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The previous century has been witness to remarkable developments in technology for space exploration. But the
future centuries will bring even more remarkable developments too. In this paper we focus on the prospect for
fusion based propulsion. In particular, this technology may not only open up the entire solar system to human
crewed missions, but also the potential for interstellar travel. The potential rewards for making the attempt are so
great, and the investments so small within a global economy, that rational minded thinking demands fusion
propulsion in our times. This paper is a submission of the Project Icarus Study Group.

1. INTRODUCTION

Possibly the first ever technical paper addressing the
interstellar problem was published in 1952 by Les Shep-
herd [1]. This paper addressed the fundamental chal-
lenges and for the first time presented interstellar mis-
sions not as science fiction but as a real problem that
could one day be solved. Since then, although we have
not yet launched an interstellar mission, due
to technological immaturity, we have launched several
deep space missions. This includes the Pioneer 10 and
11 spacecraft in 1972 and 1973 respectively, as well as
the Voyager 1 and Voyager 2 spacecraft launched in
1977 and 1978 respectively. These spacecraft have gone
to the outer edges of our solar system, edging their way
towards the solar heliosphere boundary. There have also
been many successful planetary space missions such as
Cassini-Huygens to the Saturnian system, for example,
launched in 1997. The latest mission to the outer parts of
our solar system is the New Horizons mission, which was
launched in 2006 and is on its way to the Dwarf Planet
Pluto. It should arrive there in 2015.
 

To go further still we must build spacecraft with en-
gines capable of performing the mission. For an interstel-
lar mission this tends to require an exhaust velocity of
around 10,000 km/s if the stars are to be reached in
around one to two centuries trip time. The nearest star
system is the Centauri A/B pair and their close compan-
ion Proxima Centuri. The nearest of these stars is at a
distance of 4.3 light years or approximately 270,000 As-
tronomical Units away. Given that all of the previous deep
space missions have travelled at cruise speeds of around
2-3 AU/year, the approximately 2700 AU/year require-
ment for an interstellar mission in under a century to the

nearest stellar targets, puts the interstellar challenge in
comparison. The fundamental difference between an in-
terplanetary and an interstellar mission comes down to
one of scale. Scale in distance, energy, velocities, travel
time and ultimately the sorts of technologies required to
complete the mission.
 
2. STARSHIP ENGINEERING

In the late 1940s scientists in the United States began
to consider the possibility of using atomic bombs to
power spacecraft. This led to a design study called
Project Orion which took place in the 1950s and 1960s
led by the physicists Ted Taylor and Freeman Dyson.  A
good account of Project Orion was written in the book
of the same name [2]. Post-project, Dyson set about
designing an interstellar version of Project Orion, known
as ‘Interstellar Orion’ [3]. The basic design was 300,000
tons of propellant and 100,000 tons of spacecraft. The
bombs (or units) would be detonated rearwards of the
vehicle, imparting their debris onto a rear pusher plate,
thus a transfer of momentum was imparted. The en-
ergy from the collision was absorbed by large shock
absorbers, protecting any crew that may be housed
towards the front of the vehicle. Project Orion is one of
the few proper studies into an interplanetary crewed
spacecraft. The interstellar Orion design was not con-
sidered to the same amount of detail, but it is worth
noting that this project demonstrated such missions
were possible in theory, in the 1960s. For political
reasons however, Project Orion does not enjoy large
scale support as a credible vehicle for space opera-
tions. Thus, we are forced to look for alternatives.
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The most immediate alternatives include nuclear ther-
mal, gas-core fission, and nuclear electric. However, the
exhaust velocities for these propulsion systems are too
low to allow for an interstellar mission. The other option is
fusion population, and there are various ways by which
this can be made to work. But the important point to note
about fusion propulsion is the prospect of high exhaust
velocity (10,000 km/s) for low Thrust-to-Weight ratio
(10-4). Fusion propulsion generally relies on the collision
between high energy low hydrogen isotopes. The main
candidate reactions includes D(T,He4)n; D(D,T)p;
D(D,He3)n; D(He3,He4)p as well as the neutron reactions
Li6(n,T)He4 and Li7(n,T)He4. Another possibility is
p(B11,He4)p. The D/T reaction requires the lowest tem-
perature to attain a high reaction rate, but traditionally the
D/He3 reaction is preferred for propulsion due to the use
of charged particle products, reduced neutrons and high
exhaust energy. However, He3 is not in large abundance
presenting acquisition issues (e.g. Jovian gas giant min-
ing [4]) and therefore pushing the first launch date centu-
ries into the future, until such a space infrastructure
emerges.
 

Any fusion reaction must attain a condition known as
the Lawson Criteria or the fusion triple product, which
states that the product of the particle number density,
confinement time and plasma temperature must be greater
or equal to 1021 m-3 s KeV [5, 6]. This can usually be
achieved by a magnetic confinement method, relying on
a low particle density (10-6 cm-3) but for a long time (~few
seconds). Alternatively it can be achieved with a large
particle density (~1023 cm-3) but with a low confinement
time (<ns).  Most propulsion concepts tend to be based
around the intertial approach due to the large heavy
magnets and other massive machinery associated with
magnetic confinement methods.
 

Using fusion propulsion, what does it take to achieve
an interstellar mission? In 1991 Schulze [7] examined
this question by looking at a 10 tons payload, with 4,000
tons propellant for an Alpha Centauri mission. He looked
at a range of specific powers, namely; 1 kW/kg, 10 kW/kg
and 100 kW/kg. The mission trip times, assuming a flyby
only mode, were 460 years, 213 years and 99 years
respectively.  The jet power requirements for each of
these missions were 195 MW, 1,950 MW and 19,500 MW
respectively. Schulze had demonstrated a strong de-
pendence of the flight time in years on the value of
specific power adopted. The higher the specific power,
the lower the flight time.
 

In the 1960s Robert Enzmann had considered the
possibility of an interstellar mission using fusion propul-
sion, or a variation on the nuclear pulse engine (e.g.
Orion) [8]. The 610 m long vessel had a 305 m sphere of
Deuterium fuel, mined from the gas giants. It would reach

a cruise speed of around 0.09 c and reach its target of
Alpha Centauri in around 60 years. The initial population
of 200 people would grow to around 2,000 at the trip end.
In general, the level of physics and engineering assess-
ments performed for this concept were rudimentary, but it
at least planted the idea of interstellar fusion propelled
spacecraft in the consciousness of our society.
 

In 1960, Robert Bussard [9] took fusion propulsion to
an entirely new level, proposing that instead of carrying
the propellant along with the vehicle; instead it could be
mined from the dense regions of space en route. The
initial excitement surrounding this idea quickly fell away
however, as it was realised that the density of molecular
hydrogen was incredibly low. In addition, subsequent
analysis of this ‘fusion ramjet’ concept has thrown up
other technical problems. This includes the difficulty with
fusion or even trying to moderate high energy protons
and the potential for picking up enormous amounts of
interstellar drag, so much so that it may exceed the thrust
generated. It would also require a magnetic collecting
scoop perhaps 10,000s km in size. However, if an inter-
stellar ramjet can ever be made to work then true relativ-
istic spaceflight would appear to be feasible.
 

Between the years 1987-2000 Charles Orth decided
to address fusion propulsion on a less ambitious scale by
examining a possible mission architecture for solar sys-
tem exploration [10]. Project VISTA, or Vehicle for Inter-
planetary Space Transportation Applications, was a 170
m wide by 100 m tall spaceship carrying a bank of laser
beams to inertially implode ICF pellets of D/T. The lasers
would be delivered to a set of lasing mirrors surrounding
the target point. On paper, VISTA seems to be a credible
design concept at least.
 

In 1988 students of the US Naval Academy decided to
attempt an entire starship design [11]. Project Longshot
was an approximately 65 m long vessel, with a probe
head at the front to offset any incoming particle bombard-
ment. It would carry along an on board nuclear fission
reactor although the main propulsion system was to be
D/He3 ICF, taking the spacecraft to Alpha Centauri in
around a century. This study was innovative although had
many technical issues which were left unaddressed. In
particular, the spacecraft was to decelerate at the target
system, although no propellant appears to have been
allocated for that activity in the design.
 
3. PROJECT DAEDALUS

In the 1970s members of the British Interplanetary Soci-
ety set about addressing the so called Fermi Paradox,
which seeks to highlight the apparent contradiction be-
tween our lack of observations for intelligent life in the
universe and our theoretical expectation that it should
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exist and indeed, be here. One of the possible answers to
this paradox was that interstellar flight was simply too
difficult to achieve, and the distances between the stars
too vast for any would be space fairing civilization. Project
Daedalus aimed to determine if interstellar flight was at
least feasible in theory.

For around five years a dozen engineers and physi-
cists examined the various problems associated with the
design of an interstellar vehicle. Eventually published in
1978, the final study reports revealed a vehicle design
which was a balance between current technology at the
time and near-term (several decades) extrapolation [12].

Although massive, with 50,000 tons of propellant and
a 450 tons science payload, the study was very detailed
and comprehensive in addressing the various compo-
nents of the spacecraft and the mission. The propulsion
system of choice was a form of nuclear pulse engine,
based on inertial confinement fusion and using electron
beam diodes to deliver energy to the capsule targets. The
targets would be detonated at a rate of 250 times per
second, with the two engine burn acceleration phase of
the mission completed in under four years, allowing a
coast to the target of Barnard’s star, 5.9 light years away,
at a speed of 12.2% of the speed of light. It would reach
its target in around half a century, coasting through the
stellar system in around four days. The two engines
stages would deliver MN of thrust using an exhaust veloc-
ity of order ~10,000 km/s. The design was elegant, al-
though the 2.84 grams (first stage) and 0.288 grams
(second stage) pellet masses only gave a gain of around
66.6 and 33.2 respectively, from calculations performed
by these authors. Considering the next generation of
commercial fusion demonstrators on Earth aim to get at
least a gain in the 10s (that is ten time more energy
output than went into producing it), from a propulsion
perspective where gains of >100 are desirable, these Q
values for Daedalus appear low (although perhaps not
for the 1970s).

Arguably, the biggest setback for the project was the
fuel acquisition, deemed to be mined from the gas giant
Jupiter, 30,000 tons of He3, to supplement the 20,000
tons of D mined from Earth [4]. Given the lack of Earth to
orbit space infrastructure, no planetary fuel mining expe-
rience and the huge costs likely involved in such an
operation, this pushed the construction timeline of the
Daedalus probe into the future, to around the year 2200.
Despite this, the Project Daedalus study was a perfect
balance between being sufficiently credible and bold,
whilst producing the most detailed systems integrated
engineering study of an interstellar probe every under-
taken, or produced since. The main conclusion from the
study was that “interstellar travel was feasible” [13], thereby
further highlighting the Fermi Paradox.
 

4. PROJECT ICARUS

In 2007 and 2008 discussions began on the initiation of a
new interstellar design project known as Project Icarus.
This was to be the successor to Project Daedalus and
this was clearly demonstrated in the project terms of
reference [14, 15]. This stipulated that the Project Icarus
Study Group was to design an unmanned probe that was
capable of delivering useful scientific data about the tar-
get star, associated planetary bodies, solar environment
and the interstellar medium. The spacecraft was to be
based on current or near future technology and be de-
signed to be launched as soon as is credibly determined.
It was to reach its stellar destination within as fast a time
as possible, but not exceeding a century and ideally
much sooner. A spacecraft was to be designed so that it
could reach a variety of target stars, with minor design
changes, and it would do so using mainly fusion based
propulsion, the same as Project Daedalus, although it
didn’t necessarily have to be ICF based. Finally, the
spacecraft mission was to be designed to allow some
deceleration for increased encounter time at the destina-
tion. This was the main element of Project Icarus that
went further than the Project Daedalus probe, which was
merely a flyby mission. This was set as a challenge to the
Icarus team to ensure they looked hard at the decelera-
tion problem, although not an easy challenge to solve.

The main overall goal of Project Icarus was to design
a credible interstellar probe that would be a concept
design for a potential mission in the coming centuries.
The team was to allow for a direct technology comparison
with Daedalus, given several decades had passed, and
provide an assessment of the maturity of fusion based
space propulsion for future precursor missions. The project
was also set up to generate greater interest in the real
term prospects for interstellar precursor missions that are
based on credible science. It was hoped that the work
being carried out would then motivate a new generation
of scientists to be interested in designing space missions
that go beyond our solar system. It is important to point
out that the two motivational factors for initiating Project
Icarus were (i) to re-energise the interstellar community
and (ii) to facilitate a ‘designer capability exercise’ as a
form of starship engineering education. The hope was
that people would complete the project five years later
and then initiate other interstellar projects, having had
the experience, knowledge, confidence and capability to
do so. This included the leadership of the project, which
would be deliberately rotated to facilitate an opportunity
for aspiring leaders to learn how to manage large inter-
stellar teams. Project Icarus was officially launched at the
Headquarters of the British Interplanetary Society in Lon-
don, September 2009. Ten project phases were defined
as part of a large program of work that the team would
have to undertake in order to down select to a viable
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Fig. 1  Leviathan concept for Project Icarus

redesign solution. Later on, members of Project Icarus
went on to found a separate non-profit entity, Icarus
Interstellar, then went on to launch other interstellar de-
sign projects and initiatives.

5. THE LEVIATHAN CONCEPT

As part of the program of work the Icarus team set about
studying concept design options for interstellar probes,
based around the Daedalus paradigm, or perturbations
of the 1970s design. Brainstorming ideas the team came
up with many wide and varied concepts to different de-
grees of design fidelity. During the first two years of the
project, members of the team had been studying various
different elements of the mission. This included Magsail
technology which could be used for deceleration of the
probe, as published by Zurbrin and colleagues [16]. An-
other technology the team had been looking into included
Medusa sails, as published by Johndale Solem [17, 18].
Again this was examined as a deceleration option. Mem-
bers had also been arguing that the cross section for the
vehicle should be minimized to minimize particle shield
mass and radiation bombardment risks. Another devel-
opment had been to change the paradigm of considering
just one single fuel solution, given the scarcity of He3 but
the lack of performance potential in other options. A basic
reverse thrust engine stage was also seen as an impor-
tant element to cracking the deceleration problem. It was
also argued that instead of trying to exceed the 12.2% of
light speed cruise speed of the Daedalus probe, in fact
designers should aim to reduce the cruise speed for ease
of deceleration and engine stress. Finally, the science
payload was placed into the centre of the vehicle for
protection and to facilitate engine stages at either end of
the spacecraft. All of these components were bought
together into what become known as the Leviathan Con-
cept which is shown in Fig. 1.
 

In coming up with the Leviathan concept several de-
sign aims were imposed:

• Massively reduced propellant mass.

• Relaxing paradigm of restricting ourselves to one
propellant option to ease acquisition issues e.g. won’t
then need so much He3 which brings first launch date
closer than say 2200 AD.

• Non-use of D/T filled pellets.

• Use of multiple deceleration modes, so called ‘tricks’,
anything to shed velocity.

• Smaller cross sectional area to minimize bombardment
risks.

• Location of science payload central on the structure.

• Location of engine and reverse engine either side of
structure.

• Stretch out mission profile to one century, in
accordance with Icarus ToR, which eases engine
performance.

• Significantly reduced pulse repetition rate consistent
with next generation commercial reactors.

• Assumption of very high gain, e.g. 100s, which reduces
the quantity you need.These high gain pellets require
clever designs based on concepts such as shock
ignition, antimatter catalyzed ignition or fast ignition.

• Do not decelerate fully into target system, but adopt
an encounter time which lasts many months to up to a
year.

• Much reduced cruise speed to ease engine conditions
and also make the deceleration less of a challenge on
arrival.

The vehicle would be assembled in lunar orbit taking
advantage of the low gravity and using mass drivers on
the surface to place materials into lunar orbit. This neces-
sitates a lunar colony. The vehicle would be moved to the
outer parts of the solar system using either ion or plasma
drive propulsion systems, along with a Jupiter or Saturn
gravity assist to take it to escape velocity prior to main
engine burn. Deceleration of the main probe will be ena-
bled by using a combination of reverse engine thrust,
Magsails and solar/planetary flybys for momentum
change. The available He3 is generated through earth
based particle bombardment accelerators and shipped
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TABLE 1:  Velocity Burn Profile for Different Leviathan Stages.

D/D Engine Burn 1 D/He3 Engine Burn 2 p/B Reverse Engine Burn Medusa Sail

Propellant D/D/p- D/He3 p/B11 A/H-units

mpi (tons) 25000.00 15000.00 5000.00 2000.00

msi (tons) 2500.00 1500.00 700.00 300.00

dV1 Prop (tons) 10000.00 10000.00 3000.00 1500.00

mpf (tons) 15000.00 5000.00 2000.00 500.00

msf (tons) 1500.00 700.00 300.00 150.00

mass ratio 1.67 2.89 2.48 3.54

In R 0.51 1.06 0.91 1.26

vex (km/s) 12000.00 12000.00 8000.00 5000.00

dv (km/s) 6129.91 12754.73 7260.46 6318.46

f%c 2.04 4.25 2.42 2.11

Total %c 2.04 6.29 3.87 1.77

tb (years) 0.50 1.00 0.50 0.0027

tb (sec) 15768000.00 31536000.00 15768000.00 86093.28

fHz 50.00 50.00 50.00 0.002

mdot (kg/s) 0.63 0.32 0.19 17.42

Thrust (MN) 7.61 3.81 1.52 87.11

acc (m/s2) 0.39 0.21 -0.3484 -10.94

Pj (MW) 91.32 45.66 12.18 -

tons 913.24 456.62 121.77 -

mpell (kg) 0.01268 0.00634 0.00381 10.00

Npellets 788400000 1576800 788400 150

into Earth orbit. The following briefly describes the Levia-
than architecture.

• PHASE 1: First stage engine burn, probably using
10,000 tons D/D or using p- catalyzed D (This is an
attempt to relax need for so much He3). Achieves
around ~2%c using exhaust velocity ~12,000 km/s.
Expected capsule gain ~200-500.

• PHASE 2: Second stage engine burn, using 10,000
D/He3 (this is the amount we can practically produce).
Achieves around ~4.2%c using exhaust velocity
~12,000 km/s.

• PHASE 3: Hits total cruise phase, at ~6.3%c or
~12,755 km/s.

• PHASE 4: Deceleration engine burn at target, using
3,000 tons p/B11. Gives velocity of ~2.42%c and
reduces total cruise velocity down to ~3.87%c.
Expected capsule gain ~500-1,000.

• PHASE 5: Deployment of Medusa sail, using perhaps
1,500 tons propellant. Reduces velocity down to
~1.77%c.

• PHASE 6: Deployment of MagSail and based on
initial calculations performed would reduce velocity
down to ~1%c. [However, it is worth nothing that in a

further iteration it may be better to deploy the Magsail
in advance of the Medusa sail (best from ~8%c down
to ~3.5%c) so this could be reversed in a future
configuration. So that the order of deceleration modes
would be reverse thrust → Magsail → Medusa].

• PHASE 7: Arrive at target, but with assumed Centauri
A/B/Proxima target. We assume a flyby of Proxima
Centauri first, 13,000 AU from Centauri A/B, the flyby
is also a gravity assist, so effects some further
deceleration of the Icarus probe. Perhaps reduces
velocity down to ~0.5%c so that the vehicle fly’s
through the stellar system in around three months.
The probe then moves on towards the Centauri A/B
pair and either separates, one for each star or a sub-
probe is released onto the other star whilst the majority
of the mission is performed on one of the stars, i.e.
Centauri A.

• PHASE 8: Use of on board Maser and deployment of
several 1 ton Starwisp [19] probes into the system for
multi-planetary monitoring.

CONCLUSIONS

The technical challenges to achieving interstellar flight
are vast, specifically when one considers the power,
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*          *          *

energy, distance, speeds, assembly, fuel, costs. How-
ever, interstellar travel does appear to be feasible in
principle, so in the future it should become a reality. It is
just a question of when that reality arrives – in one
century or two. Nuclear fusion propulsion appears to be
one of the many candidates for how this mission could
eventually be accomplished. One such architecture, the
Icarus Leviathan, has been presented in this work mainly
as a concept under development. It is not claimed to be a
design at the current stage.

The one reason that could make us reach for an
earlier launch window is a compelling reason to go. This
could be the discovery of a habitable exoplanet, life in the
universe or even an imminent threat (internal or exter-

nally driven). Until that compelling reason arrives, the
dreamers continue to play with their calculators and pre-
pare for that day, driven by the idea of creating a self-
fulfilling prophesy in space, consistent with the visionary
writing of Sir Arthur C.Clarke [20].
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