions that
allow spacecraft to go out to large distances in the Solar System while conserving
vital energy resources until the destination is reached. This would particularly
enable missions to the outer planets, where current spacecraft are very limited.
This is due to the fact that solar energy is not available in sufficiently intense levels
at large distance from the Sun and so cannot power any on board systems, including
the propulsion system. Historically, some of these probes used RTGs as a power
source. Project Prometheus was a step up in power generation in that it proposed to
use a nuclear reactor as the power source. This would enable longer duration
missions as well as continuous operation of the propulsion system.
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Fig. 9.4 Illustration of project prometheus

Missions to Jupiter and its moons were seen as primary targets, such as Callisto,
Ganymede and Europa. Europa was particularly of interest given the potential for
finding ocean life below the icy crust. Prometheus would also investigate how the
satellites interact with Jupiter. The spacecraft would escape from Earth using a
chemical propulsion system. The original JIMO proposal had a trajectory that did
not involve any planetary gravity assists. For Prometheus, however, options were
considered to allow an increased payload mass to the destination and decrease the
flight time. The final Prometheus trajectory would involve a flyby gravity assist at
Jupiter in 2021 and then a gravity assist at Callisto prior to being captured by
Callisto for a period of around 120 days. The spacecraft would then move on
to Ganymede for 120 days followed by Europa for 60 days. The mission
requirements were for a payload mass of not less than 1,500 kg. This would include
science instruments such as for topographic mapping, subsurface mapping,
optical cameras, spectrometry, particle and field analyzers, altimetry and magnetic
field measurements.

The spacecraft systems would be powered by an on board high temperature
nuclear fission gas-cooled reactor for massively improved power compared to non-
nuclear systems. Connected to turbo-alternators for power conversion it would
generate around 200 kW of electrical power, a staggering amount compared to
historical space probes such as Voyager and Pioneer, and much greater than the
minimum initially thought to be required from looking at electric thruster technol-
ogy, which was in the range 20-30 kW. A conical radiation shield would be
positioned directly behind the nuclear reactor to protect the other spacecraft
systems. The reactor was to be designed by the U.S. Navy, who had considerable
experience in this area. Figure 9.4 shows a schematic of Project Prometheus.
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Aft of the reactor module is the spacecraft module, which is dominated by a
43-m-long main boom assembly. Large arrays of heat radiators were positioned
between the spacecraft power source and the ion engine thrusters. This array of
panels would come off the main central truss. The propulsion system was ion
thrusters positioned at the rear of the spacecraft and would use 12 tons of xenon
propellant. For Prometheus this would allow a performance in the specific impulse
range of 6,000-9,000 s. A stowed spaceship would be located towards the back,
which could be deployed at the destination. The total spaceship mass at launch
would be around 38 tons. Unfortunately Project Prometheus funding was cut in
2006, and a mission utilizing nuclear power combined with an ion engine would
have to wait for another day.

9.8 Practice Exercises

9.1. A Hall Effect Thruster uses 80 kg of xenon propellant and thrusts for a period
of 5,000 hours. Assuming a potential difference of 0.2 kV, using the equations
of this chapter show that the specific impulse, exhaust velocity and thrust for
this engine is around 1,748 s, 17.1 km/s and 0.08 N, respectively. Note that
xenon has a molecular mass of 131 atomic mass units.

9.2. Repeat the above calculations but for a monopropellant thruster using 52 kg of
hydrazine fuel thrusting for 46 hours with a potential difference of 0.0006 kV.
Note that hydrazine has a molar mass of 32 g/mole or molecular mass of 32
atomic mass units. Show that the specific impulse, exhaust velocity and thrust
is around 194 s, 1.9 km/s and 0.6 N, respectively.

9.3. An experimental nuclear thermal engine has a specific impulse of 759 s, using
up 144 tons of propellant in 25 minutes. It has a conversion efficiency of
0.15%. Calculate the exhaust velocity and thrust and then show that the power
is 3.85 MW.

References

1. Radd, H (1945) A Survey of Spatial Problems, Journal of the American Rocket Society,
62, pp28-29.

2. Jaffe, LD et al., (1980) An Interstellar Precursor Mission, JBIS, Vol. 33, pp.3-26.

3. Choueiri, EY (2004) A Critical History of Electric Propulsion: The First 50 Years
(1906-1956), Journal of Propulsion & Power, 20, 2.

4. Fearn, D (2006) Ion Propulsion: An Enabling Technology for Interstellar Precursor Missions,
JBIS, 59, pp88-93.

5. Chang-Diaz, RR, (2002) Fast, Power-rich Space Transportation, Key to Human Space
Exploration and Survival, 53rd IAC.



154

10.
11

12.

13.
14.

15.

16.

17.
18.

19

20.

9 Electric and Nuclear-Based Propulsion

. Chang-Diaz, FR, (1995) Rapid Mars Transits with Exhaust-Modulated Plasma Propulsion,

NASA TP3539, March 1995.

. Shepherd, LR & AV Cleaver (1949) The Atomic Rocket, JBIS, 8.
. Finseth, JL (1991) Rover Nuclear Rocket Engine Program, Overview of Rover Engine Tests,

Final Report. NASA CR-184270.

. Bowles MD & RS Arrighi (2004) NASA’s Nuclear Frontier, The Plum Brook Reactor Facility.

Monographs in Aerospace History No.33, SP-2004-4533.
Jaffe, LD et al., (1980) An Interstellar Precursor Mission, JBIS, 33.

. Pawlik, EV, et al., (1977) A Nuclear Electric Propulsion Vehicle for Planetary Exploration,

J.Spacecraft, Vol.14, No.9.

Phillips, WM (1980) Nuclear Electric Power Systems for Solar System Exploration,
J.Spacecraft, Vol.17, No.4, July—August.

Jaffe, LD, et al., (1977) An interstellar Precursor Mission, JPL Publication 77-70.

Nock, KT (1987) TAU — A Mission to a Thousand Astronomical Units, presented at 19
AIAAIDGLR/JSASS international electric propulsion conference.

McNutt, RL, Jr et al., (1999) Phase I Final Report; A Realistic Interstellar Explorer, NIAC CP
98-01.

McNutt, RL, Jr et al., (2003) Phase II Final Report; A Realistic Interstellar Explorer, NIAC
7600-039.

McNutt, RL, Jr et al., (2003) Low-cost Interstellar Probe, Acta Astronautica, 52.

McNutt, RL, Jr et al, (2004) A Realistic Interstellar Explorer, Advances in Space
Research, 34.

. Gruntman, M & RL McNutt, Jr et al., (2006) Innovative Explorer Mission to Interstellar Space,

JBIS, 59, 2.
Taylor, R (2005) Prometheus Project Final Report, NASA 982-R120461.



Chapter 10
Sails & Beams

Whatever the source of the beam (power supply plus antenna, the
“beamer” ), the ability to move energy and force through space
weightlessly is key to a genuinely twenty-first century type of
spacecraft. The expensive part of this utility is the beamer, which
can project energy anywhere within its range and also drive one
sail after another. Like the nineteenth century railroads, once the
track is laid, the train itself is a small added expense. Compared
with rockets, sails are very cheap once the beamer is built. Just as
railroads opened up the American West, a beamer on Earth — or,
at shorter range, in orbit — could send entirely new kinds of
missions throughout and even beyond the solar system. Beamed
sails (light or microwave) offer the promise of interstellar flight.

James Benford

10.1 Introduction

This chapter will discuss various types of propulsion schemes that have resulted
from a paradigm shift in thinking about interstellar travel. These schemes depend
upon the exploitation of solar or laser energy for propulsion. The utilization of
natural energy sources in space seems like a prudent way to conduct exploration
missions, having the advantage of minimizing fuel mass for the spacecraft or even
negating entirely the need to carry a reaction mass. We firstly discuss the subject of
solar sailing and then move on to laser beam sails and microwave sails. We discuss
some of the physics, applications and some past projects.

K.F. Long, Deep Space Propulsion: A Roadmap to Interstellar Flight, 155
DOI 10.1007/978-1-4614-0607-5_10, © Springer Science+Business Media, LLC 2012
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10.2 Solar Sailing

The Sun ejects mass at a rate of 150 billion tons per day, mainly consisting of
charged particles, which are spewed out radially into the surrounding solar system.
It would therefore seem a perfect opportunity to exploit this phenomenon for
propulsive means. The outer most region of the Sun’s atmosphere is called the
corona and it extends from the top of the chromosphere out to a distance of several
million kilometers where it gradually becomes the solar wind, a continuous outflow
of over 10° kg of matter per second. The corona is hot at ~10° K by comparison with
the photosphere and chromosphere which is at a temperature of ~10° K.

While the mechanism by which the corona is heated is the subject of decades of
inconclusive research, it is well known that the temperature of the corona plays a
key role in the acceleration of the solar wind. Suffice it to say, thermal acceleration
is accomplished by the difference between the relatively high pressure near the
surface of a star and the negligible pressure of the interstellar medium. The main
source of the solar wind comes from coronal holes. In coronal holes bright spots of
x-ray emission appear and disappear in a matter of hours. Weaker x-ray emission
coming from coronal holes is characteristic of the lower densities and temperatures
that exist in those regions. The existence of coronal holes is linked to the Sun’s
magnetic field. Closed field lines form loops that go back into the Sun but
in coronal holes the field lines can become open and extend out to large radial
distances where any emitted charged particles are forced to spiral around the
magnetic field lines whilst flowing away from the Sun. Hence the origin of
the solar wind is particles escaping from coronal holes where the magnetic field
configuration is diverging.

The solar wind is accelerated out from the solar corona into interplanetary space,
extending far beyond the orbit of the Earth and terminating after having hit the
weakly ionized interstellar medium around 100 AU. Evidence for the existence of
the solar wind derives from four main observations. Firstly, it is observed that
comet tails always seem to point away from the Sun, hinting that solar radiation
alone cannot be responsible. Secondly, ions collide with atoms in the Earth’s upper
atmosphere resulting in the aurora displays in the North and South magnetic poles.
The ions become trapped within the field, bouncing back and forth between the two
magnetic poles and creating the Van Allen radiation belts. Thirdly, studies of
cosmic rays produced in solar flare events correlate with studies of the Earth’s
magnetic field. Finally, actual measurements of the solar wind have been obtained
from orbiting spacecraft. This includes measurements of the solar wind
temperatures, velocities and densities that help us to produce mathematical models
of its dynamic and transient global behavior.

Typical measurements for the solar wind properties at 1 AU shows a proton and
electron number density of 7 cm >, radial velocity between 400 and 500 km/s,
magnetic field strength of 7 nT, temperatures of 10°-10° K, gas pressure 30 pPa,
magnetic pressure 19 pPa, sound speed 60 kmy/s. Particle interactions will occur
every 46 days for proton-proton collisions and every 3—4 days for electron-electron
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collisions. The solar wind will take around 4 days to reach 1 AU from the Sun.
The solar wind typically contains 95% protons, 4% alpha particles (fully ionized
helium) and 1% minor ions, the most abundant of which are carbon, nitrogen,
oxygen, neon, magnesium, silicon and iron. However, the solar wind also sweeps
up material from the regions of interplanetary space as it passes. So the solar wind
also contains abundances from entrained sources such as from comets, asteroids,
planetary atmospheres and satellites. Observations by the Helios, WIND and
Ulysses spacecraft indicate that helium is generally the faster major ion species in
the solar wind. The mean particle flux from the Sun is around 10> m~2 s™'.

It was in the 1950s that the first dynamic theory of the solar wind was determined
by Parker [1], which showed how it could be accelerated to supersonic speeds by an
equation which describes the radial outflow velocity v of the solar wind as a
function of the local sound speed cg, radius r and critical radius r. where the solar
wind goes supersonic. This solution that Parker found was can be written in a
shortened form assuming that the speed is large compared to the local sound speed:

2. n2 r Te 1
v~ 22 {m(ﬁ) + 2(" 1) n 2} (10.1)

C

We can solve this to obtain an estimate of the solar wind velocity at 1 AU.
Taking r at 1 AU = 1.5 x 10" m, ¢, = 10° m/s, r. =7 x 10° m we get an
estimate of around 300 km/s. Observations at 1 AU give the speed of the quiet
solar wind as between 300 and 400 km/s. This falls remarkably well within the
Parker prediction. From a propulsion point of view, the solar wind appears very
attractive. Indeed, it would seem highly sensible for a spacefaring civilization
to come up with a method of exploiting the massive amounts of energy that
are dumped into space continuously from the Sun at speeds ranging from 300
to 1,000 km/s.

One suggestion for using the solar wind as in spacecraft propulsion is to use a
magnetic sail to deflect the charged solar particles and impart momentum.
The spacecraft generates the magnetic sail by using a loop of superconducting
wire with a current passing through it. In one configuration proposed by the
American aerospace engineers Robert Zubrin and Dana Andrews [2, 3] a sail
located near Earth orbit would require a field strength of around 50 nT using a
loop of wire 50 km in radius to create a bubble 100 km in size. As the spacecraft
moves away from the Sun the solar wind flux will fall off inversely with distance
and so will any thrust generated at the spacecraft. Although as well as the solar
wind, the spacecraft could be used around the magnetospheres of planets.

Another suggestion is to use an inflated plasma-injected generated magnetic
field analogous to the Earth’s magnetosphere so that any incoming solar wind
particles exert a dynamic pressure and are deflected. Such a scheme has been
proposed under the name Mini-Magnetospheric Plasma Propulsion (M2P2) [4, 5]
as illustrated in Fig. 10.1. Using a helicon plasma generator that ionizes a gas like
Argon or Helium with high power radio waves can generate the field. The idea for
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Solar Wind

Fig. 10.1 Illustration of mini-magnetospheric plasma propulsion

plasma expanded magnetic fields has been tested in ground-based experiments and
the proponents of this propulsion system are optimistic that given time they can
demonstrate the plausibility of this approach. One of the advantages of M2P2 is that
you can also use the magnetic field to shield any crew from cosmic rays and solar
flares, provided the field is strong enough. Scientists working on the scheme say that
they like to think of it as the first externally powered fusion engine where the Sun
itself forms the engine — a nice thought at least.

People have been travelling across the world’s oceans in sailing ships for
centuries. For much of history, this has been the main (and only) method of
transporting cargo between nations and allowing free economic trade. Over time,
this has brought the world together and the human race has become one. It is easy to
ignore this history when living in an age of aeroplanes, rockets and satellites and we
tend to think of sail technology as being part of the past and now left only for sport
and leisure. In fact, sails may be the future for humanity but not necessarily within
the world’s oceans, but in the depths of space between the planets and Moons that
make up our solar system. But the unfortunate thing to note about the solar wind is
that the tenuous stream of charged particles exerts very little pressure on any objects
in its path. To produce real pressure for thrust generation, you really need the
pressure of photons or electromagnetic energy and this pressure can be easily
observed by watching the long tail of a comet pointing away from the Sun.
This can be derived from the Sun directly.

The idea of a Solar Sail is wonderfully romantic, described elegantly in the
science fiction short story “The Wind from the Sun” by Arthur C. Clarke [6],
originally published as “Sunjammer” in 1964. It may have been better to have
named this concept the Photon Sail or the Light Sail as this would have been more
appropriate and removed some of the confusion over the energy source that often
arises. If you want to invent a propulsion concept that relies on the Sun as a fuel
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Fig. 10.2 Illustration of a solar sail pulled spacecraft

source external to the vehicle, you really have only three choices; particles, fields or
photons. For a solar sail it is not the particles or fields we are interested in but photons
of light. Photons are odd particles because although they do not have mass; yet they
do have momentum which can be imparted to any sail. Light from the Sun will
impinge on the surface of the sail. Some of this incident light will be scattered off,
some will be absorbed into the material surface and some will be transmitted through
it. Ideally any sail should have a high reflectivity and low absorption so that the ratio
of the two incident/reflected <1. Sailing ships have several key components, which
make up their design. This includes the mast, sail, hull and any rigging to hold it all
together. Similarly, a solar sail for spaceflight will have a form of mast to maintain
the sail rigidity, perhaps some engineering structures to store the sail and any
instruments or mechanisms, as well as any cables or booms that enable the fold-
ing/unfolding sequence. The sail itself would be a delicate piece of material, much
thinner than sails used for oceans on Earth and having entirely different engineering
requirements. A sail configuration is shown in Fig. 10.2.

The technology of a solar sail can be considered from the perspective of four key
issues. The first is the density of the sail, which must be light for maximum light
pressure. The second is the thickness of the sail, which must be thin for the same
reason. Thirdly, there is the issue of size. A 2 m x 2 m sail will have an area of only
4 m?, which compares toa 5 x 5 m sail that will have an area of 25 m In terms of
collecting the maximum number of photons of light, the larger the area the better.
Finally, there is the issue of reflectivity. The more reflective the surface of the sail,
the more the number of photons will be reflected (instead of absorbed) and the
greater the amount of momentum imparted. The amount of light that is reflected
from the surface can depend on the rigidity of the sail. This can be controlled by the
centre of mass location and determines the pressure distribution over the surface.
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The actual amount of solar radiation flux from the Sun varies with distance
according to an inverse square law. The intensity of the solar radiation flux at the
orbit of the Earth is ~1,400 W/m?” whilst at the Sun it is around 65 MW/m?, being a
factor 1,400 x (0.00465) 2 larger. The pressure of sunlight at 1 AU is around
9 N/km?, which is sufficient to use for spacecraft propulsion. Any solar sail mission
to the outer solar system and beyond that aims for maximum acceleration would
ideally first perform a ‘Sundiver’ maneuver into the Sun prior to heading out of the
solar system. The problem however, is that solar intensity drops off with distance
squared, although so does gravity, so once sufficient velocity is attained the sail
should be able to maintain that motion. The solar irradiance is given by [7]:

3.04 x 107

S, (W/m?) = y (10.2)

Iz

The term r is the separation distance (solar radius) in meters between the centre
of the Sun and the solar sail, which if positioned at 1 AU distance is
1.496 x 10'" m. This computes to a solar irradiance of 1,346 W/mfz, although
the figure of 1,400 W/m ™ is often quoted. We can then calculate the solar pressure
at this distance by including a term for the sail reflectivity i which would be equal
to unity for a perfectly reflective surface and something like between 0.8 and —0.9
for a realistic sail design. The solar pressure is given by:

1+uS

P,sa(N/m?) = :

(10.3)

For the 1 AU sail this computes to a solar pressure of 9.1 x 107° N/m % A key
parameter for comparing solar sail concepts is the sail loading which is an areal
density measure given in the units of g/m”. The mass includes all of the spacecraft
systems such as the sail, science payload, communications antenna and any
supporting structure. The sail loading is given by the ratio of sail mass to area:

o(gh?) =2 (10.4)
A
We can then combine the sail loading and the solar radiation pressure to
calculate the characteristic acceleration a. of the sail. This is a measure of the
rate at which the sail would accelerate at 1 AU assuming it is normal to the solar
radii. It is given by:

ac(m/s?) = % (10.5)
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Fig. 10.3 Sail performance within the inner solar system

This can all be combined to give an equation for the characteristic acceleration
as a function of the sail design (reflectivity, loading) and the distance (solar
irradiance) from the Sun:

@ = 3.04 x 10% ILZ" (10.6)
ocr

Figure 10.3 shows the characteristic acceleration resulting from different sail
loadings at specified distances within the solar system, out as far as nearly 2 AU,
which is past Mars, but not as far as Jupiter. Clearly the characteristic acceleration
achievable drops with distance from the Sun although this can be increased again
if the sail loading is made smaller. For the 0.001 g/m” sail loading curve the
sensitivity to reflectivity is also shown with the upper most curve corresponding
to a reflectivity of unity and then counting down to a reflectivity of 70% at the
lowest curve.

The next bit of important information we need to know about solar sails is
something called the Lightness number that compares the sail characteristic accel-
eration due to solar radiation pressure to the acceleration caused by solar gravitation
at 1 AU, which is equal to 0.00593 m/s*. The lightness number is given by:

dc

A= (10.7)

81 AU

For a Lightness number of unity and assumed gravitational acceleration at 1 AU
we can use (10.5) and re-arrange for the maximum sail loading assuming perfect
reflectivity which is given by:

Praa 9.1 x 107 N/m? ) )
o tred 72X Y MY 00153 ke/m? = 1.53
Tmax =~ 0.00593 m/s? g/m g/m
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So this is the maximum sail loading possible within these constraints. In reality
early evolution sail designs will have a Lightness number of <1 but the concepts
will then evolve into more advanced designs with a Lightness number of >1.

The escape velocity for a sail is a function of the initial characteristic accelera-
tion distance, the reflectivity and Lightness number. Assuming a parabolic sail,
which is normal to the Sun, this is given by:

421 (km/s)/'?

esc = 2 (10.8)
The Lightness number can be written as a function of the sail loading:
0.001574
j= =2k (10.9)

g

If we assume perfect reflectivity (u = 1) and a sail loading of 0.1 g/m” then
A = 15.74 and if starting from a height of 0.2 AU from the Sun this corresponds
to an escape velocity of around 374 km/s. At this cruise speed the spacecraft would
take around 3,450 years to reach Alpha Centauri. If the sail loading were decreased
to 0.01 g/m? then this would achieve an escape velocity of 1,181 km/s and reach
its destination of Alpha Centauri in around 1,100 years. In essence, the lower the
sail loading the higher the escape velocity and the shorter the mission duration to
the target.

A solar sail is of much more use within a solar system in the presence of a star
that it is out in the cold depths of space. It really comes into its own if it’s in a solar
system that has more than one star. The Alpha Centauri system has three stars, so
provided you could get a sail there, such a vehicle would be of enormous benefit for
moving around the solar system capturing images of the local planets; although
Proxima Centauri maybe too far away (~1/5th of a light year from Alpha Centauri)
to make this practical. The sail can move about by changing the orientation from the
direction of motion of the local star. This causes a lateral acceleration of the sail,
which can then either send the vehicle on a trajectory out of the solar system or send
it back towards the inner part of the solar system. The engineering terminology of
such maneuvering is referred to as orbit cranking or twisting.

Table 10.1 shows the solar irradiance, radiation pressure and characteristic
acceleration as calculated from the equations in this chapter, at the distance of the
different planets in our solar system, out to the dwarf planet Pluto and even as far as
100 AU. It is clear from this data that within the inner solar system the solar intensity
is quite high and so utilizing sail technology, as part of a space transportation
infrastructure within this domain would seem very appropriate. This would include
missions to Mercury, Venus, Earth, Mars or any of the moons or Lagrange points.

In terms of an interstellar mission however, a sail would require a very low mass
in order to have a sufficiently low sail loading, if it is to have any chance of reaching
its distant target. The big technical issue is that in order to get a sufficiently high
acceleration the sail must first fly close to the Sun in order to pick up that enormous
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Table 10.1 Properties for various solar system bodies assuming perfect sail reflection

a, (m/s%) a, (m/s%)
Object Distance (AU) S, (W/m?) P,y (N/m?) (6 =0.01 g/m*) (6 =0.1 gm?
Sun 0.005 ~5x 107 <1 30,000 3,000
Mercury 0.387 9,070 60 x 107 6 0.6
Venus 0.723 2,599 1.7 x 107 1.7 0.17
Earth 1.000 1,358 9.1 x 107° 091 0.09
Mars 1.524 586 39x 107°  0.39 0.04
Jupiter 5.203 50 33x 1077 0.03 0.003
Saturn 9.554 15 1.0 x 1077 0.01 0.001
Uranus 19.220 3.7 25 %1078 0.002 0.0002
Neptune 30.110 1.5 1.0 x 107*  0.001 0.0001
Pluto 39.540 0.87 58 x 107°  0.00058 5.8 x 1073
Heliosphere ~ 100.000 0.14 93 x 107 93 x 107 93 x 107°

solar pressure and achieve sufficient escape speed for an interstellar trajectory.
However, in attempting this, the sail must fly close to a very hot ionized plasma
environment, the solar outer atmosphere, and risk the wrath of any coronal mass
ejections as well as survive the large heat gradients. To do this would require a very
special material. It is not to say that this is impossible, it’s just that it requires a
major research effort into the materials that are appropriate for this engineering
requirement. Finally, it is worth noting that the usefulness of the sail will become
more apparent as the Sun ages, because in around 5 billion years the Sun will evolve
to a bloated Red Giant which is much more massive than the current solar size,
allowing the sail to be accelerated from larger solar radii.

Using a Beryllium sail design as a high performing configuration the physicist
Greg Matloff has estimated that for a spacecraft unfurling its sail in the region of
0.5-1 AU, interstellar cruise velocities can be obtained which is a factor 2-3 larger
than for the same design unfurling close to the present Sun [8]. This is also useful
for any spacecraft visiting another solar system and deploying sail sub-probes,
where if a Red Giant is present the opportunities to literally ‘sail” around the system
are improved.

In another study with fellow physicists Les Johnson and Claudio Maccone,
Matloff examined the possibility of a 20-30 year sail mission for a 500 kg spacecraft,
called Helios [9]. It first approaches within 0.2 AU of the Sun and then after the sail
unfurlment it goes into an initially elliptical orbit and then splits into two separate
components. One is a scientific payload bound for the heliopause and a distance of
200 AU with the aid of a gravity assist, and the other is designed to rendezvous with a
Kuiper belt object 3040 AU from the Sun and then decelerate across the solar
system using nuclear-electric propulsion based on a 3,000-5,000 s specific impulse
ion engine. Such missions appear highly viable in the coming decades.

It is worth mentioning a couple of exciting solar sail projects that have occurred
in recent times. During May 2010 the Japanese Space Agency JAXA launched the
world’s first solar sail driven spacecraft known as IKAROS or Interplanetary
Kite-craft Accelerated by Radiation of the Sun. This was launched with the



164 10 Sails & Beams

Venus Climate Orbiter. The mission successfully deployed the approximately
200 m” area polyamide based sail, which massed over 300 kg in orbit and was
able to generate solar power as well as demonstrate elements of navigation and
acceleration. It did all this whilst undergoing spinning motion at 20-25 revolutions
per minutes to keep it flat. The sail will eventually move on to travelling around the
planet Venus whilst also investigating physics effects relating to gamma ray bursts,
the solar wind and cosmic dust. The team plans to deploy another sail with an area
well over 1,000 m?, which will be integrated with ion engines, all geared towards
missions to the outer planets.

The American based Planetary Society is also building a solar sail known as
LightSail-1. Four triangular sails arranged in a diamond like shape built using
around 32 m” of Mylar and having a mass of less than 5 kg. Lightsail-1 is made
up of three separate cubesats. These spacecraft have an identified role. The first will
serve as the central electronics component of the sail. The other two will form the
basic solar sail module. The plan is to launch the spacecraft to an altitude of 800 km
where it will only be subject to two forces; Earth’s gravity and the intensity of solar
light so as to demonstrate the principle of using photon pressure for propulsion.
This is the first of three spacecraft they plan to launch from 2011 onwards using
Cubesat spacecraft. The later LightSail projects, two and three aims to go further
and demonstrate missions beyond Earth orbit carrying a larger scientific payload.
One of the key applications of this technology is seen by the designers to be
providing an early solar storm warning station.

Both IKAROS and the various LightSail projects are exciting developments,
which clearly demonstrate the application of solar sail technology to interplanetary
exploration and perhaps beyond. As if these projects weren’t sufficient to demon-
strate that the age of solar sail technology has arrived, as this book was completed,
in November 2010 NASA Ames Research Center deployed a Cubesat sail to
Low Earth Orbit called NanoSail-D2, which was 4 kg in mass and had a solar sail
area of 10 m>.

10.3 The Interstellar Heliopause Probe

In 2006 the European Space Agency acknowledged the growing interest in a
mission that goes beyond our solar system and outside of the solar heliosphere.
With this in mind they completed an initial study for the Interstellar Heliopause
Probe (IHP) [10] to investigate the feasibility of a mission that would go to a
distance of 200 AU from the Sun (see Fig. 10.4). The main motivation for this was
to study potential missions that were technologically demanding but scientifically
interesting and not part of the current ESA science programs. These are known as
Technology Reference Studies. IHP aims to understand the nature of the interstellar
medium and how it interacts with the solar system. In particular, the location of the
termination shock and the heliopause are not yet known exactly.
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Fig. 10.4 Illustration of the interstellar heliosphere probe

IHP would be launched using a Soyuz Fregal 2B launch vehicle from Korou.
The mission would take around 25 years from launch to destination and in order to
keep the mission duration short it would be launched in the direction where the
heliopause is closest. During the early phases of the development, designers consid-
ered several propulsion options including chemical, nuclear electric and solar sails.
Chemical propulsion was dropped due to the small payload mass constraints driven
by a limited specific impulse. Nuclear electric was dropped due to the large power
requirements and large mass of the reactor. So a solar sail was chosen for the mission.

The plan was to use either a square sail or a spinning disk sail. The spinning solar
sail was chosen for being lighter and smaller for the same acceleration requirements
of around 1.5 mm/s”. It would be around 1-2 microns thick with a sail loading of
4 g/m” and a sail radius of around 150 m and an area greater than 50,000 m?.
The sail would be constructed of a material called CP-1 and have a spacecraft mass
of around 310 kg. One of the technical challenges of the mission is the construction,
manufacturing and deployment of this fragile sail. It would be coated to protect it
and ensure it has sufficient reflectivity throughout the mission. Then in order to
obtain the solar system escape velocity it would make use of two gravity assists
from the planet Saturn, passing within a quarter of an Astronomical Unit of its
surface, the distance being a balance between achieving high velocity and
maintaining a cool sail temperature. Once the sail has performed its main function
after 5 years of operation, it would be jettisoned.

The spacecraft would have a total launch mass of around 624 kg, of which 210 kg
would make up the spacecraft dry mass and an extra 100 kg system margin allocation.
The sail would be made structurally rigid by the use of lightweight booms, which are
120 m in length. Current boom designs have a specific mass of around 100 g/m,
which implies a large mass penalty for the mission. Attitude control could be enabled
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by the use of a gimbaled boom between the sail and the spacecraft. Either the use of
an RTG or a thermal electric generator would power the spacecraft. It would carry a
suite of instruments which are expected to function after the 25 year flight. This
includes a plasma analyzer, magnetometer, charged particle detector, an ultraviolet
photometer for measuring the hydrogen density and an energetic particle detector for
measuring the cosmic ray flux. The results from the measurements would be trans-
mitted back to Earth at a downlink rate of around 200 bits per second (bps) using
either radio frequency or optical communication systems. The power requirements
for these systems would be around 15 W.

Both the ESA Interstellar Heliosphere Probe (and others like the NASA Inno-
vative Interstellar Explorer discussed in Chap. 9) is the sort of missions that the
government space agencies should be undertaking. Local planetary and lunar
exploration should be left to a commercialized private space industry in line with
the aspirations of the US President Obama’s vision for space exploration.

10.4 Interstellar Probe

In the late 1990s the NASA Jet Propulsion Laboratory (JPL) organized a project for
a space probe that was designed to exceed 200 AU distance as a minimum goal in
15 years. The Interstellar Probe Science & Technology Definition Team led the
study and the project was called the Interstellar Probe (ISP) [11] and would embark
on a journey outside the solar heliosphere and study the connection between the
Sun, Earth and the interstellar heliosphere. The probe would have a mass of 150 kg
and its propulsion would be via a 200 m radius solar sail with a required areal
density of ~1 g/m?, designed to achieve a velocity of around 70 km/s or 14 AU/year.
This is around five times the speed of the Voyager 1 and 2 spacecraft.

The key reason for selecting a sail for the mission was the mission requirement
of getting to 200 AU within only 15 years. This meant that a propulsion system was
required which gave rise to cruise velocities, which were several multiples of those
of the Voyager and Pioneer probes. Hence after some discussion the team decided
that sails were the only technology available which offered both the performance
and near term technological maturity, with some initial investment. The mass of the
probe and sail combined would be around 246 kg and is illustrated in Fig. 10.5.

The initial trajectory would see the spacecraft head into the inner solar system
and fly within a quarter of an Astronomical Unit of the Sun in order to take
advantage of the enormous radiation pressure at this distance. This would give it
sufficient acceleration to boost out of the solar system, and the sail would be ejected
at around 5 AU on the way out when the acceleration becomes inconsequential and
to ensure there is no interference with the on board instruments. The spacecraft
antenna dish would serve as the main structure and three struts around the 11 m
central hole in the sail would support this. Control of the spacecraft is achieved by
moving the central mass with respect to the sail centre of mass by changing the
length of the three struts and it would be spin stabilized when in sail mode.
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Fig. 10.5 Illustration of the interstellar probe mission

The main objective of the mission would have been to study the nature of the
interstellar medium and its influence on the solar system and evolution. Another main
objective was to explore the outer solar system to look for clues to its origin and
understand the nature of other planetary systems should they exist. A significant
penetration into the interstellar medium was seen as a key mission goal. It would
carry on board a large suite of instruments designed to measure the properties
of energetic particles, cosmic rays, magnetic fields and the dust at the boundary
between the heliosphere and the nearby interstellar medium. These instruments were
known as the ‘strawman payload’ and made up around 25 kg of the total spacecraft
mass and required around 20 W allocation. Data would be transmitted back to Earth
at 220 W power using the 2.7 m antenna via the Earth Deep Space Network.

Additional instruments considered for the mission included the use of a telescope
to search for Kuiper belt objects or an instrument to identify organic molecules in
space. More exotic possibilities for the mission included the measurement of low
energy antiprotons emitted from primordial black holes or a search for so called
Weakly Interacting Particles (WIMPs), which could make up the missing dark
matter in cosmological models. Although the probe was designed to go to 200 AU
or more, it was capable of going out as far as 400 AU in 30 years and indeed this was
one of the goals of the designers. This really would have been an ambitious yet
achievable project if it had been supported past the planning stage.

10.5 Beamed Propulsion

Because the solar intensity reduces the further out into space you go, it has been
suggested that giant lasers could be built in orbit around the Sun and then pumped
with sunlight, which could send a highly collimated, narrow beam continuously
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Table 10.2 Laser-beam driven sail performance as determined by angular resolution or spot size
(km)

Distance (s) D = 10 km D = 100 km D = 1,000 km D = 10,000 km
1 AU 0.036 0.0036 0.00036 0.000036

10 AU 0.36 0.036 0.0036 0.00036

100 AU 3.6 0.36 0.036 0.0036

1,000 AU 36 3.6 0.36 0.036

10,000 AU 359 36 3.6 0.36

100,000 AU 3,590 359 36 3.6

272,000 AU 9,766 977 98 9.8

towards the spacecraft. Just like the solar sail, the beauty of a laser driven sail is that
it does not need to carry along its own propellant; the engines are left behind. Then
you have the added benefit that in theory the laser beam intensity will not drop
off inversely with distance, unlike pure sunlight, provided you can continue to
sustain the beam power. The physicist James Benford gives insight into the
potential benefits:

The fundamental attraction of high power beams for space is simple: microwaves and lasers
can carry energy and momentum (both linear and angular) over great distances with little
loss. Photons lose a negligible energy when radiated out of a potential well such as Earth’s.
LEO chemical fuels payload cost is ~$167/MJ. Electricity to drive a microwave source
costs ~$ 0.01/MJ. Microwave energy in space is cheap. In the long term, economics rules.

The point where the sail no longer receives the full output of the laser is termed the
thrust run point. After this the intensity of the beam received by the sail will also
drop off inversely with distance. For high acceleration and thrust, the laser would be
in a position orbiting the Sun at some optimized distance, a balance between
guaranteeing sufficient solar collection intensity and not actually destroying the
collector array. One major advantage of keeping the energy source back within
the solar system is that any components that fail (say due to over heating) can be
replaced. Indeed, as the laser technology advances over the years of the flight, the
laser system can be completely upgraded and eventually replaced. This gives
the benefit of a potential increase in efficiency whilst the spacecraft is moving
further away, or at least to mitigate any reduction in the efficiency. Any generated
laser beam is fired off into deep space in the direction of the spacecraft. If the beam
is made up of electromagnetic energy (light) then it would simply reflect off of
some rear surface area to provide thrust in the same way as a conventional solar sail
does. This is illustrated in Plate 8.

The key bit of physics to know pertaining to a laser beaming system relates to
angular resolution and is defined by Rayleigh’s law which refers to the balance
between optical aberration (e.g. blurring due to the transmission of light over
distance and a lack of convergence) and diffraction (the spreading out or divergence
of light waves over distance) of light over distance. Rayleigh’s law enables an
assessment to balance these two effects and allows an accurate estimate of the
angular resolution of an optical beam system. This is obtained by specifying the
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diameter of the lens aperture D and the wavelength of the light 4 being passed
through the lens as well as the distance s from the lens to the spacecraft. These are
related to the beam spot size d as follows:

d(m) =247 (10.10)

Table 10.2 shows the beam spot size results from calculating the effects of a
1 pum wavelength laser system using different lens sizes and over different
distances.

As the laser beam hits the sail it will obviously heat it, implying a maximum
thermal loading and thereby acceleration. This is given by combining some of the
sail parameters discussed in the previous section with the law for radiation emission
as follows:

4
a(m/s?) = £ <W) (10.11)
oo c

In (10.11) ¢ is the emissivity, g is the sail reflectivity, « is the absorption
coefficient, ¢ is the sail loading, ggp is the Stefan-Boltzmann radiation constant
(5.67 x 1078 W/mfz/K74), T is the sail material temperature and c is the speed of
light in a vacuum. The power required to push a given sail design is then given as a
function of m which is the total mass of the spacecraft (structure, sail and payload):

mca

Py(W) = (10.12)

As an example let us imagine we have a mission called SailBlazer. It has a total
spacecraft mass of 500 kg with a sail loading of 0.2 g/m?.

The emissivity is 0.05 and the reflectivity is 0.9, with an absorption coefficient of
0.15. Assuming the sail is exposed to a temperature of 500 K then the acceleration
will be 0.07 m/s* and the power required to push this sail will be around 5.83 GW.
The sail diameter required for this design will be given by:

d, = 2<fﬁ) " 2(ﬂ) 2 (10.13)

4 o

For this case study this computes to a circular sail diameter of 1,784 m. Let’s
now assume the sail is accelerated for 5 years at the value given of 0.07 m/s> then by
linear equations (discussed in Chap. 3) the sail will achieve a cruise velocity after
this time of 11,038 km/s, which is the equivalent of 0.037c. After this acceleration
period the sail would have traversed a total distance of 8.7 x 10" m or 5,817 AU.
This is well into the Oort cloud and such a mission should be perfectly feasible with
only a moderate sail size, spacecraft mass typical of those launched into orbit today.
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Table 10.3 Laser driven sail missions for an interstellar roadmap

Mission Kuiper belt Oort cloud Interstellar flyby
Total distance (AU) 100 10,000 4.2

Total duration (years) 5.3 17.6 422

Cruise velocity (km/s) 100 (0.0003c¢) 3,000 (0.01c) 30,000 (0.1c)
Sail diameter (km) 1 1 1

Lens diameter (km) 1 100 200
Spacecraft mass (kg) 200 200 100

Payload mass (kg) 66 66 33
Acceleration (m/sz) 0.003 0.027 2.7

Power (GW) 0.1 1 25

Thrust run (AU) 5.5 550 1,100

The only difficult technical part is the deployment of a laser beam capable of
providing multiple GW of power. Approximately 75% of the laser light will also
miss the solar sail and so the spot sized needs to be designed so as to match the sail
diameter to the maximum range the probe will go to during the mission.

In 1998 a group of physicist came together to consider the potential for beamed
lightsail power systems as part of a roadmap for interstellar exploration. This
included physicists such as Geoffrey Landis and Robert Forward, two of the experts
in this field. The results of their deliberations were eventually published in the Journal
of the British Interplanetary Society [12]. The team came up with what they called
three ‘strawman’ missions that progressively built towards a full interstellar mission.
These missions are shown in Table 10.3 but with some minor revisions to the mission
duration by this author, along with the lasers and lens parameters required for
each mission.

The team identified interstellar dust as a possible mechanism for performance
degradation and measurements of the interstellar dust size distribution would be an
important science driver in any precursor missions. In order to bring about such an
interstellar precursor roadmap a simple sail demonstration was seen as the first
crucial step and as discussed in the last section this has now been achieved. Future
tests would include the deployment of laser lasers in space and the use of laser
launched rockets. For any interstellar mission decelerating at the target star system
was seen as highly desirable. Laser driven sails clearly do provide for good
potential for future interplanetary, precursor and interstellar missions, provided
such a program was implemented and the key technological steps demonstrated.
Especially since the concept does not require the spacecraft to carry on board its
own reaction mass, a disadvantage of other propulsion schemes. The specific
impulse may in theory be unlimited as the lasers can continuously be replaced.
The idea of using a laser beam driven sail for spacecraft propulsion was used in the
science fiction story “The Mote in God’ s Eye” [13] by the author’s Larry Niven and
Jerry Pournelle.

It has also been suggested that a ramjet could be powered by the use of laser
beams in orbit around the Sun. This is known as a Laser Powered Ramjet concept
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[14, 15]. The laser accelerates the charged particles of the solar wind towards the
spacecraft for both acceleration and deceleration. It is claimed that the performance
of such a system will be more effective than the interstellar ramjet (discussed in
Chap. 13), when the spacecraft is moving towards the laser but less effective than
an interstellar ramjet when the spacecraft is moving away from the laser beam.
The power required would be proportional to things like the spacecraft mass,
acceleration, speed, size of the ramjet intake area and the density of space that
the vehicle was moving through.

This technology could be used in conjunction with a 10-250 km sized sail
depending on the proximity to the Sun. The sail would have the same size as the
laser lens to offset beam diversion over the distance. The sail would be very thin,
low density, and have the mass of several thousands of tons. To maneuver within a
solar system the spacecraft would deploy high voltage wires to interact with the
solar magnetic field and allow it to essentially ‘tack’ during its trajectory
(although it would possibly take years to affect the maneuver due to the large
mass of the spacecraft and the weakness of the electrostatic field). The laser would
produce around 10'? Watts of power emitted from an aperture that was tens of
kilometers in size. Accelerating at 0.35 g a spacecraft propelled by this method
could reach heliocentric escape velocity and achieve 60-200 km/s [16].

It has also been suggested that a laser could be used in conjunction with a fusion
engine (discussed in Chap. 11), a so-called fusion enhanced auxiliary laser thruster.
The gas laser would be positioned on board the spacecraft and would be doped to
absorb any x-rays produced from an internal fusion engine. As the x-rays leave the
main body of the vehicle they enter the gas laser and pump it to a state of population
inversion. The interesting thing about this concept is that the exit nozzle for the
laser could be positioned at either ends, allowing it to be used in both acceleration
and deceleration modes.

It is also worth noting that instead of laser energy collection from the Sun, a
device could be used which directly beams matter particles at the spacecraft, such
as electrons, ions or protons. This would be achieved using an electromagnetic gun
located either in Earth orbit or on the Moon. Although for the charged beam one
would have to deal with the inevitable dispersion of the charge density field as
the beam interacts with the solar and intergalactic magnetic fields as well as the
tendency of the beam to become uncollimated over distance. Finally, another
alternative is not to launch particles with the intention of imparting momentum
but to be used directly as fuel. The particles could be fired in advance of the
spacecraft, so that it picks them up on route and uses them in some propulsive
process (e.g. fusion) or the particles can be beamed towards the spacecraft at a
faster speed, arriving at some rear engine collection intake to be then use in a thrust
generating process. However, it is an understatement to say that the targeting
required for such a propellant beam would have to be very accurate.

One physicist Gerald Nordley has examined beamed particle systems in detail
[17, 18]. He makes the good point that decoupling the question of interstellar travel
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from the concerns of rocketry (exhaust velocities, mass ratio) will make such
missions more feasible in the future. It does appear to be an efficient way to convert
collected energy in the solar system consistent with other propellantless systems
and is worth exploring further. Nordley is optimistic about the potential of beam
power propulsion:

When I read that the wind from the Sun could blow magnetic sails toward the stars,
I thought nice, but that wind is rather tenuous and is limited to 600 km/s or so. Why not
provide our own wind?

10.6 Beamed Microwaves and Starwisp

Instead of using laser beams to propel a spacecraft over long distance one can send
out a beam of microwaves using a maser. This is the hypothetical propulsion
method for the unmanned probe concept named Starwisp. This was a design
study conducted in the 1980s and first proposed by Robert Forward [19] and
developed further by Geoffrey Landis [20]. The original idea apparently came to
Forward from a discussion with the physicist Freeman Dyson who had earlier
considered the idea of a perforated solar sail pushed by microwave radiation.
Forward combined Dyson’s ideas with other ideas from the field of long distance
communications using thin wire meshes to produce the microwave sail concept that
embodies Starwisp as is shown in Fig. 10.6 — the name being analogous to a thin and
nearly invisible spider web.

Like the solar sail and laser sail, the microwave sail or maser-pushed sail offers a
rocket-less solution for an unmanned probe with no necessity to carry on board
fuels, one of the repeating themes of the work of Robert Forward and the motivation
for developing something like Starwisp. The source of the microwave beams could
be a 50,000 km circular diameter Fresnel zone lens located close to Earth orbit and
having a mass of around 50,000 tons. This would convert solar energy into
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Fig. 10.6 Illustration of starwisp probe concept
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electricity and then use that to generate a microwave beam to give an initial
momentum impulse to the 1 km diameter spacecraft as well as reflection off the
carefully designed wire sail, thereby imparting further momentum. A wire mesh is
preferred due to its ability to reflect microwaves well.

The principle of operation is that the radiation wavelength of the beam would be
much greater than the holes within the wire sail mesh. The wire mesh has holes,
which are larger than the microwave wavelength but small enough to affect the
phase of the microwaves passing through them so that the phase shift would be
exactly 180°. This is a necessary condition in order to obtain sufficient reflectivity
and thereby momentum. As a result any microwaves arriving at the spacecraft will
be deflected and thus impart momentum. A microwave beam is thought to be more
efficient than a laser beam although it is more difficult to transmit a narrow
well-collimated beam over long distance. This means that once the spacecraft
moves away from the source of the microwave beam, the photon pressure will
begin to reduce, so any rapid acceleration must be accomplished early on in the
mission before the beam pressure decays. This acceleration gradient necessitates
high g forces and so it is unlikely that a microwave powered sail would be suitable
for manned missions.

The spacecraft would be accelerated by a 10-50 GW microwave beam at
1,130 m/s? or 115 g and would attain a cruise velocity of 60,000 km/s or 0.2¢c
with a specific impulse of around 6,000 s. Forward speculated that such a probe
could even be accelerated to near light speed, due to its low mass. The really clever
aspect of Starwisp is that once it arrives at the destination, provided it gets within a
few AU of the local planetary bodies, it can form images using the sail mesh as an
antenna to pick up reflected microwave radiation from the planetary bodies as well
as any other matter in the system from which the microwave flooded area is able to
detect in advance from a long distance. This would also allow any other instruments
on the spacecraft to power up and perform additional science measurements.

The hexagonal wire mesh sail would be constructed of an ultra-low mass
material such as carbon with a wire thickness of micrometer in width each wire
spaced at equal distance from each other equivalent to the wavelength of the
emitted microwaves, 3 mm. They would have a mass of order tens of grams and
have a diameter of around 1 km.

The choice of carbon is to deal with any thermal heating loads due to the
absorption of some of the microwave beam, which ultimately reduces the propul-
sion efficiency. Originally Forward suggested the use of aluminum or beryllium due
to their high conductivity and he speculated possible superconductivity at the low
temperatures of deep space for maximum reflectivity, but this was later shown not
to be true by Geoffrey Landis and that in fact most of the microwaves would be
absorbed by the sail and thereby overheating it. One of the difficulties with
constructing such a fragile probe is in the manufacturing of the wire sail, perhaps
using microprocessor chip technology for its assembly. For maximum reflectivity,
the wires need to be light and thin, but if they are not sufficiently massive then
structurally they may break and could also absorb too much energy, hence there is a
performance trade-off to be understood with this technology.
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In the original proposal by Forward the spacecraft would have minimal struc-
tural mass as all of the electronics and computer technology would be incorporated
into the thickness of each wire located at each intersection. The wire sail would
constitute its own payload. Although in the later design by Landis the 100 kg/km?
density microwave sail would have a mass of around 1 kg as well as pulling an 80 g
payload. The wire sail would have to remain of uniform density throughout to
ensure a polarized microwave push in the same direction, and mesh distortions
would have to be prevented.

Forward proposed that larger Starwisp probes could be launched to more distant
locations such as to Epsilon Eridani at 10.7 light years. With much higher velocities
of around half the speed of light they would require microwave energy beams of
order 10 TW. Such sails would be around 30 km in diameter and have a mass of
around 14 kg using a transmitter lens diameter of around 9,000 km, much smaller
than the first example he studied. In theory a Starwisp probe could reach the nearest
star systems within decades, with the flyby probe shooting through the target star
system in a matter of hours. However, the reliability and repair issues associated
with such a delicate probe would make it difficult to achieve such missions. The
radiation and particle bombardment issues, particularly at the high speeds of
0.2-0.5¢c, would also present a significant technical obstacle to mission success.
To be successful it would also be necessary to ensure that the efficiency of the
Fresnel lens, beam and momentum transfer are high. However, it is worth noting
that the potential of a maser beam sail shouldn’t be ignored, especially if they offer
orders of magnitude reductions in the cost and improvements in the power
efficiency compared to a laser beam, as some have claimed.

Finally in this chapter we mention some of the exciting experiments that have
been conducted into microwave beam driven sails by people such as the physicist
James Benford. In published work the author discussed the effect of acceleration
from sublimation pressure as mass is ejected downward to force a sail to move
upwards [21-23]. The product of the thermal speed of evaporated ultralight carbon-
carbon microtruss material and the associated mass ablation rate gives this force.
According to the authors the magnitude of this effect can greatly exceed the
microwave photon pressure provided the temperature is sufficiently high. In the
experiments a 10 kW, 7 GHz microwave beam was sent into a vacuum chamber to
impinge on 5-10 g/m? sails which were heated to between 1,700 and 2,300 K from
absorption and then accelerated by 1.2-132.3 m/s*> (many times Earth gravity)
corresponding to flights of up to 60 cm in the test chamber which represented
velocities of 0.3—4.08 m/s. Extensive diagnostics were used including optical,
infrared photography, reflected microwave power and gas analysis. It is these
sorts of experiments that will help to move propulsion technology to a higher
Technology Readiness Level and should be supported, particularly if microwave
beam propulsion is ever to become part of the propulsion options for real spacecraft
in space.
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10.7 Problems

10.1. A solar sail has a mass loading of 0.15 g/m?. If the sail efficiency is 0.85 and

it is launched from a distance of 0.5 AU, what will be the characteristic
acceleration on the spacecraft? Assuming the Lightness number is 1.1 what
escape velocity will the sail achieve and how long will it take the spacecraft
to reach the outer edge of the Oort cloud at 50,000 AU distance?

10.2. You are designing a sail mission to reach the outer edge of the gravitational

lens point at 1,000 AU. It is to arrive at its destination within 20 years from
launching within the inner solar system. To escape from the solar system and
reach its target within the specified duration it will require an average cruise
speed of around 100 AU/year or 474 km/s. What distance in AU from the Sun
will correspond to this escape velocity assuming a Lightness number of
unity? What will be the solar pressure at this distance? Assuming a total
spacecraft + sail mass of 100 kg with a sail loading of 1.2 g/m* what will be
the area of the sail required for this mission?

10.3. A giant 0.35 Am laser is assembled in solar orbit with a lens equal to the

diameter of the Moon, 3,476 km. Assuming that it accelerates a 1,000 kg
spacecraft for 10 days at 0.0001 m/s> what will be the pressure if the
reflectivity is 0.8? After the 10 days of acceleration what will be the cruise
velocity of the spacecraft at this time and the distance in Astronomical Units
where this occurs? If the spacecraft continues onto Barnard’s Star 5.9 light
years away, what would the hypothetical beam spot size be on the receiving
spacecraft?
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Chapter 11
Nuclear Fusion Propulsion

Thermonuclear rocket propulsion will be advantageous for
interplanetary missions. The deuterium fuel is inexpensive,

and the thermonuclear power planets may well prove to be
comparable in size, mass and cost to the power plants presently
used in ocean-going vessels. Thermonuclear spaceships,
combined with nuclear shuttle rockets, may prove to be the basis
of a commercially practical system of interplanetary
transportation

J.R. Roth

11.1 Introduction

Long the subject of a promised dream, inertial fusion energy is now receiving more
investment than at any time in its history. If the energy generated from a fission
reaction is orders of magnitude that of a chemical reaction, then a fusion reaction
gives a much greater improvement still. We know fusion reactions can be made to
work in theory, because this is what powers the Sun every day of its existence.
Taming this energy source will surely free up the people of Earth from an over
reliance of fossil fuel technology and eventually make the world a better place to
live for everyone by improving the quality of life. When the first commercial power
producing reactor goes live, scientists and engineers will already be working on
ways to make smaller, cheaper and more efficient designs. When this happens, the
application to space propulsion will be obvious for all to see and finally the solar
system and beyond will be within our grasp.

K.F. Long, Deep Space Propulsion: A Roadmap to Interstellar Flight, 177
DOI 10.1007/978-1-4614-0607-5_11, © Springer Science+Business Media, LLC 2012
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11.2 Fusion: The Holy Grail of Physics

In 1953 the former US President Dwight D Eisenhower gave a tremendous speech
to the United Nations General Assembly on the peaceful uses of atomic energy. The
‘atoms for peace’ speech was a call on all world leaders to find ways of fulfilling
this goal. In particular, tensions were growing between nations in the West such as
the United States with the Soviet Union in the East. Finding ways to work together
was a prerequisite for developing a fundamental understanding between nations in
the future. One of the projects that the United States first instigated was a civilian
program called Project Plowshare which examined the possibility of using nuclear
explosives in a safe manner to make harbors, canals and dams or even stimulate
natural gas reservoirs. This project was cancelled in 1977 due to public concern
over the environmental consequences.

One of the first areas of research for the United States (and countries like Great
Britain) to openly discuss with the Soviet Union was magnetic fusion energy as a
method of power generation. Scientists had long realized that the development of
nuclear reactors on Earth would solve many energy shortage problems across the
globe but also unite scientists and nations behind a scientific endeavor that would
enhance humanity technologically to an extraordinary level. In particular, the
development of reactors based upon the principle of fusion was seen as the key
solution to all our problems. It was in 1920 that the astronomer Arthur Eddington
had first speculated about what powers the Sun, this enormous plasma engine that
burns for ten billion years before it enters retirement. The unsolved question
however, was what exactly was the Sun burning to allow it to remain in this careful
balance of hydrostatic equilibrium for so long? Because the Sun is so massive, it
wants to gravitationally collapse to a smaller size, but energy generated at the core
slowly makes its way towards the surface over a tens of thousands of year’s
timescale as radiation pressure maintaining the balance. It was not until 1939 in a
paper titled Energy production in stars, that the Hungarian Physicist Hans Bethe
first described the network of fusion reactions that allow the Sun to keep producing
energy, sustaining it and all objects in orbit around it.

So what exactly is fusion? If fission is the fragmentation of two heavy isotopes to
release energy, then fusion is the combination of two light isotopes to release energy.
Because we discuss fusion reactions in detail in this chapter it is necessary to use
notation. Fusion reactants are usually isotopes of hydrogen such as deuterium (D) and
tritium (T) and isotopes of helium, such as helium-3 (He®) and helium-4 (He*).
Neutrons and protons are usually produced in the reactions as well as we use the
notation of # and p to refer to these. The process of sustained fusion reactions taking
place is referred to as thermonuclear burning. This is perfect for the Sun, because it is
made up of mostly Hydrogen and Helium. It quickly became obvious that the potential
exists to generate the same fusion reactions on Earth for use in electrical power
generation. A fusion reactor would be much safer than conventional fission reactors.

Although fusion reactions will produce a large neutron flux (for DT reactions
expected to be around 100 times larger than for a fission reactor) and thereby
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activate the surrounding materials with induced neutron radioactivity, the half-life
of the radioisotopes produced from these reactions is much less than those from
atomic fission reactions. Also, a the materials around a fission reactor have to be
carefully chosen for their cross section properties, but this wouldn’t be the case for a
fusion reactor so you could use materials which had a low activation energy and
further minimize any radioactive contamination.

A technical issue for any fusion based space propulsion is the choice of fuel to
use. DT reactions will ignite at the lowest temperature, followed by DHe® and DD.
The main fusion reactions include:

DT: H?+ H® — He*(3.52MeV) + n(14.06MeV) = 17.58MeV [reaction
DHe’: H? 4+ He® — He*(3.67MeV) + p(14.61MeV) = 18.34MeV /reaction
DD: H} + Hi — H*(1.01MeV) + p(3.03MeV) = 4.04MeV /reaction

DD: H? + H? — He(0.82MeV) + n(2.45MeV) = 3.27MeV /reaction

In this notation the energy release is given in the units of MeV, this is Mega-
electron Volts. Because the energy release is so large from fusion reactions,
physicists tend to use the eV notation for convenience, where 1 eV is equal to
1.602 x 107" J of energy. But how does one build a star on Earth and what do we
know about the Sun? Well, we know that it is very big, very hot and dense at its
core. But we can’t possibly fit a whole Sun on the Earth, so this leads to the
requirement for something that is hot and dense but at the same time small.

The research effort has led to the development of a whole community of
scientists across the globe trying to work out how to produce fusion energy on
Earth. After several decades of working out the basic theory and conducting
numerous experiments, they have realized that there are two main routes to solving
fusion known as Magnetic Confinement Fusion (MCF) and Inertial Confinement
Fusion (ICF). The key to both is the fusion triple product, which states that a
sufficient reaction rate will be sustained provided a criteria is met. This was first
described by the British physicist John Lawson in 1955 and so known as the
Lawson criteria: [1]

ntT > 5 x 10*'m 3 skeV (11.1)

where 7 is the plasma density, 7 is the energy confinement time for self-heating and
T is the temperature of the fuel mixture. For a 10 keV plasma:

nt>5 x 10°m3s (11.2)

MCEF uses magnetic fields that trap and control charged particles and confine a
low density plasma (10_6 cm_3) but for a long duration (seconds). ICF uses laser
beams to irradiate the surface of a fuel capsule, causing material ablation, and then
uses the inertia of the material itself to confine the high-density plasma (10> cm )
but for only a short duration (nanoseconds). The key to any fusion reactor and
designed capsules is the attainment of ignition (defined by the triple product) and
gain which is when more energy is released from the capsule that is used to confine
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it, measured by the ratio of fusion alpha (He-4 particles) heating power to input
heating power or otherwise denoted Q. For any commercially viable fusion reactor
Q > 10 is required. A fundamental part of any fusion reactor is the use of a
Lithium blanket to convert the energy of fusion neutrons into heat.

It is well known that the Sun is able to confine the fusion plasma by the presence
of a massive gravitational field. An experimental Tokomak reactor will confine
plasmas by using magnetic fields. The basis of MCF is the heating of a gas
contained within a vacuum chamber, by microwaves or electricity, then ionizing
it into a plasma state. The gas is then squeezed by super conducting magnets to a
state of ignition. The magnetic field produces an efficient Toroid shape for the
control of the plasma, enabled by a Tokamak device. Significant progress has been
made in the development of MCF technology. In particular, the Joint European
Torus (JET) has demonstrated substantial progress in igniting and sustaining fusion
reactions for a brief period. It is the world’s largest Tokamak facility and construc-
tion started as early as 1978 with the first experiments taking place in 1983 and has
been managed by United Kingdom Atomic Energy Authority (UKAEA) since
1999. JET uses DT fusion fuel for the fusion reactions. During one campaign
using DT fuel JET achieved 40 MW of fusion power for one second equating to a
gain Q = 0.7 (the ratio of energy in to energy out). Future upgrades may exceed
this. The next generation of MCF technology is the International Thermonuclear
Reactor (ITER) facility, which aims to prove the technical feasibility of a fusion
reactor. ITER is twice as big as JET and began construction in France in 2007
but will not begin operation until 2018. It should produce ~500 MW of fusion
power for ~1,000 s and is a true technology demonstrator.

In ICF a fusion gas is contained within a high Z pusher capsule [2]. Laser beams
are used to compress the capsule, although instead ion beams or electron beams can
be used. The beams will then impede the surface of the capsule and via a ‘rocket
effect’ cause the inner surface to move inwards, compressing the gas. Eventually,
when sufficient density and temperature is reached, a central hot spot region will be
created and ignites via fusion reactions. This releases alpha particles (He*), which
are trapped within the central hot spot region, and self heats. Eventually, the hot
spot region causes a propagating burn wave through the gas, generating fusion
energy production for the whole capsule volume, producing more fusion energy, the
total of which is equivalent to burning a barrel of oil, assuming 100% efficiency.

The gas would ideally be ignited on the D(T,He*)n reaction, because this doesn’t
require as high a temperature as other reactions. However, from a propulsion
perspective the neutron has neutral charge, making it difficult to magnetically direct
for thrust in an engine. An alternative is to use the D(He3 ,He4)p reaction, the proton
having both charge and not being radioactive. Also, a DHe® combination provides a
more manageable exhaust at greater power than D/T, although the latter is easier to
initiate. It is easier to get a DT combination to ignite than DD and similarly this is
easier to ignite than DHe®. The reason for this is in the ratio of the number of
neutrons to protons of the reacting products. D has one proton and one neutron;
T has one proton and two neutrons; He® has two protons and one neutron.
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The combined number of neutrons and protons in DT reactions leads to a ratio of
3/2 = 1.5. Similarly the ratio for a DD reaction is 2/2 = 1 and for a DHe? reaction
is 2/3 = 0.66. The lower the combined neutron to proton ratio the higher the
temperature required to react two nuclides. This is because the Coulomb force
from the protons will dominate the reaction with a repulsive force (the neutrons
are bound by the strong force) and so if the neutron to proton ratio is low then the
ignition will be harder to achieve.

In the 1970s it was proposed by the physicist John Nuckolls [3], that to achieve
ignition and high gain, laser energies of 1 kJ and 1 MJ would be required respec-
tively. The basis of ICF is employing the inertia of a material to confine the plasma.
The key to this technology is the use of laser beams (the driver), where laser light
(photons) are optically amplified and transported into a target chamber to irradiate a
typically 2 mm diameter capsule containing 10 mg of fusion fuel which is
surrounded by a metal cylinder (indirect drive) forming a cavity around the capsule.
The beams enter the cavity, heat it to a plasma state and generates thermal x-rays
which then irradiate the capsule surface, are absorbed, and cause it to explode
outward and produce a ‘rocket’ effect which accelerates the target inwards. This
compresses the capsule sending shock waves into the centre further compressing
the fuel until a state of ignition is attained in a central hot spot region; typically
characterized by a central fuel density of 1,000 gcm > (20 x ppp) and ignition
temperatures of 100 million K or 10 keV. Expressed in the language of ICF the
capsule fuel would ideally have hotspot performance defined by a density of
p = 10> gem ™ and an areal density (density x thickness) of pR = 1 gem 2.
The surrounding fuel will ideally have a performance of p = 10> gcm > and
PR = 0.3 gcm 2,

These densities and areal densities are the baseline target for the US National
Ignition Facility (NIF) based in the US and there is every confidence that successful
ignition will be obtained at high gain. NIF uses 192 beams at 1.8 MJ requiring 500
TW of power. It went online in 2009 and should eventually achieve a 45—-100 MJ of
fusion power for around 1 nano-second. A laser driven facility is also being built in
France called the Laser Mégajoule (LMJ) which plans to deliver 1.8 MJ of power to
the target, equivalent to the US NIF. ICF research is focused on several issues
today, including a uniform delivery of laser energy to the target, preventing the fuel
from heating prematurely prior to maximum compression as well as mixing of the
hot and cold fuel instabilities, the symmetry of the imploding capsule and
associated shockwave convergence. Lasers also lack efficiency, delivering perhaps
10% to the target.

The physics requirements for ignition of a typical ICF capsule as used at NIF are
made difficult by the need to firstly achieve sufficient compression of the fuel and
the central hotspot. Secondly, there is the need to achieve hot spot ignition and
alpha particle deposition for sustained burn. However, an alternative approach has
come to light in recent years known as the Fast Ignition method [4]. This relies on
the use of a long pulse laser beam to achieve the compression of the cold fuel, but
then uses another short pulse laser to ignite the central fuel to fusion conditions.
An appropriate analogy to compare the concepts of hot-spot ignition and fast
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ignition is that of a diesel and petrol combustion engine respectively, where the
latter makes use of a sparkplug (i.e. analogous to short pulse laser) to ignite the
fuels. A facility known as High Power Laser for Energy Research (HiPER) has been
proposed using the fast ignition method, and using a 250 kJ long pulse laser and a
100 kJ ps short pulse laser to produce 30 MJ of power output and attain a gain
Q ~ 100. Before such a facility could be constructed numerical modeling of fast
ignition problems will help to elucidate fundamental physics issues.

There are really three ways to achieve ignition using the short pulse laser
enhancement route. The first method is to first use a long pulse laser to compress
the fuel and then use a second short pulse laser of order 100 ps to burn through the
plasma. A shorter pulse laser 1-10 ps is then used through the same channel to heat
up the central hot spot further and cause ignition. A second method to achieving fast
ignition is again to first use a long pulse laser to compress the fuel but then use a
short pulse laser to generate a hot electron beam which can penetrate the fuel and
heat up the central hot spot to ignition. The problem with this method is that the
electrons have to penetrate through all that high-density plasma without being
stopped. A third method is to use a long pulse laser to compress the fuel but to
have a gold cone in part of the capsule that tapers off at an angle from the axis.
A short pulse laser beam is fired down this channel impinging on the gold cone tip
and causing the generation of electrons at the tip which go straight into the central
hot spot to ignite the fuel.

The problem with this method is that the generated electrons do not leave the tip
as a collimated beam but instead diverge widely so that only a fraction of the
electrons produced will actually reach the central hot spot. Another problem with
this approach is that the act of passing the laser beam down the channel causes
plasma infilling, which is an obstacle to the continued laser transport. Some of the
laser energy will be scattered reducing the laser-capsule coupling efficiency.
Although a novel approach, fast ignition is not without its complications.
The Russian physicist Misha Shmatov has proposed that the probability of success-
ful ignition in a cone-guided fast ignition scheme can be increased if the design aim
is to generate not one central hot spot, but two — although one would be concerned
about the implosion symmetries of such a scheme [5].

A recent proposal called Shock Ignition ICF is a form of slow ignition. A laser
pulse is first used to slowly compress the fuel and then just as the assembly is about
to stagnate (stall and turn around) a second drive pulse is sent in to compress the
central fall to an ignition state. One estimate [6] claims that this method is capable
of producing high output energies (up to 250 MJ in a typical NIF capsule) with laser
driver energy requirements lower than those required for conventional ICF and
gains ten times higher in the region of 150 (compared to say 10—12). This scheme
would also have less instabilities associated with it, compared to conventional ICF,
because the high laser intensity is not applied until late into the implosion. Such a
scheme would seem to be a credible approach for a commercial fusion reactor
producing around 2,500 MW of fusion power for a 10 Hz pulse frequency.

There are many other schemes that explore fusion ignition and it is worth just
mentioning some of them. The first is the use of a Z-pinch, where such a facility
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uses large amounts of electrical energy to heat and vaporize several high atomic
number wires (typically tungsten) in a cylindrical arrangement rapidly, producing
x-rays to implode a fusion fuel capsule. The arrangement makes use of the magnetic
J x B force to drive the implosion of the plasma. The best-known facility today is
the US ‘Z-Machine’ which is the largest x-ray generator in the world. Using 50 TW
power pulse it produces an output of 290 TW and this led to the successful fusing of
deuterium in April 2003. But after a substantial refurbishment the machine was able
to produce 350 TW of power and generates 390 TW of energy output. Future plans
aim for power outputs of up to 30 MJ and plans for the next generation machine talk
of a 1,000 TW power facility. It’s a real competitor to the conventional inertial
fusion and magnetic fusion concepts.

Another approach to obtaining fusion ignition has been proposed by the American
Physicist Robert Bussard, the same person who invented the Bussard interstellar
ramjet discussed in Chap. 13. This is known as Inertial Electrostatic Confinement
and is the basis of a Polywell reactor. It relies upon the principle of magnetically
trapping negatively charged electrons at the centre of a set of polyhedron shaped
electromagnetic coils that forms a cathode. Positively charged ions are then injected
into the potential well and are accelerated by the cathode until they are confined
to fusion conditions. Bussard was very confident in the potential of the Polywell
reactor and believed that a prototype demonstrator could be built for moderate costs
enabling the path to clean fusion energy. As with all reactor schemes discussed
in this chapter, if it could be made to work there would be clear applications to fusion
propulsion.

Despite the tremendous advances that have been made in demonstrating some of
the technology of a fusion power plant, the maturity of this technology is still not
sufficient for the application of powering the electrical grid of cities. The prototype
fusion reactors of the near future, namely ITER and HiPER, should further demonstrate
this technology and get us closer to the desired goal. This means that the technology
is also not mature for the application of space-based propulsion, but is likely to reach
demonstrator levels within decades. These exciting developments in fusion research
present an opportunity for deep space propulsion research in future years.

With all this technology, there is also the problem of specific power. Engineering
the fusion reactor technology to much smaller dimensions and mass will be a
critical problem to occupy researchers in the near future. In particular, current
Tokamak designs are very massive and may not be easily engineered for space
applications. Hence advancements in alternative approaches (e.g. inertial) are
required. Once this is done, space based applications can be appropriately consid-
ered. The other difficulty with fusion-based technology is that the maintenance of
any power production necessitates more than 1 target capsule. In reality, multiple
targets would be required, each detonated in succession (several or tens per second)
to generate the sustained heat production for powering a commercial turbine.
Although fusion research is moving fast, there are still many problems to solve.
So until this technology has matured it remains impractical for space power in the
immediate future but inspires great hope for the decades ahead.
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11.3 Fusion Power for Space Exploration

Many historical research projects have explored the possibility of nuclear pulse
technology for space applications. This includes the external pulse rocket in the guise
of Project Orion conducted in the 1950s and discussed in more detail in Chap. 12.
This involved the use of nuclear bombs being detonated rearward of a vehicle,
the products from which would ‘push’ the vehicle along and provide thrust.
It would obtain exhaust velocities 10,000 km/s (3% of light speed) and reach the
nearest stars within a century or so. Although the historical calculations clearly
show that external pulse technology can produce a performance appropriate for
deep space missions, the existence of a Comprehensive Nuclear Test Ban Treaty
rules this technology out.

Instead, designers turned to alternative propulsion schemes, which will give
similar performance such as fusion based, or what is also referred to as fusion
micro-explosion propulsion. This relies upon the ignition of a target by use of laser
light or relativistic electron beams and a magnetic thrust chamber to direct the
exhaust products. The main attraction of fusion propulsion is the ability to provide
high specific power whilst providing a high exhaust velocity. Alternative propul-
sion systems such as chemical, fission or nuclear electric cannot provide high
values of both. For fusion, specific power levels of 1-10 kW/kg are expected.
One of the concerns about such systems is that the mass of any magnets or fusion
trigger systems may limit the application of this technology to large vehicle of order
Megagrams in size. This means that fusion propulsion systems may not be compet-
itive for missions within the solar system [7].

Let us understand why fusion propulsion continues to generate such interest and
consider the energy release from fusion reactions. The four principal reaction
combinations were described earlier in this chapter, mainly those due to DT,
DHe”® and DD. DHe” reactions have the advantage that they produce fewer neutrons
than DT. DD also produce only ~1/4 neutrons of DT reactions, but DD reactions are
around ten times harder to ignite. Tritium will also decay to He® with a half-life of
around 12.5 years. Let us assume a pellet design containing an equimolar mixture
of DT propellant at 3 g mass, typical for a planned civilian based ICF reactor.
We calculate the molar mass of the combination:

H} + H; ~ 5g/mole
The amount of propellant in moles is given by:

mass(g) 3

N(moles) = ~
(moles) molar_mass(g/mole) ~ 5g/mole

= 0.6moles (11.3)

It is worthwhile nothing that for other reactions using a 3 g mass the number of
moles will be 0.6 moles (DHe?) and 1.5 moles (DD). For the DT mixture we then
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Table 11.1 Fusion reaction

Total energy release
energy release

from primary product

Propellant Reaction products (tons TNT equivalent)
DT He'+n 49
DHe? He* + p 51
DD T+p 35
DD He’ +n 28

calculate the number of nuclei in the pellet which is the molar amount multiplied by
a constant known as the Avogadro’s number Nj.

N(nuclei) = N(moles) x Ny = 0.6moles x 6.022 x 10**atoms/mole

= 3.613 x 105 atoms

We then assume an energy release per reaction for the He* product to be 3.52 MeV
which we multiply by the number of atoms in the pellet to give us an estimate for the
total energy release in the form of He* products which is 1.272 x 10** MeV or the
equivalent of 49 tons TNT. We can do a similar calculation for DHe” and we find that
the total energy release in the form of He* products with energy of 3.67 MeV per
reaction is 3.613 x 10* MeV or the equivalent of 51 tons TNT. This is shown in
Table 11.1 along with the energy release from DD reactions. However, it must be
noted that the products from each reaction will go on to react with other products and
thereby contribute more energy. This is the case for the DD reaction for example
which produces tritium, and this trititum will then go on to react with the deuterium
further and so add more energy release. The other DD reaction will release He®
products which will also react with any deuterium and drive the energy release to
higher rates. These secondary reactions will enhance the burn quite substantially.

So what is the maximum performance that you can get from a fusion based rocket
engine? We can approach this question in terms of exhaust velocity and specific
impulse. We shall calculate the maximum performance based upon two methods.
Firstly, we shall simply look at the difference in mass between the two reacting
particle species and then consider the kinetic energy of the excess mass. Next we
shall examine the question from the stand point of total thermodynamic energy
content otherwise known as enthalpy. We begin by examining the DHe’ reaction
which produces the products of He* and a proton. Looking at the atomic mass unit
balance between the reaction products and the released products we have:

2.013553 +3.014932 — 4.001506 + 1.007276

The difference in mass between the two sides of the reaction is 0.019703. We next
consider what kinetic energy is associated with this mass difference. The fractional
energy release defined by the symbol &, as applied to the DHe® combination is
simply the mass difference divided by the total mass of the reacting products
0.019703//(2.013553 + 3.014932) = 0.00392. A similar calculation for different
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Table 11.2 Fusion reaction performance

Propellant Reaction products Exhaust velocity (km/s) Specific impulse (million s)
DT He* + p 26,400 (8.67%c) 2.64
DHe? He* + p 26,500 (8.88%c) 2.65
DD T+p 13,920 (4.64%c) 1.39
DD He’ +n 12,510 (4.17%c) 1.25

propellant combinations will yield a fractional energy release of 0.00375 (DT),
0.00433 (DD — D + p), 0.00351 (DD — He® + n). We then work out the thermal
exhaust velocity V. by inverting the equation for kinetic energy.

2B\ 2
V, = (—) (11.4)

m

Then using E = emc?, the mass cancels and we are left with an equation for the
exhaust velocity as a function of the fractional energy release

V., = (2¢)"%c ~ 0.088¢ (11.5)

This is nearly 9% of light speed. This corresponds to a velocity of 26,500 km/s
and if we divide by g, = 10 m/s”> we get an estimate for the specific impulse to be
2.65 million seconds. The performance for various propellant combinations is
shown in Table 11.2. This is then the maximum performance of a fusion-based
engine although subsequent energy from reacting products will also increase this
maximum. In reality, efficiency issues will come in such as burn fraction and this
will reduce the potential exhaust velocity. Neutron energy losses will also reduce
the DT exhaust velocity, not an issue for DHe®, which produces protons in the
reaction (also usefu