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ABSTRACT
In  the  1970s  members  of  the  British  Interplanetary  Society  (BIS)  completed  a  five  year  theoretical 

engineering design study of an interstellar probe. Project Daedalus was the first such study to move interstellar 
flight  from a subject  of  speculative fiction to one of  credibility feasibility.  In  2009 members  of  the  BIS,  in 
collaboration with the Tau Zero Foundation (TZF), initiated the follow-up study Project Icarus. This international 
volunteer project aims to evolve an improved engineering design based upon over three decades of technology 
and scientific advancements. As with Daedalus, the key to the design work is the engine, an inertial confinement 
fusion based system using a set  of  electron beam drivers to implode capsules of  deuterium and helium-3 to 
ignition. This paper will discuss aspects of the Daedalus engine design and consider some of the initial options 
being considered for how the Icarus engine design may differ from that of the Daedalus design as part of the pre-
concept design considerations. This paper is a submission of the Project Icarus Study Group.
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INTRODUCTION
Project Icarus is a volunteer initiative to design a  theoretical Starship, based on the original 1970s British 

Interplanetary (BIS) Project Daedalus design [1]. The design team is currently considering all the engineering 
systems, from the communications, materials and structure, instruments and payload, guidance and navigation, 
fuel acquisition and the propulsion. This paper focuses on the propulsion side of the current work and discusses 
options for redesign in the future. Although it should be noted that no decisions have yet been made ahead of 
down-select and the discussions presented here are only indications of directions that the design team may go.The 
Project Icarus Terms of Reference actually stipulate ‘The spacecraft propulsion must be mainly fusion based (i.e.  
Daedalus)”[2]. An ideal requirement for a deep space propulsion engine is the use of lightweight but energetic 
(high yield per unit  mass)  fuels.  Fusion propulsion offers advantages in performance that  far outweigh other 
propulsion schemes. This includes a range of T/W ratio where in particular a low T/W of around .0001 is possible 
with very high exhaust velocities of around 10,000 km/s. Also, low mass ratios with very high specific impulse of 
up to a million seconds appear credible.  Typical fusion reactions include hydrogen and helium isotopes such as 
D(T,α)n; D(D,He3)n; D(D,T)p and D(T,α)p.  The use of D/He3 reactions would seem to be the most promising 
fuel for an interstellar mission due to its increased performance and low numbers of neutrons. 

The physics of fusion research has moved forward dramatically in recent years with the US National Ignition 
Facility (NIF [3]) now operational and others such as Laser MegaJoule (LMJ [4]) in France under construction. 
Fast ignition proposals such as HiPER [5] are also under consideration. The chances for scientists finally solving 
the ‘fusion problem’ are greatly increased. With this in mind, thinking about the implications to a deep space 
missions is timely. It is quite possible that the demands of a fusion based drive will necessitate a sophisticated 
space based infrastructure for resource acquisition, processing, manufacture and construction. Especially if He3 
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mining  of  the  gas  giant  Jupiter  or  even  the  Moon is  considered.  However,  as  a  theoretical  exercise  in  the 
application of extreme science and engineering Project Icarus has a large amount of intrinsic worth. We discuss 
some of the options under consideration for the Icarus primary engine design.

1. DAEDALUS ENGINE REVIEWED
The two-stage Daedalus spacecraft was a pulsed fusion system whereby small pellets of fusion fuel would be 

injected at a high velocity into a reaction chamber, and compressed to ignition by the irradiance of high energy 
electron beams. The resulting fusion reaction products in the reaction chamber would be directed axially rearward 
from the main vehicle by a number of field coils acting as a magnetic nozzle. The ejector would be responsible for 
an overall  momentum transfer mediated by magnetic fields interacting with the reaction chamber. The major 
elements of the propulsion system include [6, 7]: propellant storage, pellet injection gun, electron beams, reaction 
chamber, magnetic nozzle coils and transmission lines. These are briefly discussed. 

Fig. 1.  Schematic of Daedalus Engine (Copyright: British Interplanetary Society)  

The Daedalus first stage engine cycle was for 2.05 years, and a second stage cycle for 1.76 years. This made 
for a total boost period of 3.81 years, and a final cruise speed of 0.12c. The Daedalus spacecraft was to carry 
50,000 tonnes of propellant. The core of a fuel pellet was a D/T trigger, to ignite the D/He3 fuel. The entire pellet 
was coated with a  superconducting shell  which was required  so  that  the  pellet  could be  electromagnetically 
accelerated  from the storage  tanks  to  the  reaction chamber.  The storage  tanks  were  spherical  in  shape,  and 
cryogenically cooled to a temperature of 3 K while being maintained at a constant pressure of 0.812 atm, to 
maintain the He3 liquid state. The fuel pellet injection gun was designed to direct the fuel pellets into the main 
reaction chamber at a rate of 250 pellets/s by using a 15 Tesla travelling magnetic wave to impart momentum to 
the pellet, accelerating the pellets at a rate of 3.83x107 m/s2 (1st stage) and 8.21x107 m/s2 (2nd stage). To minimize 
energy dissipation in the coils, they were to be cryogenically cooled to about 20 K. The pellet injection system 
was a particularly massive component in the overall propulsion system, with the bulk of the mass being in the 
cooling system mass (40 tonnes in 1st stage and 4 tonnes in 2nd stage) and the capacitor mass (29.6 tonnes in 1st 

stage and 0.79 tonnes in 2nd stage).
Once accelerated, the pellets would be ignited within the reaction chamber. A number of diodes capable of 

emitting nanosecond pulse beams of relativistic electrons were focused on to a specific location. Due to the high 
gain of the system, each cycle would generate enough energy to power the subsequent cycle, and the process 
would continue as required. The energy for the next pulse is accumulated while the plasma ball is expanding and 
exiting the chamber. This type of “bootstrap” eliminates the need for a separate system to power the electron 
beams. While such an approach seems feasible as stated, it is critical that the pellet arrive precisely at the target 
point at precisely the right time for the electron beams to intercept it. This must occur at 200 ms intervals. The 
pellet must be in flight to the target point soon after the detonation of its predecessor. Velocity control, timing of 
pellet release and of electron discharge are all critical. Given the tremendous advances in electronics parts over 
the past decades, the design clearly needs to be revisited. The pulse forming line being basically a “ladder” of 
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capacitors and inductors immediately suggests that the modern super capacitor technology alone should have 
enormous impact upon design. 

The shell of the reaction chamber is expected to expand and contract with each pulse. The fusion pulse and 
the resulting magnetic field compression force the shell outward. As the plasma exits and the field expands back 
to its original shape, the shell  springs back to its original shape. Unrestrained, the shell  overshoots toward a 
collapsed condition. The next pulse catches it and pushes it back out before it reaches the full inward position. 
This  limits  the  inward  motion.  However,  in  the  event  of  a  misfire  or  a  normal  shutdown there  will  be  no 
subsequent pulse and the chamber wall will be free to proceed to its innermost position before rebounding. The 
concern is that rather than rebounding, the shell would simply crumple as it contracted. Because of the large area 
of the chamber, skin gauges were held to a minimum to minimize mass. In order to obtain the desired stiffness, a 
double wall design was postulated, pressurized internally with an inert gas. This is an ingenious solution and 
would probably afford the desired stiffness. Unfortunately, it is also a potential single point failure which would 
doom the mission. Given the large area, the probability of a meteoroid or debris impact is significant. Any such 
impact would allow the pressurant gas to escape with resulting loss of rigidity and ultimate failure. Some sort of 
pressurized honeycomb structure might help localize the depressurization but it is not clear that this would be 
sufficient. Each fusion pellet is assumed to be accelerated to a substantial velocity by a travelling wave accelerator 
interacting with a thin superconducting coating on the pellet. 

The ignited fusion fuel would reduce the pellet to an expanding plasma radiating from ignition point. The 
basic concept of the reaction chamber was to enclose the electromagnetic field of the plasma in a conducting 
shell. The hemispherical shell would perform as a shock absorber, which would absorb the momentum of the 
plasma and transmit it to the vehicle. The process would occur rapidly, over a few microseconds, and the rise and 
fall in magnetic pressure would be received by the shell as an impulse which set it in motion. The shell would 
then relax, and become set in motion once again, by the next pellet. The reaction chamber would experience a 
constant forced oscillatory motion for the duration of the acceleration. The reaction chamber would need to have a 
low density to conserve mass. It would also need a high temperature capability, and a high electrical conductivity. 
The first stage reaction chamber had a mass of 218.7 tonnes, and the second reaction chamber mass would be 25 
tonnes. For the Daedalus spacecraft, Molybdenum was chosen since it met all the requirements. This is not an 
unreasonable choice but should be revisited given materials advances. For example, the temperature expected is 
within the  range covered by Columbium (niobium)  which is  considerably less  dense than molybdenum thus 
offering a  weight  saving.  Carbon-carbon and carbon – silicon carbide materials  are  also possibilities.  These 
materials offer higher operating temperatures (probably not of great importance) and much lower density than the 
metals. The latter characteristic could offer considerable mass saving. 

It was envisioned that the electron beams will be fired radially inward in the exit plane of the hemispherical 
chamber. Some of the same concerns as for the pellet might be applicable here. The magnetic field is intended to 
be shaped so that the radially inbound electrons do not have to cross magnetic field lines. There would seem to be 
some risk that the magnetic field will not be this cooperative given the dynamics of the situation. The electron 
beams are fired inward in a single plane and would therefore impinge upon the pellet in a single plane. This would 
cause  the  majority  of  the  compression  to  occur  around  the  “equator”  of  the  pellet.  There  are  compression 
uniformity requirements for ICF capsule and it is possible that one result of the Daedalus scheme is for most of 
the material to “squirt out” in a direction normal to the impact plane resulting in little or no fusion occurring; 
although the existence of a plasma corona may result in a uniform compression distribution.

The primary means of controlling and expelling the plasma is the magnetic field in and immediately outside 
the exit of the reaction chamber. It is desirable that the plasma be expelled as nearly in a parallel beam as possible 
in order to achieve maximum propulsive effectiveness. The hemispherical shape does not achieve a parallel beam. 
There is some divergence. A possible option is a parabolic chamber rather than hemispherical. This might give a 
more nearly parallel beam. The parabolic shape would probably be heavier but if higher performance is achieved 
this might trade favourably. A parabolic shape with the fusion occurring at the focus would probably be more 
convenient for placement of electron beams or lasers to provide uniform spherical coverage. The issue of chamber 
flexing and possible fatigue becomes more severe because the structure would have time to go through several 
full cycles of oscillation between pulses. Since the deflection in the first few oscillations at least will be of much 
greater magnitude than that experienced in the 250 Hz case some structural concerns may arise. It is also true that 
the lower frequency will give much “rougher ride” to the payload and may interfere with guidance and control 
functions. A possible concern is the cyclic loading imposed by the pulsating nature of the propulsion system. The 
structure should be examined for high-cycle fatigue. This may be less of an issue because the relatively high 
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operating temperature may tend to anneal the fatigue damage. Creep over the long operating time may be an issue 
depending upon the material and should be evaluated. 

2. IGNITION OPTIONS FOR THE ICARUS VEHICLE
The key requirement to attaining ignition is the fusion triple product which states that the product of the 

temperature, particle density and plasma confinement time must be  ≥1021m-3sKeV as defined by the Lawson’s 
criterion [8]. This is achieved by two main routes. Firstly, one can utilise a low density (~1014cm-3) of particle and 
confining the plasma magnetically for a long time (~seconds) –  Magnetic Confinement Fusion (MCF) [9]. The 
other route is to utilise a high density (~1023cm-3) of particles but for a short time (~ns) such as using laser beams 
which deliver ~1MJ to the target –  Inertial Confinement Fusion (ICF) [10]. This was the route adopted for the 
Daedalus study.  Typically a plot of the reaction average cross section as a function of plasma temperature will 
show that D/T reactions will ignite at the lowest temperature, followed by D/D and D/He3. A technical issue for 
any fusion based space propulsion is the choice of fuel to use. D/T has the lowest ignition barrier due to the high 
ratio of neutrons (binds nuclei via strong force) to protons (repels nuclei apart via Coulomb force).

The Daedalus design required  ~3×1010  pellets  which equated to an annual  production rate  of  ~1,000 per 
second which would produce ~1.5×1024 neutrons per second for the first stage and ~1.1×1023 neutrons per second 
for the second stage. The confinement of a fusion pellet is complicated by the interaction of the beam, where for a 
laser mass is initially lost to the surface via ablation and sets up a coronal plasma layer limiting the penetration to 
a  critical  density  surface,  and  instead  it  is  absorbed  into  the  electrons,  mainly  by  collisional  inverse 
Bremsstrahlung, collisionless resonance absorption and parametric instabilities. The electrons transport the energy 
inwards to transfer their energy into the thermal energy of the compression. Convergent shocks with an implosion 
velocity of ~4×107cm/s then compress the fusion fuel up to 100 times that of lead producing a high temperature 
108K hot spot at  the centre of the pellet  so the fusion reactions can begin depositing alpha particles into the 
surrounding high density but cooler fuel, defining the point of ignition. Provided this burn up occurs faster than 
the  time  for  the  pellet  to  expand under  its  own pressure,  then 10s  MJ’s  of  energy would be liberated.  The 
objective is to achieve energy gain; i.e. more energy would be released from the fusion reaction than the driver 
energy  required  to  achieve  the  compression  and  burn.  To  achieve  this  process  in  a  spacecraft  is  no  small 
challenge. The spacecraft must have the apparatus of a driver beam (laser, electron) and some way of accelerating 
the pellets into the target chambers. Electron beams would then confine each pellet for a fraction of a second until 
ignition  conditions  were  achieved.  This  entire  operation  is  a  technical  challenge  in  itself  even for  a  reactor 
stationed on earth. 

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 [11]. 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 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 modelling 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 short 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 
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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. 

In 2007 a new fusion opportunity became apparent [12] in an alternative route to ignition based around the 
ICF concept and using the principle of shock assisted central ignition, otherwise known as  Shock Ignition. The 
primary drive pulse is initially used to slowly compress the gas to high density and a pressure of several hundred 
Mbar due to spherical convergence amplification, but under the threshold required for ignition. The return shock 
wave centrally reflects and begins to travel outwards. But before this happens a second ignition pulse is sent into 
the capsule and the ignitor shock eventually collides with the outgoing return shock from the first pulse, sending a 
collision shock back inwards  and thereby heating the  central  hot  spot  to  ignition conditions.  Shock ignition 
therefore depends upon the dynamics and interaction of three shock waves: (1) initial-return shock (2) ignitor 
shock (3) collision shock. This is a simple scheme and does not require the use of any short pulse lasers. This will 
minimize any laser-plasma instabilities. Some authors are already claiming that with this scheme ignition can be 
achieved for a much lower driver requirement (e.g. <1MJ, c.f >1MJ NIF) and potentially give much larger energy 
gains for the same driver energies as typical NIF conditions (e.g. >150-200, c.f 10-20 NIF) [13]. These factors 
suggest that shock ignition is a contender for enabling a cheap, simple route to Inertial Fusion Energy (IFE). In 
theory,  shock  ignition  requires  less  driver  energy,  has  few  hydrodynamic  or  laser-plasma  instabilities,  the 
performance is enhanced by the electron preheat and yet  the potential for an order of magnitude higher gain 
compared to conventional ICF systems is apparent. With gains of ~150-200 predicted for NIF type capsules, using 
a capsule that is even double the size will likely approach a gain of order ~1000, thus approaching the high gains 
ideal  for  space  propulsion.  The  simplicity  of  the  capsule  designs  also  means  that  the  high  repetition  rate 
detonations required for high exhaust velocity fusion based engines, is credible. Although the Project Daedalus 
250 Hz seems exceptionally high, repetition rates of 10s Hz are credible and shock ignition is one of the few 
schemes that may offer this performance.

Another option is Plasma Jet Magnetic Inertial Fusion (PJMIF) [14] which can be called a hybrid approach 
between MCF and ICF. A magnetized plasma target is confined inertially (like ICF) by imploding plasma jets, 
and electron thermal conduction is suppressed by internal, usually closed field lines. The suppression of thermal 
conduction is important because this way we prevent the precious energy from flowing away from the reaction 
domain. There is no material shell close to the plasma, so PJMIF provides an elegant solution for the stand-off 
problem (which refers to the issue of surrounding equipment being damaged during the fusion process). The time-
scale of the whole process is supposed to be on the order of several microseconds, where the confinement time is 
proportional  to  the  jet  velocity over  jet  length ratio.  The operational  parameter  space (primarily density),  is 
intermediate,  between  ICF and  MCF. The  higher  densities  of  fuel  compared  with  MCF  mean  that  reacting 
volumes are smaller by orders of magnitude,  and the magnetized target  may permit  lower power drivers for 
implosion and confinement compared with ICF, resulting in a potentially low cost development path to fusion. 
Target magnetization can be achieved in several ways,  of which probably the easiest one is so called “field-
reversed  configuration”  (FRC)  and  this  is  a  well-known  topology,  with  many  techniques  for  forming  such 
plasmas, Target magnetization plays a key role in reducing thermal losses, by confining the hot ions within the 
magnetic field. The idea is to use the converging plasma jets as a “spherical piston” for compression and as the 
magnetized target compresses, its magnetic field strength should increase rapidly, since its strength is inversely 
proportional to the radius of the target. Therefore, PJMIF intends to apply high-compression, pulsed operation, by 
imposing a high-energy plasma liner on the target while preserving a strong magnetic field around the target that 
would hopefully significantly reduce thermal losses and therefore allow easier access to nuclear fusion.

By introducing a magnetic field in the target, the requirements on the initial jet energy may be significantly 
lowered, because thermal losses are cut during the compression and so better overall efficiency may be achieved. 
Lower initial jet energy requires less power capacitors and this may result in a more compact system. If proven, 
PJMIF would require vastly lighter and smaller facilities than those needed for MCF and ICF. 

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,  which 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×B force to drive the implosion of the plasma. 
The best-known facility today is the US ‘Z-Machine’ [15] which is the largest x-ray generator in the world. 
Another approach to obtaining fusion ignition is known as Inertial Electrostatic Confinement and is the basis of a 
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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. 

Finally, we mention the possibility of using antimatter based fuels in the ignition process although there are 
technical issues associated with production, storage and gamma-rays which make up most of the energy release. It 
may be possible to use Antimatter Catalyzed Fusion reactions. This was the proposal for AIMStar and is the name 
of a spacecraft design that utilizes antiprotons to catalyze fusion reaction in an inertially confined pellet, being 
developed at Penn State University [16]. The idea behind the AIMStar engine operation is to gravity inject small 
quantities, around 42 nanograms, of D/He3 fuel droplets into a cloud of 1011 antiprotons. In an effort to justify the 
utility  of  moderate  amounts  of  antimatter  for  use  in  space  propulsion,  the  same  team created  the  ICAN-II 
spacecraft concept [17], which works upon similar principles except that it utilizes antiproton catalyzed micro-
fission (ACMF) reactions. In particular, the released neutrons from the proton-antiproton annihilation reaction go 
on  to  cause  fission  within  the  fissionable  material  that  coats  the  pellet.  This  is  a  somewhat  less  ambitious 
objective and is appropriate for a propulsion system designed for interplanetary missions such as to Mars within 
30 days and a return mission within 120 days. These vehicle concepts will be studied further by the design team in 
the coming months.

CONCLUSIONS
When reviewing the 1970s Project Daedalus engine design, there are plenty of options for a modern team to 

consider when evolving design variants. Some of these have been discussed in this paper, including potential fuel 
ignition methods such as direct/indirect drive, fast ignition, shock ignition, PJMF, ACMF and other options. This 
research will  continue for another year  until  the team is ready to close off  options and begin the process of 
evolving the Icarus vehicle.
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