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Long term thinking

• We tend to 
underestimate what 
we can accomplish on 
long timescales.



Ideal Rocket Equation

Konstantin Tsiolkovsky

Formulated the “aviation formula” in 1887
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~18km/s, 3.8AU/year, Jan 06

V2

~17km/s, 3.3AU/year, Sep 77

V1
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P11
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~13km/s, 2.6AU/year, Mar 72

Interstellar Precursor Probes



Why Fusion?

• Believed to give:

– High Isp/Vex

– Proven science & near 
term technology

– But Low T/W



Project Orion (1950s-
1960s)

http://upload.wikimedia.org/wikipedia/commons/7/76/ProjectOrionConfiguration.png


Bussard, R.W, Galactic Matter & Interstellar 

Flight, Astronautica Acta, 6, pp.170-

194, Fasc.4,1960.

Bond, A. An Analysis of the Potential 

Performance of the Ram Augmented 

Interstellar Rocket, JBIS, 27, 9, pp.674-685, 

September 1974.

Interstellar Ramjet (1960)



Project Daedalus

Adrian Mann (www.bisbos.com)

http://www.bisbos.com/


Project Daedalus

Fusion Spacecraft Design study

– Considered the challenges of 

interstellar travel

– Used current/near-future technology

– Reach destination within a human 
lifetime

– Allow for a variety of target stars



Inertial Compression Fusion –
Daedalus style

http://www.bisbos.com/space_n_daedalus_prop.html

1 Pellet injection gun

2 Superconducting 

field coils (4)

3 Electron beam 

generators

4 Plasma exhaust jet

5 Magnetic field

6 Energy extraction 

coils

7 Frozen nuclear 

pellet

8 Nuclear explosion

9 Reaction chamber 

Copyright: Adrian Mann ©

Bisbos.com

http://www.bisbos.com/space_n_daedalus_prop.html
http://www.bisbos.com/


Challenges for Daedalus

• Pellet trajectory

• Electron beams

• Tritium trigger

• Firing rate

• Pressurant Mass

• Fuel DHe3



It’s a
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Project Icarus

• British 
Interplanetary 
Society initiative 
originally in 
collaboration with 
Tau Zero 
Foundation

http://www.bis-spaceflight.com/sitesia.aspx/page/1959/l/en-gb


Purpose

• To design a credible interstellar probe that is a 
concept design for a potential mission

• To allow a direct technology comparison with 
Daedalus and provide an assessment of the maturity 
of fusion based space propulsion 

• To generate greater interest in the real term 
prospects for interstellar precursor missions 

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



Case Study: Fuel Acquisition

• Daedalus mission to mine He3 
from the atmosphere of Jupiter

• Alternatives include 
– Solar wind

– Asteroids

– Comets

– Accelerator

– The Moon

– Other planets or moons

Planet Jupiter Saturn Uranus Neptune

Distance (AU) 5.2 9.5 19.2 30.1

Vescape (km/s) 59.5 35.5 21.3 23.5

Atmosphere * 89%H, 10%He 95%H, 3%He 83%H, 15%He 80%H, 19%He



Early Thinking

• Daedalus and payload were too massive

• Jovian gas giant mining not ideal and would likely necessitate 
wide scale solar system economy first

• Pulse frequency too high

• Flyby not useful compared to future solar system based 
observations

• Also competing views
– Eg Fast cruise (0.15-0.2c) versus slow cruise (<0.05c)

– Eg Early design decisions versus late design decisions

– Eg Massive space based infrastructure versus moderate infrastructure

– Eg Flyby versus complete deceleration



Icarus Interstellar



Concept Design Competition

• Key parameters –
propulsion system 
and fuel

• Concept Design 
workshop 9 months
later at the BIS HQ 



Project Icarus - ResolutionProject Icarus – Resolution



Resolution



Project Icarus – UDD Concept



UDD Concept



UDD Concept 

• Advantages:
– Circumvent compression stage, allows direct ignition (absence

of hydrodynamic instabilities and reduced plasma-laser
interaction consequences).

– Single PW-scale laser ignition reduces the system complexity,
mass.

– Gains depend solely on the size of the target.
– Uses D and converts it to UDD on-board; D is abundant, stable,

non-toxic and magnitudes cheaper to produce than i.e. 3He.
– Allows for multi-engine, modular design which greatly increases

overall system robustness and reliability,

• Disadvantages:
– Is UDD real?

• IF it is: could be a winner.



Project Icarus - Ghost
Project Icarus – Ghost





Basic Characteristics

Characteristic Selection / Value

Fusion stages 1 for acceleration
& deceleration

Decelaration 
propulsion

Magnetic sail

Fusion scheme Deuterium –
Deuterium

Fusion Isp 540,240 s

Mission duration 100 years

Overall mass 153,940 tonnes

Payload mass 150 tonnes

Dry mass 3351 tonnes

Configuration

1. Dust Shield

2. Payload

3. Magnetic Sail

4. Tank Sections

5. Radiators



Revised Ghost Mission Design

• Optimum via Trade Space Analysis

• Duration = 118.5 years

30

Acceleration Cruising

phase

Deceleration 

MagSail

Deceleration 

fusion

Target system

operation

Distance 0.37 ly 3 ly 0.02 ly 0.0024 ly -

End 

velocity

5% c - 3470 km/s 150 km/s -

Duration 25.63 y 56.43 y 36 y 0.229 y -



Revised Ghost Mass Budget
Spacecraft element Mass 

[mt]

Tank mass 927 

Payload mass 150 

Sub system mass 4670 

Magnetic Sail 1785 

Truss structure 200 

Dust shield 15 

Power 20 

Communication 40 

ADCS 40 

Tritium production (deceleration) 95

D/T tanks, pellet manufacturing, transport 20 

Radiators 2500 

Fusion engine mass 11144

Laser system (Laser, Sphere, Light Tubes, Ampl.) 1000

Coils 500

UO2 9537

Neutron shield 82 

Accelerator 25 

Spacecraft dry mass 7444

Propellant mass 247100

Acceleration 242,500

Deceleration 4600

Spacecraft total start mass 263991



PROPULSION: PLASMA JET MAGNETO-
INERTIAL FUSION - ZEUS

● The PJMIF propulsion model is a 3 stage system without any moving parts, 
relying largely on magnetism to produce and direct a nuclear fusion reaction.

● The key structural components are a near-parabolic nozzle, 150 plasma jet 
rail guns, 2 theta pinch guns, and a system of superconductor coils.

● PJMIF uses these components to form a plasma pellet, pressurize it with a 
liner until fusion occurs, and evacuate the reacted particles by means of a 
magnetic field. 

● This process has the potential
● to produce unprecedented 
● amounts of thrust. 



ZEUS CONCEPT: 
AN INTERSTELLAR 

VOYAGE 
TO ALPHA CENTAURI

CREATED BY: THE PROJECT ICARUS TEAM @ DREXEL UNIVERSITY

PRESENTED BY: ZACHARY BLOCK, JOHN BRESLIN, 

DAVID EVINSHTEYN, DAMIEN TURCHI



Project Icarus - Firefly



Natural Pinches
Pinches occur naturally, with the most familiar being lightning.

The copper tube at the right 
(currently on display at the 
School of Physics, University of 
Sydney, Australia) was studied 
by Pollock and Barraclough in 
1905 after it was struck by 
lightning.



Shumlak’s ZaP Experiment
The ZaP Experiment was constructed in Shumlak’s lab at the University of 
Washington to confirm that sheared flow really does stabilize a Z-pinch.
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Image courtesy of Sean Knecht, UAW (2008)



Basic Z-Pinch Thruster Designs
Simplistic thruster design by Shumlak:
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Image courtesy of Marshall Space Flight Center (2000)

Slightly different design from NASA’s Marshall Space Flight Center:



Most Updated is Firefly



Fuel Selection: DT vs. DD vs. DHe3
The three most commonly studied fusion reactions are as follows, ranked in order of 
difficulty:
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D2 + T3 ?  He4 (3.49 MeV) + n0  (14.1 MeV) 
D2 + D2 ?  He3 (0.82 MeV)  + n0   (2.45 MeV)  
      ?  T3 (1.01 MeV) + p+  (3.02 MeV) 
D2 + He3 ?  He4 (3.6 MeV) + p+  (14.7 MeV) 

 

DT is the easiest, but it releases most of its 
energy in fast neutrons that aren’t usable for 
thrust. Tritium has a very short half-life anyway.

DHe3 is often considered as an alternative 
because it releases only charged particles, but 
unavoidable DD reactions generate neutrons 
anyway. And we can’t get He3 here on Earth.

So Firefly uses DD fusion.



Waste Energy: Neutrons & X-Rays
DD Fusion generates a LOT of waste energy:
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 Half of DD fusion reactions release a 2.45 MeV neutron.

 The other half of DD fusion reactions release a Tritium, which immediately 
reacts with Deuterium in the plasma to produce a 14.1 MeV neutron.

 Shielding these fast neutrons typically spawns energetic EM rays.

 Heating of electrons in the plasma produces Bremsstrahlung radiation, 
which is released in the form of X-rays.

Shielding any significant portion of this radiation would add prohibitive mass 
to the vessel, but an alternative is to design the vessel so that most of this 
radiation escapes directly into space.

The challenge is that X-rays easily penetrate low-Z materials (which lack the 
large electron clouds), while neutrons easily penetrate high-Z materials (in 
which the nuclei are widely spaced by their electron clouds).



Firefly Engine
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Firefly Engine
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Firefly – Shielding
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Firefly - Radiators



Firefly - Radiators



FIREFLY THERMAL CONTROL

• A liquid metal evaporates in the hollow structure 
capturing heat in its phase change

• The gas moves to the radiators, where it cools and 
condenses, expelling the heat. The liquid metal is 
pumped back to the main structure where the cycle 
begins again

Image: M Lamontagne



FIREFLY THERMAL CONTROL

• A superconducting magnetic coil and its shielding:

• The liquid metal coolant absorbs neutrons, the high density 
metal absorbs x-rays, heating up 

• The coolant evaporates, the gas carries away heat

• The multilayer insulation protects the superconductors from 
the thermal radiation from the hot shield

• Liquid nitrogen coolant 

removes any leftover heat

to be radiated away at low

temperature radiators

In the image the fusion

reaction is to the right

Image: M Lamontagne



Updated Firefly

Freeland II, R.M. & Lamontagne M, “Firefly Icarus: An Unmanned Interstellar 

Probe using Z-Pinch Fusion Propulsion”, JBIS, 68, pp.68-80, 2015.



Other fusion options

• NIF, HIPER

• MCF

• FRC

• MTF

• Various…and tipping point – private 
investment?



MCF - ITER in build



Other Near future - Solar Sails?
Uses solar pressure to push ultra-
thin thin sail to high speeds.

JAXXA

• IKAROS: Interplanetary Kite-craft 

Accelerated by Radiation Of the Sun

• Launched May 2010

• 315 kg

• Square sail, 20 m diagonal

• 75 micro-m sheet of polymide

• Spun at 20-25 rev/min to unfurl

• Propelled onto Venus.

• The first Solar Sail in history

http://upload.wikimedia.org/wikipedia/en/f/f7/Solarsail_msfc.jpg
http://en.wikipedia.org/wiki/File:IKAROS_IAC_2010.jpg




So this may take a little while:

http://www.google.com/url?sa=i&rct=j&q=U.S.S+Enterprise&source=images&cd=&cad=rja&docid=7aoMkXbdWlzMuM&tbnid=x41vZ8uRc2sREM:&ved=0CAUQjRw&url=http://en.memory-alpha.org/wiki/USS_Enterprise_(alternate_reality)&ei=apGiUfGqO8750gXswoDICA&bvm=bv.47008514,d.d2k&psig=AFQjCNELNtx6Mj5h9jUI1Qiad5Tgu2P_4Q&ust=1369694952955558


A few hundred years...?



Special thanks to:

http://www.bis-spaceflight.com/sitesia.aspx/page/1959/l/en-gb
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