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  The full human colonization of interstellar space will take a very long time, perhaps many 
centuries, but it is likely to happen as an inevitable continuation of the colonization of the solar system. A 
slow process of diffusion will occur, through the Kuiper belt, the Oort cloud and finally out into 
interstellar space. This is likely to begin within the coming centuries; although the exact ‘first launch’ 
date is a matter of rigorous debate within the interstellar community.1,2 Any strategic roadmap for 
interstellar flight needs to encompass three key elements (1) The identification of a suitable 
astronomical target (2) The launch of unmanned probes to that destination (3) The launch of a full 
expedition fleet to the target solar system. But before you can begin the process of full interstellar 
missions you must first prove the pathways that allow you to incrementally reach that ultimate goal. 
 
 Arguably, the best way to demonstrate the plausibility of an ambitious mission like an interstellar 
flight is to build a less ambitious precursor mission that would have the capacity to prove ‘in the field’ the 
necessary technologies. Before we can launch human carrying vessels to the stars, we must first 
demonstrate these robotic missions over the same distance scales. These are known as interstellar 
precursor missions and are typical of proposed missions to 100 AU3, 1,000 AU and further.4 In the 1970s 
the US Space Agency NASA launched the Voyager I and II probes. Voyager I is still the most distance man-
made object ever sent into space. The Voyager and Pioneer spacecraft are arguably the world’s first 
interstellar precursor missions. Travelling at a mere speed of ~2-3 AU/year these spacecraft would take 
tens of thousands of years to reach the nearest line of sight stars. This emphasizes the need to develop 
new technologies and in particular in the field of space propulsion. 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.  
 
 To achieve an interstellar mission requires demands on technology that are unlike anything 
developed by previous generations. The requirements for interstellar missions were first studied by Les 
Shepherd in 1952 in a publication of the Journal of the British Interplanetary Society5. Since then they 
have been studied over the decades by other renowned physicists such as Spencer6, Cassenti7, Jaffe8, 
Dyson9, Forward, Bond10, Crawford11, to name a few. Several books have also appeared addressing the 
problem12,13,14. The consensus opinion seems to be that the first launch will occur somewhere in the 
~2100-2200 timeframe. In order to accomplish an interstellar mission in one to two centuries, requires 
high cruise velocities15 ~2700 AU/year or >4% of the speed of light, high spacecraft and propellant 
masses ~Mega tons, ~GW of power, high specific powers ~40-100 MW/kg, high ~Mega N thrusts, 100s 
billions GJ energy, varying accelerations 0.01 – 1 g and 10s-100s years of travel time of light years of 
space. In order to accomplish the mission in a century or so, calculations suggest the requirement for an 
engine exhaust velocity in the region of ~10,000 km/s equivalent to a specific impulse of ~1 million 
seconds. It will also cost more than any technology or science program in history and preliminary 
assessments suggest it will cost somewhere in the range ~$1-100 trillion for that first interstellar 
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attempt. Studies have shown that the cost is likely to have a strong dependence on mass in terms of 
product value $/kg.16 These numbers illustrate the grand challenge of interstellar flight are orders of 
magnitude away from today’s technological capabilities in space. But despite this, others who understand 
the problem, such as Robert Forward make bold statements such as: “Interstellar travel will always be 

difficult and expensive, but it can no longer be considered impossible”. Others, such as the science fiction 
writer Sir Arthur C Clarke also take an optimistic view of the problem. Writing in ‘Profiles of the Future’ 
in 1999, he said: “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.” Are we to ignore these interstellar luminaries and pull back from the brink of 
discovery? No; we embrace their optimistic vision for the future of humanity – we go forth and explore, 
to do the other things not because they are easy but because they are hard. For this is how the human 
race marches towards a better future for everyone. 
 
In the 1970s members of the British Interplanetary Society embarked on a theoretical design study 
called Project Daedalus, to prove that interstellar travel was feasible in theory17.  Project Daedalus was 
‘The First’ full systems integrated engineering design study for an interstellar flyby probe. It used inertial 
confinement fusion for its propulsion. In 2009 a new study was initiated called Project Icarus, which aims 
to redesign the Daedalus probe with a modified terms of reference and prove that interstellar travel is 
practically possible in theory18. Over the years, others have completed excellent interstellar spacecraft 
design studies to varying degrees of detail.19,20,21,22,23,24,25,26,27 
 
 Between launching the Voyager and Pioneer type missions and the eventual interstellar mission 
to ~272,000 AU away, the location of the Centauri A/B star system, lays a technological demonstration 
roadmap. This roadmap must form an important part of the 100 Year Starship StudyTM organization and 
its ambitions to see interstellar flight underway within a century from now. Robert Forward attempted 
such a plan in a 1976 paper, where he said: “I believe that interstellar exploration will happen sooner than 

we think”. The Forward optimistic 50-year program for (manned) interstellar exploration consisted of 
five phases:28 

• Phase 1 (15 years, ~few $million/year): mission definition studies, automated probe payload 
definition studies, development effort on critical technology. 

• Phase 2 (multi-$million/year): design and feasibility of ultra-high velocity propulsion systems in 
the fields of controlled nuclear fusion, elementary particle physics, higher powered lasers and 
thermonuclear explosions: 

• Phase 3 (multi-$billion/year peak): launch of number of automated interstellar probes for nearest 
star systems by 2000 AD. 

• Phase 4 (20 years): development of man-rated propulsion systems, return of automated probe 
data by 2000 AD. 

• Phase 5 (10-20 years): launch of manned exploration starship on 1-2 decade mission. 
Alternatively launch of Advanced Intelligence (AI) probes. 
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 Admittedly, this is an ambitious plan but it is important that we start with ‘a plan’, because it is 
from such a plan that the proper discussions and planning can proceed; a necessary condition for 
establishing a viable roadmap. Forward also made the point that the start of interplanetary space flight 
did not wait for the full and complete development of all the potentials of earth bound aeronautics. “We 

did not plan the space age but it came anyway”. Similarly we can expect that when the political will is 
there and the technology reaches fruition, interstellar travel will become inevitable. It is just a question 
of sooner or later. The advent of the 100 Year Starship StudyTM Symposium suggests that this time has 
now arrived.  
 
 To get to the first manned interstellar mission, we have studied the interstellar roadmap and 
designed several spacecraft concepts and technology options which are aligned to specific missions. 
Firstly we briefly discuss the missions and then we discuss the technologies for how they can be 
accomplished. Five key missions along the interstellar roadmap have been defined as necessary for both 
robotic and human pathways. These are missions to 200 AU, 1,000 AU, 3,000 AU, 32,000 AU and 272,000 
AU. In what follows is a description of the robotic and human pathways to accomplishing these various 
missions, including launch dates, durations and arrival dates. For the manned interstellar missions, we 
assume at the outset that the exploration of our own solar system is well under way and crewed 
spacecraft are out at the orbit of the gas giant Saturn at 10 AU. Small ‘Arctic-like’ colonies exist on the gas 
giant moons and the full colonization of the planet Mars is under way. Although these are not necessary 
conditions for the launch of the 200 AU and 1,000 AU return missions, it is our view that they are 
necessary for establishing the technologies and capability to perform the deep space non-return 
missions. 
 
 The 100 Year Starship StudyTM is the ultimate project management task. It is necessary at the 
outset to give each new generation a far reaching research target which incorporates goals and sub-goals.  
These goals are best manifested by actual (ambitious) space missions which ultimately culminates in the 
launch of a crewed Starship to Alpha Centauri or an otherwise determined mission target. It is assumed 
that working generations of people, spanning 20 years, will be the custodians of each mission, see it 
through design, build to launch, although overlaps between each mission will exist. Each generation will 
also continually review the plans for the future missions according to current developments, which will 
change the program timeline. This is to ensure that each mission over the next century as the planning 
takes place has continuity in stewardship. These are the custodians of the current and pending missions, 
each generation taking over from the previous generation, ideally with a few years overlap for education, 
training and knowledge capture. A Guild-like system is the proposed model to be adopted. The first 
generation will also have the task of establishing the 100 Year Starship StudyTM organization as a socio-
economically viable entity capable of bringing the vision to fruition. Each successive generation will then 
develop the next energy/power systems, whilst moving towards a more ambitious mission, which goes 
faster, further and carries a larger payload mass. 
 
 The five key generations over the next 100 years includes: Generation I (2011-2031), Generation 
II (2031-2051), Generation III (2051-2071), Generation IV (2071-2091), Generation V (2091-2111). 
After interstellar flight has began, the beginning of manned missions to the stars will also require a 
continued stewardship of these programs, managed by further generations: Generation VI (2111-2131), 
Generation VII (2131-2151), Generation VIII (2151-2171), Generation IX (2171-2191) and Generation X 
(2191-2211). By the time of Generation X mankind’s colonization of the nearby stars will be well under 
way and the settling of Earth II and the surrounding space may be just beginning. 
 
 The design-build-launch service element of each mission is represented by the Product Lifecycle 
Management (PLM) practice we adopt. This contains ten key phases. These are: Requirements Definition; 
Concept Design; Preliminary Design; Detailed Design; Validation and Analysis; Manufacture; Build; Test; 
Mission Launch; Mission Support. Examining two human spaceflight programs we can use these as a 
baseline for cost distribution of programs. For the US Space Transportation System, Space Shuttle, the 
cost distribution was 5% (Research & Development), 37% (Construction & Production), 58% 
(Utilization). For the International Space Station, the cost distribution was 4% (Research & 
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Development), 45% (Construction & Production), 51% (Utilization).29 For both manned and unmanned 
missions within the solar system it is expected that these cost ratios should be approximately the same 
and are applicable to almost all system developments. For the interstellar roadmap missions, we start 
with an assumed 5% (Research & Development), 45% (Construction & Production), 50% (Utilization). 
This is also considered applicable to the 200 AU and 1,000 AU (return) missions but for the later 
missions (3,000+ AU) the utilization was reduced gradually until it was at a minimal level. However, as 
the probes advance outwards as part of a colonization strategy the ratios will change. This is because the 
missions that go beyond 1,000 AU are colonization vessels and therefore are not returning. The only 
Earth support would be in the form of data communication and perhaps any robotic resupply craft. 
Instead, nearly all of the cost distribution will go into the Construction & Planning phase, with a minor 
addition to the Research & Development phase. 
 
 The charts below show the cost estimations for the different missions, accumulated throughout 
the Research & Development, Construction & Planning, Mission Launch & Utilization phases. The 200 AU 
mission has a total annual budget of ~$3 Billion (unmanned) and ~$30 billion (manned) over the total 
design-mission end lifecycle. The 1,000 AU mission has a total annual budget of ~$10 Billion (unmanned) 
and ~$100 Billion over the total lifecycle. The 3,000 AU mission has a total annual budget of $30 Billion 
(unmanned) and $300 Billion over the total lifecycle. The 32,000 AU mission has a total annual budget of 
$100 Billion (unmanned) and $1 Trillion (manned) over the total lifecycle. Finally, the full interstellar 
mission to 272,000 AU (assumed to be the Centauri A/B system 4.3 ly away for this model) has a total 
annual budget of $1 Trillion (unmanned) and $10 Trillion (manned) over the total lifecycle. These costs 
are approximations and greater modeling fidelity, including sensitivity studies of model assumptions, is 
required to construct a more viable roadmap. The total program costs for the interstellar roadmap 
compute to $12.6 Trillion. Most of this is down to the manned missions at $11.4 Trillion (~91%) with 
only a minor contribution from the unmanned missions at $1.1 Trillion (~9%). 
 
 

Unmanned Interstellar Mission Budget
Peak ~$140 B/Year (not shown for clarity)
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Crewed Interstellar Mission Budget
Peak ~$1,960 B/Year (not shown for clarity)
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STRATEGIC ROADMAP TO INTERSTELLAR FLIGHT 

Unmanned Missions Manned Missions 
Mission $Billion/Year, 

Payload Mass tons, 
Design-Launch time 
(Years), 
Custodian 
Generation, 

Launch (Duration) 
Arrival Dates, 
Cruise Speed AU/Year 
(km/s), 

$Billion/Year, 
Payload Mass tons, 
Design-Launch time 
(Years), 
Custodian 
Generation, 

Launch (Duration) 
Arrival Dates, 
Cruise Speed AU/Year 
(km/s), 

200 AU outer 
solar heliosphere 

$3B/Year, 
0.5 tons, 10 Years, 
Gen. I, 

2021(20 Years)2041, 
10AU/Year  
(50 km/s), 

$30B/Year, 
100 tons (10 people 
return trip), 20 Years, 
Gen. II, III, IV, V 

2061(50 Years)2111, 
10 AU/Year (50 km/s), 

1,000 AU outer 
bounds 
gravitational lens 
point/dwarf 
planet 

$10B/Year, 
1 ton, 15 Years, 
Gen. I, II, III 

2041(25 Years)2066, 
40 AU/Year  
(190 km/s), 

$100B/Year, 
1,000 tons 
(100 people return 
trip), 23 Years, 
Gen. IV, V, VI, VII, VIII 

2101(60 Years)2161, 
33 AU/Year (160 km/s), 

3,000 AU Deep in 
Oort Cloud 

$30B/Year, 
10 tons, 20 Years, 
Gen. II, III, IV 

2051(30 Years)2081, 
100 AU/Year  
(500 km/s), 

$300B/Year, 
10,000 tons 
(1,000 people non-
return trip), 23 Years, 
Gen.V, VI, VII, VIII, IX 

2121(60 Years)2181, 
50 AU/Year (240 km/s), 

32,000 AU (0.5ly) 
Outer Oort Cloud 

$100B/Year, 
50 tons, 20 Years, 
Gen. III, IV, V 

2071(40 Years)2111, 
800 AU/Year  
(3,800 km/s), 

$1,000B/Year, 
100,000 tons 
(10,000 people non-
return trip), 25 Years, 
Gen. VI, VII, VIII, IX, X+ 

2141(100 Years)2241, 
320 AU/Year (1500 
km/s), 

272,000 AU 
(4.3ly) 
Interstellar trip 

$1,000B/Year, 
100 tons, 20 Years, 
Gen. IV, V, VI, VII, VIII, 
IX, X 

2111(100 Years)2211, 
(2,700 AU/Year  
(12,900 km/s), 

$10,000B/Year, 
1000,000 tons 
(100,000 people non-
return trip), 28 Years, 
Gen. VII, VIII, IX, X+ 

2161(150 Years)2311, 
1800 AU/Year (8,600 
km/s), 

* for manned missions 10 tons/person was assumed to be adequate. 
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 We now briefly discuss the propulsion technologies for these different missions. The 200 AU 
mission can be accomplished using solar sail, ion engines, nuclear thermal rockets or plasma drive 
propulsion options. These have all demonstrated proof of concept in the laboratory or in a space 
environment and all can be made to reach technological maturity within a decade from now, should the 
investment be available. The 1,000 AU and 3,000 AU missions can also be accomplished with these 
propulsion technologies, although there may be a need to develop nuclear-electric engines as an 
alternative and high performance option. The 32,000 AU mission can in theory be accomplished with 
solar sails or even advanced forms of ion drives, but higher performance options also exist, including 
nuclear fusion propulsion, antimatter engines or fusion-antimatter hybrids. Beamed sail propulsion also 
offers an alternative. The 272,000 AU (interstellar) mission can also be accomplished with these 
advanced propulsion options.  
 
 To bring these propulsion concepts to fruition requires a well organized research program and 
using the tools of Technology Readiness Levels (TRLs).30 This research program must focus on research 
into technology developments for propulsion methods which can be grouped into three categories, in a 
similar, but modified way to others.31 Near Term technologies at TRL of 6-9 which includes chemical, 
electric and nuclear thermal propulsion schemes for Starship mission support activities available in the 
time frame 2011-2021. Mid-term technologies at TRL of 3-6 which includes advanced chemical, high 
power electric/plasma propulsion, for solar system exploration,  and also the potential of basic fusion 
engines, available in the time frame 2021-2061. Far-term, potentially 'disruptive' technologies at TRL of 
1-3 and includes advanced plasma propulsion, advanced nuclear propulsion, gas core rockets, fusion and 
antimatter schemes, available in the time frame 2061-2111. A background level of research into TRL of 1 

                                                 
30 J.C.Mankins, “Technology Readiness Levels”, A White Paper, NASA, 1995. 
31 G.R.Schmidt and M.J.Patterson, “In-Space Propulsion Technologies for the Flexible Path Exploration Strategy”, Presented 61st IAC Prague, 2010. 
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(conjecture) would also be performed so as to facilitate new ideas, particularly pertaining to 
Breakthrough Propulsion Physics concepts, e.g. Space drives32. The emphasis on all research is to 
perform a high-risk/high-gain investment, but with a clear demonstration of proof of concept as methods 
advance up the Technology Readiness Ladder. This will be incentivized through Phase A/B/C studies 
using a grant award system. The progress of these technologies through the TRLs depends upon two 
crucial aspects (1) demonstrating the physics proof of concept, principles of operation, and performance 
(2) demonstration of the engineering principles and mechanics required to ensure that performance. 
Finally, once a concept has been demonstrated in these two areas, a viability assessment must be 
performed along the lines (3) proof of an economically beneficial option when compared to existing 
alternatives. The physics, engineering and economics leads to the path of full maturity and in service 
production.  

   
Icarus Pathfinder Probe                                     Icarus Starfinder Probe 

 
 We have developed design concepts which can fulfill these missions.33 One is known as the Icarus 

Pathfinder Probe. This is a spacecraft concept that is capable of reaching 1,000 AU using a either ion 
engines or advanced VASIMR-type propulsion systems. Missions beyond a few thousand AU require 
more advanced propulsion technology with high performance exhaust velocity engines, and we have 
developed a design concept to fulfill these missions known as the Icarus Starfinder Probe, capable of 
reaching into the Oort Cloud and beyond. The Pathfinder and Starfinder Probe concepts are options for 
the interstellar roadmap to be studied in more detail, with emphasis on performance optimality, mass 
budget distributions and power requirements. 
 
 Once the interstellar robotic precursor missions have been demonstrated or are nearing 
completion, the human crewed missions follow along closely behind. Ultimately, to settle the Oort Cloud 
or the nearest stars will require huge colony vessels known as ‘Slow Boat” Spacecraft that take of order a 
century of so to travel to the nearest stars. With a spacecraft mass of tens of thousands of tons carrying a 
million tons of fuel, these vessels would travel at nearly ten percent of the speed of light, carrying a 
population of hundreds which rapidly grows to thousands. Following along closely behind is the massive 
World Ships, several hundreds of kilometers in length travelling at only a few percent of the speed of 
light and perhaps taking a several centuries to reach the nearest stars.34,35,36,37 These vessels will be the 
flagships of the fleet sent to settle those distant star systems and begin the slow colonization of Earth II. 
 
 The ambition of interstellar flight has been the subject of many science fiction novels and 
continues to inspire a large number of academic papers and books. Despite this interest, it has generally 
been the public belief that interstellar flight is speculative engineering. In 1969 man landed on the Moon, 

                                                 
32 M.G.Millis, “Challenge to Create the Space Drive”, Journal of Propulsion & Power, 13, 5, 1997. 
33 K.F.Long and R.Obousy, “Starships of the Future, The Challenge of Interstellar Flight”, Spaceflight, 53, 4, 2011. 

 
34 A.Bond and A.R.Martin, “World Ships – An Assessment of the Engineering Feasibility”, JBIS, 37, 6, 1984. 
35 A.R.Martin, “World Ships – Concept, Cause, Cost, Construction & Colonization”, JBIS, 37, 6, 1984. 
36 O’Neill, G.K, “The High Frontier: Human Colonies in Space”, Space Studies Institute / Space Frontier Foundation / Apogee Books, 1976, 2000. 
37 K.F.Long, P.Galea & A.Man, “Brave new Future Worlds, Futuristic Journeys to Distant Stars”, Spaceflight, 53, 11, November 2011. 
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but before that stupendous achievement could be realized it had to first be demonstrated that such a 
thing was possible in theory. Hence in the 1930s members of the British Interplanetary Society (BIS) 
undertook a study for a Lunar Lander38, presenting the first such engineering concept and moving the 
subject from speculative fiction to credible engineering. The preliminary roadmap presented here 
demonstrates that interstellar flight, far from being in the distant future, is in fact imminently feasible. It 
has been the visions of science fiction for many years39,40 , but if we start the foundations today through 
the formation of the 100 Year Starship StudyTM, then - ‘the time for the stars’ is now.41 
 

 
Icarus World Ships Arriving at Earth II42 

 
 
 
 
 

                                                 
38 H.E.Ross, “The BIS Space Ship”, JBIS, 5, 1939. 
39 P.Anderson, “Tau Zero”, Doubleday, 1970. 
40 A.C.Clarke, “The Songs of Distant Earth”, Del Rey Books, 1986. 
41 R.Heinlein, “Time for the Stars”, Victor Gollancz Ltd, 1963. 
42 Graphics throughout this roadmap work were developed by Adrian Mann & Kelvin Long / Icarus Interstellar/ 


