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Given these basic requirements, one
has to ask if we should make the
attempt, or indeed, whether our
civilisation will ever be in a position to
even try? Extraordinary proposals
require visionary thinking to turn them
from imagination to reality.

In an October 1973 edition of Analog, G
Harry Stein had examined a possible
programme for interstellar travel based
around the concept of the Enzmann Starship
design; these were to be 900 m long vessels
with giant 300 m diameter spheres of frozen
Deuterium fuel carrying a small colony of
humans.

Stein’s plan argued that a mission to the
stars would have to be completed as part of
a full programme of interstellar exploration
rather than a single one-shot mission. His
roadmap identified three phases to the
mission:
• Identification of a suitable astronomical

target
• Launch of unmanned probes to that

Arguably, the best way to demonstrate
the plausibility of a proposal is to build a less
ambitious precursor mission that would have
the capacity to prove ‘in the field’ the
necessary technologies.

One might begin by selecting mission
targets closer to Earth, for example, the
outer planets, the Oort Cloud, or the focal
point. One would then set progressively
more challenging missions, each requiring
increased technological complexity and more
ambitious missions. The purpose would be
that each mission would build upon the
achievements of the previous mission.

In the 1970s the US space agency NASA
launched the Voyager 1 and 2 probes.
Voyager 1 remains the most distant man-
made object ever sent into space. Currently
travelling at a speed of 17.1 km/s, or 3.6 AU
per year, it is also one of the fastest man-
made objects ever built.

Its primary purpose was to reach and
explore the Jupiter and Saturn gas giant
systems. In addition, it also had an extended

destination
• Lunch of a full expedition fleet to the

target solar system.

A full programme of exploration was
proposed which would utilise a fleet of no
less than ten Starships which would be
launched by the year 1990 at a cost of
around $100 billion spread over several
decades. This cost estimate was based
upon 1970’s costs. Was this purely the
imaginings of science fiction, or perhaps
visionary prophesising?

One of the central issues facing the
designers of interstellar probes is that of
reliability. Given the vast distances and
timescales involved, and also the unrelenting
environment of the interstellar gulf one wants
to maximise the chances of a successful
mission. Given that the mission could easily
cost hundreds of billions of pounds, and
possibly even trillions, it’s critical that the
mission succeeds and that this investment is
not wasted.

The challenge of interstellar flight

Starships
of the
future
by Kelvin Long and Richard Obousy

In a 1996 article for JBIS (Journal of the British Interplanetary
Society) the physicist Robert Forward addressed the key issues
relating to the so-called impossibility of interstellar flight. He
said that ‘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
expensive, but it can no longer be considered impossible’. [1]
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mission which was to locate and study the
outer boundaries of the solar system and,
eventually, enter the Kuiper belt.

Also in the 1970s NASA launched the
Pioneer 10 and 11 probes. Pioneer 10
eventually left the solar system reaching a
distance of 50 AU by 1990. Unfortunately
communications were lost with the Pioneer
11 probe in 1995.

The most recent robotic probe to be sent
out into the outer solar system is the New
Horizons mission, which was launched in
January 2006. The trajectory for the probe
will take it past the dwarf planet Pluto and
out into the Kuiper belt at a distance of 55
AU. It will reach Pluto in July 2015. These
missions are early examples of interstellar
precursor probe missions.

The idea for an interstellar precursor
probe mission has been discussed for
sometime. In the late 1990s NASA’s Jet
Propulsion Laboratory (JPL) organised a
project for a space probe that was designed
to reach 200 AU in 15 years. It was led by

requirements. Hence alternative technology
is required.

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 which are also important
measurements for future spacecraft that will
leave our solar system. Such a mission
could also provide insight into the role of
cosmic rays on biological mutation rates.

Another science goal could be the
measurements of the Big Bang
nucleosynthesis in terms of the abundance
of He3, D and Li7. Exotic physics issues
such as detection of gravitational waves or
tests of our theories of gravity would also be
desirable objectives for such as mission.
Because of the long distance from the Sun
such a mission would probably require the
use of a Radioisotope Thermal Generator
(RTG), similar to the Voyager probes. An
RTG obtains its power from radioactive
decay, and is a long-lived source of energy,
ideal for long duration space mission. Both
the ESA Interstellar Heliosphere Probe and
the NASA Innovative Interstellar Explorer are
examples of long distance missions that will
push our technology forward.

A more ambitious mission has been
previously proposed called the Thousand
Astronomical Unit (TAU) mission, again an
idea coming out of JPL. 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

Icarus Pathfinder passes
near the orbit of the

planet Neptune.

Icarus Pathfinder performs a gravitational slingshot around Jupiter.

the Interstellar Probe Science & Technology
Definition Team and the project was called
the Interstellar Probe (ISP). It would embark
on a journey outside the solar heliosphere
and study the connection between the Sun
and Earth.

In 2006 ESA (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 it completed an initial study of a
mission called the Interstellar Heliopause
Probe (IHP) to investigate the feasibility of a
mission that would travel to a distance of
200 AU from the Sun. 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.

Other scientists connected with JPL have
proposed an interstellar precursor mission.
The Realistic Interstellar Explorer mission
proposal evolved into the Innovative
Interstellar Explorer mission in the late
1990s and 2003-2004. This too would be a
mission to 200 AU, similar to earlier studies.

To send a probe to that distance in a time
scale of 15, 20 or 30 years requires an
average velocity of approximately 13 AU/
year, 10 AU/year and 7 AU/year respectively.
This is equivalent to 63 km/s, 47 km/s and
32 km/s respectively and compares to the
moderate 17km/s (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
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aim for which would also stretch the
technology to its limit was deemed to be one
thousand Astronomical Units, hence the
name of the mission.

Although solar sails were considered on
option for propulsion if unfurled sufficiently
close to the Sun, the final concept was to
use nuclear electric propulsion, where a
nuclear reactor electrically ionizes the gas of
a low thrust-high specific impulse ion engine.
The specific design chosen for the nuclear
propulsion system would allow the vehicle to
reach a cruise velocity of over 100 km/s
(0.00035c) after a 10 year burn, sufficient to
escape the solar system. One of the
advantages of a probe like TAU is that it
would pass through the Sun’s gravitational
focal point located between 550-1000 AU.
The focal point is a location around a large
gravitational body where light converges due
to the gravitational bending of light around a
massive body. This is analogous to a lens
and it is theorized that the Sun’s focal point
would allow for huge signal gains for any
instruments placed there. This would provide
for a significant magnification of future
interstellar targets.

The gravitational focus point is a
consequence of General Relativity and is
predicted to be located at a minimum
distance of 550 AU from the Sun. The solar
corona acts against the gravitational lensing
effect, with the result that the focus for lower
frequency radiation is more distant than for
higher frequency waves.

In theory, any instrument placed at a
gravitational focus with a direct line of sight
between the Sun and a distant object, would
see an amplified signal from the distant
source of the radiation. The gravitational
lens produces a huge gain for an optical or
radio telescope allowing significantly
improved resolution when compared to Earth

orbit-based observations, of order tens of
metres or less at four light years distance.
Missions to the gravitational focus would
locate the actual distance of this natural
phenomenon whilst providing highly valuable
science data on any distant objects viewed
from there. The actual location of the
gravitational focus point depends upon the
wavelength of the electromagnetic radiation
being examined due to the effect of coronal
plasma deflection around the Sun, and the
location contains some uncertainty due to
the empirical way in which it is derived. The
gravitational lens point is one possible
mission target for an interstellar precursor
probe.

Icarus Pathfinder
Project Icarus is the theoretical interstellar
engineering design study to follow on from
the successful 1970s Project Daedalus. [3]
Project Icarus was launched in London on
30 September 2009 during a dedicated
symposium [4] (see Spaceflight, December
2009).

Since this time over two dozen designers
have come together to consider the problem
of producing a credible design proposal
which not only reproduces the conclusion of
Project Daedalus that ‘interstellar travel is
feasible’ but also plans to go to the next level
by showing that, in theory, interstellar travel
is a practical possibility within the coming
centuries. The design team, known as the
Project Icarus Study Group, is considering
all aspects of the spacecraft systems, from
propulsion and structure, to communications
and science instruments.

An important aspect of scientific research
is to present at conferences; providing
scientists with the opportunity to both
present their work to the scientific
community, as well as open their work up to

Spacecraft concepts for the interstellar roadmap based around Daedalus-like configurations.

peer review and criticism which, generally,
improves the overall quality of the research.

A large delegation of the Icarus team had
the opportunity to present at the 61st
International Astronautical Congress in
Prague in 2010. The team gave numerous
presentations including studying the mission
performance with a 1-4 staged engine
design, mining He3 from the gas giants and
using the gravitational focus point as a relay
station for boosting interstellar
communications.

During the Prague 2010 conference
members of the design team came together
in a private workshop to consider many
technical questions, including the interstellar
roadmap. As the team discussed various
ideas something began to crystallise in the
minds of those involved and soon enough
the team had come up with a potential way
to address the interstellar roadmap problem.
This was the Icarus Pathfinder concept,
which would test candidate technologies that
would pave the way for an interstellar
mission

One exciting aspect of the Pathfinder
concept is that since it will not be designed
to travel across vast interstellar distances,
the engine performance does not have to be
as high as one designed for that purpose.
Thus, when considered as a technology
demonstrator a fusion engine would not even
be required. This is clearly beneficial, since
we have far from mastered nuclear fusion
technology.

Several viable alternatives for the energy
source of a precursor interstellar mission do
exist and these include the electric engine,
ion engine, solar electric, nuclear thermal or
nuclear electric systems. However, to
provide synergy with the final interstellar
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technologies to those that would be utilised
in a fusion based engine, namely the ionizing
and energising 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. Developing this
technology could also assist in
understanding how to control plasmas for a
space propulsion engine.

For a deep space mission to 1000 AU
however, it may have to be used in
conjunction with a nuclear reactor for the
creation of a low mass energy source.
Alternatively, solar panels could be used for
missions close into the solar system.

The Icarus Pathfinder Probe could use
both for optimum fuel efficiency. It bridges
the gap between high thrust-low specific
impulse engines and low thrust-high specific
impulse engines and can perform in either
mode. A specific impulse range is possible
between 1000-50,000 seconds and a thrust
generation efficiency from 10,000 W/N at low
specific impulse to 500,000 W/N at high
specific impulse, hence the requirement for
a nuclear reactor power source probably in
the region of 100’s MW capability.

The engine would be ideal for Earth-Moon
or Earth-Mars missions if the electricity could
be supplied by a small fission reactor, for
example. Using a 200 MW reactor, a
spacecraft could reach Mars within 39 days
or, using a 12 MW reactor, reach Mars in
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 could
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 further afield; ad astra
incrementis — to the stars incrementally.

Hence for the Pathfinder mission
VASIMR is selected as a credible engine of
choice, in the absence of a fusion engine. It
is worthwhile noting that such an engine has
a Technology Readiness Level (TRL) of
around five, which means that an interstellar
precursor demonstrator mission of this sort
can be launched much sooner (post-2025)
than the proposals for an interstellar probe
discussed elsewhere. The idea for Icarus
Pathfinder is discussed in a recent
submission to JBIS. [5]

Icarus Starfinder tests
out en route servicing

operations with its
robotic manipulator arm.

engine design, mainly fusion based, a better
candidate exists in the form of the Variable
Specific Impulse Magnetoplasma Rocket
(VASIMR). This engine would be favourable
for the Pathfinder mission for several
reasons.

The most obvious is the high engine
performance. To complete the mission in
approximately 20 years, the probe should
reach the destination in 10 years. A 1000 AU
target implies a cruise speed of around 100
AU/year or around 470 km/s or 0.15 percent
of the speed of light in a vacuum.

Currently it is estimated that a VASIMR
engine could achieve a specific impulse of
up to 50,000 seconds, corresponding to an
exhaust velocity between 300-500 km/s. This
would suggest a mass ratio of between 2.6
to 4.8 for a one way trip to 1000 AU, where
the mass ratio is the initial mass (spacecraft
+ propellant) divided by the final mass.

To explore this concept further we chose
to adopt a 1/100 scaled Daedalus-like
second stage, which had a structure mass of
980 tons (including 450 tons payload). For
the Pathfinder concept, this would then have
a structure mass of 9.8 tons which includes
the payload mass of around 4.5 tons. The
payload would be approximately twice the
mass of a typical probe like the Galileo or
Cassini-Huygens spacecraft.

The concept of VASIMR is to use an
electrical power source to generate radio
waves that ionize a propellant (Hydrogen,
Helium, Deuterium) and then to use self-
generated electric and magnetic fields to
accelerate the plasma for thrust generation.

This type of engine is also quite
convenient because it is considered to be a
scaled down fusion development engine.
Several elements to the design are similar

The vehicle configuration was derived by
taking a scaled down version of the
Daedalus second stage engine, which has a
total structure mass of 980 tons, including
the 450 tons science payload. With this in
mind, the Icarus Pathfinder concept would
have a total structure mass of 9.8 tons
including a 4.5 tons science payload. With a
mass ratio of around 2.6 this would require
around 15.5 tons of propellant and the total
power supply would mass around 3.7 tons
with 0.2 tons of radiators. Prior to the first
engine burn, the total mass of the spacecraft
and propellant would be approximately 25
tons.

With an exhaust velocity of 500 km/s it
would achieve a final cruise velocity of
around 470 km/s accelerating at 0.003 m/s2

with 30 N of minimum thrust using 14.7 MW
of jet power. This would be a spectacular
technology demonstrator, and would open up
the outer solar systems to extensive
exploration.

With a credible launch date of 2025,
Icarus Pathfinder would undergo an
acceleration burn for around five years,
perhaps assisted by a Jupiter gravity-assist.
It would penetrate the solar heliosphere and
the termination shock and travel out beyond
the Kuiper belt and into the interstellar
medium. It would continue to accelerate until
it reached its cruise velocity of 500 km/s at a
location of around 250 AU. It would then
coast for another seven years or so until it
reached its target at 1000 AU. It would then
become the most distance object ever made
by humankind and would deliver scientific
knowledge to aid the next generation of
precursor missions, whilst proving key
technologies vital for the long term
interstellar roadmap.

Icarus Starfinder
If the Pathfinder technological demonstrator
mission proves to be a success, the next
logical question is how to further improve the
design to pave the way for an interstellar
vehicle.

This has also been considered, and we
also introduce the Icarus Starfinder concept.
This would be a mission into the Oort cloud
and two versions of the Starfinder would be
built.

The first would be the Mark I version,
which would be sent to a distance of
approximately 10,000 AU. The second would
be the Mark II and would be sent much
further, to a distance of 50,000 AU, around
1/5th the distance to the nearest star system
which is located 4.3 light years away.

By demonstrating the Pathfinder and the
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Starfinder concepts, one progressively builds
expertise and knowledge in the technologies
that would be required to launch the first
interstellar mission. Both the Mark I and
Mark II Icarus Starfinder concepts would use
the same engine type as that used to drive
the main interstellar vehicle, which in the
case of Project Icarus would be a mainly
fusion based engine.

The later precursor missions would be
based on the Icarus Starfinder probe
concept and all would hinge on the
breakthroughs of fusion power on Earth
occurring within roughly the next decade. In
addition, there would also need to be
progress in the engineering application of
fusion technology to space propulsion that
would be both compact and practical.

One of the interesting aspects of the
Starfinder concept is that since its mission
would not be interstellar, it could use a
fusion fuel that has a performance less than
that expected for a D/He3 reaction, the fuel
combination theoretically expected to give
the highest performance. In particular, D/T or
D/D would be potential candidates and D/D
would be relatively easy to acquire and have
lower ignition requirements. When combined
with the Pathfinder concept, these missions
could pave the way for the first interstellar
missions by an unmanned robotic probe and
a long-held dream would be realised.

Roadmap to the stars
So how would the interstellar roadmap be
achieved using the concepts proposed for
Project Icarus? We can explore this by
imagining a timeline for such launches,
although accepting that the actual times
quoted may change by +/-30 years
depending upon scientific and technological
progress in the coming decades.

Here is one possible scenario for the
construction of the spacecraft discussed in
this article. Let’s assume the first mission

entirely possible due to the high specific
impulse fusion engines. During the flight
the Mark II version would also be built and
launched in 2070 arriving at its destination,
50,000 AU away, around the year 2170,
some 95 years after launch.

With each successive engine design the
next version would be refined and made
more efficient so that by the time the new
century arrives the interstellar engine design
would be markedly different and very likely
be an improvement from the earlier versions.
With such a massive vehicle it would take a
couple of decades to manufacture the
propellant and assemble the full spacecraft
in orbit.

This will then lead to a launch,
optimistically, around the year 2200, with the
intention of the first unmanned interstellar
probe arriving at its target destination before
the year 2300. It is possible that the launch
dates quoted above are optimistic and,
infact, the complete roadmap to the launch
of the interstellar probe may be more like
around the 2200 timeframe and so not
arriving a the target star until around 2250-
2300.

This is a futuristic vision worth working
towards; one that is plausible and credible,
provided that we can establish the
momentum in the next 20 years and finally
begin the first missions towards this
interstellar roadmap. What would start off as
missions to only a few hundreds of AU will,
over only two or three designer generations,
rapidly turn into missions that could reach
hundreds of thousands of AU — once the
imagination of science fiction now, very soon
the possibility of reality?

This is the reason why the British
Interplanetary Society uses the moto ‘From
imagination to reality’. And this is the reason
why some of us look to the stars at night
and, as Arthur C Clarke once said, wonder
from which of those banked clouds of stars
the emissaries are coming.

Why wait for them? Instead we can build
fantastic engineering machines which make
use of the utility of fusion power engines
and, as Alan Bond said at the September
2009 BIS symposium, “address the universe
on its own terms”.
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Icarus Starfinder gets ready to leave the inner
solar system.

to 200 AU begins around the year 2020
and arrives at the target destination at
about the year 2040. Throughout the
mission, data would be communicated
back to the Earth-based station providing
information on the properties of the
interstellar medium, solar heliopshere and
the termination shock. Our understanding
on the properties of the interstellar medium
would be improved.

During this first mission progress would
also be made on the Icarus Pathfinder probe
and it might conceivably be launched around
2030 and arrive at its 1000 AU destination by
the year 2040-2050, using its high
performance 500 km/s engine design.

This would allow further information to
support those measurements made by the
earlier mission and provide vital data on the
properties of the gravitational lens point,
including its exact location, as well as the
discovery of any further Pluto-like objects
that may reside in the outer parts of our
Sun’s gravitational influence. Throughout the
mission the probe would demonstrate vital
technology which could be used for later
more ambitious missions.

Around the year 2050 the Icarus
Starfinder Mk I mission would be launched
to the distance of 10,000 AU. This is into
the Oort cloud and the mission would
provide vital information on the long period
comets that reside there. This vehicle
would be using the full fusion powered
engines and will be something smaller than
a Daedalus second stage engine design. It
will arrive at its destination around the year
2100, only 50 years after the launch,


