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1. INTRODUCTION

Previous work has examined the likely first launch date of an
unmanned interstellar probe. Dyson [2] has looked at the econom-
ics of interstellar travel connected with Project Orion [3] and has
estimated that the cost of a 10,000 tonnes payload would be about
$1011 or the equivalent of $10,000 / kg. In 1968 the Gross National
Product of the United States was approximately $1 trillion (1968
dollars [4]) which means that the cost of the probe during this
period was ~0.1×GNP. Dyson assumed a growth rate of 4%
(ignoring inflation), which would imply a GNP of one thousand
times larger within 200 years (i.e. the year 2168) reducing the cost
of the probe to 0.0001×GNP. He concluded on the basis of this
assessment that the first interstellar probes would be built in 200
years from the time of his prediction in 1968.

Cassenti [5] considered maximum velocity trends throughout
history from the 1800s and projected them to the end of the 23rd

century. He looked at sailing ships (1800, 7-14 m/s), early race
cars (1900, 55 m/s), Earth escape velocity (1960, 11.1 km/s) and
solar escape velocity (1980, 12.5 km/s). He concluded that inter-
stellar missions on the order of 10 light years should be possible
200 years from his projection in 1982 (i.e. by the year 2182).
Taking likely uncertainties into account the conclusions of this
work from both Dyson and Cassenti point towards the first
unmanned interstellar mission being credible in the 2200 timeframe.
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“It is a cliché that we often tend to overestimate what we can do in the near future and grossly under-
estimate what can be done in the more distant future. The reason for this is obvious, though it can

only be explained with a certain amount of hand-waving. The human imagination extrapolates in a
straight line; but in the real world, as the Club de Rome and similar organizations are always telling
us, events follow a compound interest or exponential law. At the beginning, therefore, the straight line
of the human imagination surpasses the exponential curve; but sooner or later the steeply rising curve

will cross the straight line, and thereafter reality outstrips imagination. How far ahead that point is
depends not only on the difficulty of the achievement but also upon the social factors involved”

Sir Arthur C. Clarke, 1975 [1]

In more recent work Millis [6] has examined historic energy
trends from 1980 to 2007 using an assumed average growth
rate in world energy production of less than ~2%. He then
looked at societal priorities and the fraction of resources dedi-
cated to spaceflight over this period, assumed to be one mil-
lionth of the total US energy production. This information was
then applied to several scenarios for the first interstellar mis-
sion. He based his assessment on a minimal 107 kg colony ship
with an arbitrary destination and sending a minimal 104 kg
probe to Alpha Centauri with a mission duration of 75 years.
He concluded that the colony ship cannot be launched until the
year 2200 and the probe cannot be launched until the year
2500, so that the earlier interstellar mission was two centuries
away. The reason the colony ship was deemed to be launched
sooner was due to its much smaller energy requirement, which
is proportional to the velocity, squared; the colony ship trav-
elled at a cruise velocity of 0.00014c compared to the probe
which travelled at a cruise velocity of 0.06c.

Baxter [7] has also looked at the question of the first inter-
stellar flight and examined three scenarios for the next few
centuries; an energy constrained Earth, an energy rich Earth,
and Interplanetary Mankind. Baxter’s research leads credence
to the projections for the first launch discussed by other authors
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above although notes that a starship could be launched by a
society closer to ours in nature, and closer in time, than is often
imagined. Although not explicitly stated by Baxter, the implica-
tions of his assessments suggests that feasible scenarios exist
that could see a launch less than several centuries away, based
on more optimistic assumptions than those of Cassenti [5] and
Millis [6].

In the 1980s research into the concept of a microwave
driven Starwisp probe [8] seemed to indicate that the first
launch was credible by the turn of the century (meaning the
year 2000) – an estimate for the first launch that is much earlier
than any of the studies discussed above, mainly due to the low
mass of the microwave driven Starwisp probe. Similarly, in the
1970s members of The British Interplanetary Society under-
took the Project Daedalus study, a feasibility engineering study
of an interstellar flyby probe. The conclusion of this study was
that “interstellar travel is feasible” [9]. Another conclusion
was that:

“The results of the study indicate that if we can realise
the technological steps in nuclear fusion and electronics,
predicted by reasonable extrapolation of today’s
technology, then interstellar missions of a limited type
will be possible.  The main difficulty would be the
provision of sufficient quantities of helium 3, and this
must await developments in solar system exploitation,
thereby permitting its extraction from the outer planets,
notably Jupiter. Such a capability will not be available
for many decades, and so places a very approximate
lower limit to the time at which such missions would
become possible, probably the latter part of the 21st

century” [9].

The range of estimates described above span a first launch
date of 500 years, from 2000 to 2500. Is there really such a
large uncertainty on the first launch date or can we satisfacto-
rily separate the differences between the studies and identify
why the conclusions are so different? This brief paper attempts
to address this question by considering optimistic high-growth
exponential trends in technology to represent a ‘best case’
assessment, in comparison to other ‘worst case’ assessments
typical of several previous studies. As shown in Table 1, this
author has taken the liberty of categorising the ‘feasibility’
assessments of each author into a pre-2200 or post-2200 likely
first launch date. Although the Cassenti assessment [5] was for
2182 this has been placed in the >2200 box given the likely
uncertainty on this assessment.

The papers discussed above were attempts to address the
first launch issue from the standpoint of economics, energy,
speed arguments as well as envisaging the feasibility of differ-
ent scenarios. In this paper, we address the question from a
different perspective, that of expansion speed and technologi-
cal growth. Starting from some reasonable assumptions, we
construct some deliberately simple arguments and then ex-
trapolate these numbers to estimate the first launch. This is

TABLE 1:  Distinguishing Between Different Feasibility Assessments for the
First Unmanned Interstellar Probe Launch.

Assessment Best Case Worst Case
Type First Launch <2200 First Launch >2200

Reference Forward [6], Bond [7], Dyson [2], Cassenti [5], Millis [6]
Baxter [7], Long [current paper]

done merely to provide a different perspective on the ‘first
launch’ issue and there is no implication that any of the other
assessments are right or wrong.

2. TECHNOLOGY TRENDS

Project Icarus is the successor design study of Project Daedalus,
to evolve an improved theoretical design for an interstellar
starship [10]. For Project Icarus the engineering requirements
are defined by the Terms of Reference, one of which states:
“The spacecraft must use current or near future technology
and be designed to be launched as soon as is credibly deter-
mined” [11]. It is the assumption of the design team that any
reasonable projections are to be undertaken from a linear basis
in order to ensure credibility in the project. In effect, this
represents a ‘worst case’ projection for the first launch, except
in the eventuality of technological, scientific or cultural stagna-
tion such as explored in the popular self-annihilation scenario
where civilization is set back between 100-1000 years [12]. In
a similar way, it is argued that a low-growth exponential (~few
percent per year) trend will also represent a form of ‘worst
case’ projection. In this paper we also consider the ‘best case’
projection, as modelled by a high-growth exponential technol-
ogy law.

For this paper, we note that ‘game changing’ technology
trends are referred to designs or concepts which are at a low
Technology Readiness Level [13] today (e.g TRL~3) but if
they were rapidly developed to a much higher level after sig-
nificant investment (e.g. TRL~9) then they would have a radi-
cal effect on mission architectures for space exploration within
the solar system and surrounding Kuiper Belt (~100s AU) such
as using a combination of a nuclear fission reactor, an efficient
power conversion system and dual gridded ion thrusters to
enable a ~400 AU mission [14]. Developments in solar sail
propulsion such as that being undertaken by NASA Marshall
Space Flight Center as part of its In-Space Propulsion Technol-
ogy Program will also help to drive technology forward [15].

We define here a ‘super-game changing’ technology leap as
one that starts from a much lower Readiness Level (e.g. TRL~2-
3) but upon development becomes accessible for mission plan-
ners, to the extent that cheap and frequent missions beyond the
solar system are possible, including to the Oort Cloud and
interstellar space (>1000 AU). A good mission proposal be-
tween these two regimes is the proposal for a trip to the gravita-
tional lens (Focal) point, with the minimum beyond 550 AU
[16]. Technology which starts at TRL-1 and when rapidly
matures, leads to interstellar missions within decades can be
referred to as ‘hyper-game changing technology’.

One NASA designer has recently discussed in-space propul-
sion technologies in the context of the flexible path exploration
strategy [17]. The flexible path strategy differs from the Moon
and Mars-oriented paradigms as it refrains from placing hu-
mans on the surface of planets or where large gravity wells are
likely to exist. Propulsion technologies are grouped into three
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development categories; near-term technologies are at a TRL
of 6-9 and include chemical and electric propulsion schemes
(2015-2025); mid-term technologies are at a TRL of 3-6 and
include nuclear thermal, advanced chemical, high-power elec-
tric/plasma propulsion (2025-2040); far-term (potentially ‘dis-
ruptive’) technologies are at a TRL of 1-3 and includes ad-
vanced plasma propulsion, advanced nuclear propulsion, gas
core rockets, fusion and antimatter schemes (>2040). The in-
clusion of the last category, far-term, is very interesting from
the perspective of those who would like to see such propulsion
systems developed with some investment today. These tech-
nologies would greatly extend the reach of human exploration
with orders of magnitude improvement in the specific impulse
performance compared to missions being conducted today.
They require a high-risk/high-gain investment, performed at a
research level of effort over several phases. But perhaps with a
clear demonstration of the proof of concept these technologies
can also march up the Technology Readiness Level ladder and
open up the solar system and beyond.

It has to be accepted from an objective assessment that a
Daedalus-like mission mining 30,000 tonnes of helium-3 from
the gas giants, must necessitate a solar system wide economy,
with significant space infrastructure in place and commercial
operations, such as supplying Earth with fuel for civilian reac-
tor power – indeed the Project Daedalus designers explicitly
stated this [18]. The very large total vehicle mass (spacecraft +
propellant) of 52,670 tonnes only reinforces this paradigm. So
what events or achievements could alter this conclusion?

• The discovery of an abundant and readily accessible
energy source in close proximity (~few AU) to Earth,
whether for fusion power or other fuel sources.

• A significant reduction in the propellant requirements
for such a probe.

• A significant reduction in the payload mass or vehicle
structure mass.

• A significant improvement in the engine performance to
enable fast cruise speeds and quick transit time
(conversion efficiency, burn-up fraction, heat losses).

• A radical development path towards a so called ‘super-
game changing’ (disruptive) technology (commercial
fusion reactors → fusion propulsion within decades).

• Radical improvements in Earth-to-Orbit launch
technology (e.g. SSTO [19]) in order to enable large
vehicle assembly and infrastructure by high rate of
reusability and turnaround time.

• Discovery of a Breakthrough Propulsion Physics effect
which can be engineered for spaceflight (e.g. space drive
[20]).

To help us visualize a typical ~one century mission to Alpha
Centauri 4.3 light years away, we can adapt the fusion pro-
pelled Daedalus configuration [9] to produce a scaled-Daedalus
as shown in Table 2. This is much reduced in propellant mass
and has a 380 tonnes science payload instead of the nominal
450 tonnes on Daedalus. It only achieves a final cruise speed of
~4.3%c and takes 100 years to reach its stellar target. Similarly,
we can derive a mini-Daedalus but within the constraints of a
100 year mission. In order to do this we must reduce the vehicle
mass overall, which means shrinking the engines. To allow for
this we have also reduced the pellet repetition rate from 250 Hz
to 25 Hz. The exhaust velocity has also been reduced from
10,000 km/s to 8,000 km/s. The mini-Daedalus has a science
payload of 70 tonnes and achieves a cruise velocity of 4.4%c.
Note that the scaled-Daedalus and mini-Daedalus are not
optimized for performance and only shown to illustrate what a
one century configuration may look like based on Daedalus
engineering. We need to note however that reducing the engine
mass introduces fundamental engineering challenges which
would require addressing. This is noted as a caveat to these
imagined layouts which are shown in Fig. 1.

Based on historical experience, Millis [6] makes the as-
sumption of a low-growth (~2% per year) exponential trend in
technology and energy usage from the past to the present to the
future. This is a credible way to conduct such analysis and is by
and large the best way to make such predictions, given that they
are merely predictions although informed by data. It also sug-
gests that to bring the first launch date forward a growth rate of
much greater than ~2% is required. However, the assumption
of a low-growth trend for technology must also be seen as a
‘worst case’ development path, unless major world events oc-
cur to hold science back, such as global warfare or natural
catastrophe. It is more likely that as science progresses, we as a
species will go on to develop technologies that are more energy
efficient, more productive and further optimised for the role
that they are intended (e.g. the particle accelerator at CERN in
Geneva produces anti-particles in collision reactions, but the
facility is not a dedicated antimatter factory). The basic opera-
tion may be the same, but the fuel source and its utilisation
made orders of magnitude more efficient. This can be seen as a
slow power law for say energy efficiency or some other per-
formance metric, which grows and may asymptotically ap-
proach a zero gradient as is typically described by the life cycle
of a paradigm defining S-curve [21]. Only a radical advance in

TABLE 2:  Various Missions to Alpha Centauri Using two-Stage Daedalus Engineering.

Daedalus-like Scaled-Daedalus Mini-Daedalus

Stage structure mass (tonnes) 1,690 (1) 980 (2) 1,690 (1) 910 (2) 500 (1) 600 (2)
Stage propellant mass (tonnes) 46,000 (1), 4,000 (2) 4,600 (1) 400 (2) 3,200 (1) 1,000 (2)
Stage 2 science payload (tonnes) 450 380 70
Pulse frequency (Hz) 250 250 25
Exhaust velocity (km/s) 10,000 10,000 8,000
Cruise speed (%c) 12.3 4.3 4.4
Total burn (years) 3.81 0.38 3.2
Cruise (years) 34.9 99.7 97.4
Total trip (years) 38.7 100.1 100.5
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the technology will allow for a move to a new growth line. In
the circumstances where the performance tends to an exponen-
tial, technological developments become so rapid that it is no
longer possible to predict past a few years hence. Under what
circumstances might this occur?

Others have noted the fact that technology can progress
exponentially [21] and not in a linear way. The idea of a
technological singularity derives from the mechanism of
humans creating Artificial Intelligence (AI), which are then
able to create even more intelligent machines, in part due to
a significantly enhanced processing speed and memory ca-
pacity as well as other issues such as improved methods or
algorithms. This effect continues until the technology being
created is then out of reach of human predictive capacity.
Because we cannot predict such exponentially increasing
technological change this is referred to as a ‘technological
horizon’. Vinge [22] predicted that such a singularity would
occur between the years 2005 and 2030. If technology, spe-
cifically space technology, does indeed follow an
exponentially increasing trend then developments in space

propulsion may occur much more rapidly than discussed by
other authors referenced in this paper and this would also
impact the first launch date of an unmanned interstellar
probe.

The current state of the art in the technology of AI and
space robotics for interstellar missions has recently been
discussed by other authors concluding that several major
problems remain to be solved with much development re-
quired to support the needs of an interstellar mission with
high degrees of autonomy over long periods equating to an
effective human lifetime [23]. The necessity for robotics in
interstellar missions was acknowledged by those working on
the Daedalus design [24]. It is likely that robotics and AI
will be central to the success of any interstellar mission.
Other authors have argued this point as an important part of
the roadmap to Alpha Centauri, identifying in-space propul-
sion, fabrication and repair as vital to the eventual colonisa-
tion of the solar system. The authors state that “There is no
reason, therefore, that the capability to perform multi-gen-
eration interstellar voyages will not arise as a natural con-
sequence of development of the solar system” [25].

It may be the case that the arrival of a ‘technological singu-
larity’ in fact represents a ‘best case’ prediction and reality lays
somewhere in between this and the ‘worst case’ predictions
made by other authors discussed in this paper. This would place
predictions for technology growth somewhere between a linear
or low-growth exponential and a high-growth exponential trend
fit; that is a power law between ~1-2.7. A quadratic power law
does not seem unreasonable, as a representative average growth
trend.

Finally in this section on technology trends, we must also
consider another possibility which will radically alter mis-
sion capabilities in space exploration. In 1980 one author
extended the work of Project Daedalus and produced the
self-Reproducing Probe or REPRO design [26]. It was a
variation on the Daedalus design where all of the non-
replicating subsystems for Daedalus were redesigned to make
them amenable to self-replication. The idea was that the first
probe sent out to the target destination would also carry a
443 tonnes ‘seed factory’ which could then be used to repli-
cate itself many times, producing versions with masses over
10 million tonnes, mostly consisting of fuel. Each version
would be constructed from the local raw materials such as
from asteroids, Moons and planets. The original idea of a
self-replication machine was proposed by the Hungarian
mathematician John von Neumann and called ‘universal as-
semblers’ [27]. In the context of spacecraft people tend to
refer to them as von Neumann probes. The monoliths in
Arthur C Clarke’s novel “2001: A Space Odyssey” are exam-
ples of von Neumann probes [28]. Self-replicating probes
are an interesting idea because using this approach it may be
possible to colonize the galaxy in a timeframe of about half
a million years using this technology. This has obvious im-
plications for the Fermi Paradox where any intelligent life in
the Universe that sends out such probes should already be
within the vicinity of our solar system – a tantalizing pros-
pect. The fact that we have not seen any such probes, may
suggest that there is no other intelligent life in the Universe,
who would have exploited such technology by now. Alterna-
tively such probes may already be here but beyond the
detection range of our observations. In the context of ro-
botic expansion from our own solar system, we could build
such probes using AI and thereby colonize the local star

Fig. 1  Illustrations of Daedalus engineering configurations for an
Alpha Centauri mission. Relative size is not to scale.
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systems and beyond on a much shorter timescale. Such
expansion may be represented by a high-growth exponential
although the time to replicate the early probe generations
may also push the first launch date back as the probes
essentially ‘diffuse’ towards the distant stellar target. The
effect of AI on interstellar missions is difficult to assess
from the standpoint of current technology, but it is highly
likely to have a radical effect on the first launch date.

3. TECHNOLOGICAL GROWTH

At this point it is worth proposing a requirement for the first
launch to be achieved to the nearest star Alpha Centauri located
4.3 light years away. Ignoring acceleration, for a trip time not
exceeding one century and to be launched in the first few
decades of the 22nd century a spacecraft would have to achieve
a cruise velocity of ~12,800 km/s (~4.3%c) equivalent to ~2,700
AU/year. Assuming a mass ratio in the range ~2-10 this would
correspond to an exhaust velocity range ~1,200-3,900 AU/year
(~2-6%c). For comparison the Project Daedalus spacecraft was
designed to cruise at ~7,700 AU/year (~12.2%c) using an
exhaust velocity of ~2,100 AU/year (~3.3%c) but with a mass
ratio of ~40 [9]. A quadratic technology annual trend growth
would allow the interstellar cruise velocity requirement of ~2,700
AU/year to be met by the year ~2100.

Assuming a near-term (within the next decade or so) attain-
ment for interplanetary cruise speeds of ~5AU/year, this would
imply an effective doubling of the technology performance
level every decade for the next 100 years in order to ensure the
first launch. This is equivalent to the Moore’s law for integrated
circuit technology for example, where the number of transistors
on a circuit approximately doubles every two years, a trend
likely to continue for several more decades [29, 30]. In the
context of interstellar missions we can term such growth an
equivalent Moore’s law for the Spaceship.

Figure 2 shows the effect of a percentage growth in tech-
nological capacity on an annual basis. The plot shows growths
from 1% up to 15% starting from a 5 AU/year assumption by
2020 in spacecraft cruise speed mission capacity. This is
considered to be a representative performance metric of
spacecraft mission technological growth. The data also shows
that the assumption of a ~2% growth from this point (as
explored by Millis [6]) will lead to a cruise speed of only 24
AU/year and 177 AU/year by the year 2100 and 2200 re-
spectively. At these speeds a spacecraft would take over
~11,000 years and ~1,500 years to reach Alpha Centauri
respectively. This emphasises that radical technology growth

in future decades is not only desirable but a requirement if
our robotic ambassadors are to be sent out towards the
nearest stars in the next two centuries.

We can ask at what point in time in the decades and centuries
ahead would we hit the required ~2,700 AU/year technological
capacity, under the assumption of different percentage growths.
Table 3 gives the answers. In order to launch such a mission
before the year 2100 and 2200 percentage technology growths
of greater than approximately ~8% and ~3% are required re-
spectively, on a sustained basis annually.

Fig. 2  The effect of percentage
technology growth on space
mission capacity assuming a
starting point of 5 AU/year by
2020.

TABLE 3:  An Estimate for the Attainment of a ~2,700 AU/
Year Missions Capability Assuming Different Annual Technol-
ogy Growth Rates and Starting From a 5 AU/Year Mission
Capacity by 2020.

% Growth Year Feasible

1 2653
2 2338
3 2233
4 2181
5 2149
6 2128
7 2113
8 2102
9 2093

10 2087
11 2081
12 2076
13 2072
14 2068
15 2065

The identified growth in technology will be required in
several key areas, namely: infrastructure, propulsion engineer-
ing, propellant acquisition and utilization techniques, materials
technology and artificial Intelligence. For infrastructure, this
requires a low cost and high return rate access to Low Earth
Orbit. Such technology is being developed in the guise of
Single Stage to Orbit Spaceplane technology [19]. Once this
technology is available, the assembly of large infrastructures in
space (i.e. for spacecraft assembly) will become easier, as will
missions to the Moon, Mars and beyond. In order to attempt
long range space missions, the technology of space propulsion
will need to be developed; each new design iteration giving
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significant improvements in the engine exhaust velocity. There
is a technology connection between for example, between ion
drive – plasma drive – fusion engines, each with developments
represented by a rapid rise, then a plateau as the maximum
performance in reached and then the jump onto the next rise,
consistent with the paradigm shifting S-curve discussed earlier.
This gives a clear roadmap for the attainment of high perform-
ance engines for deep space missions. The development of the
propulsion technology and infrastructure in parallel will permit
new missions to the entire solar system and the identification of
new propellant sources and expedient means upon which to
acquire them for energy generation. In order to ensure these
spacecraft can survive for long periods in the cold vacuum of
space, subject to potentially lethal doses or radiation near the
gas giants, novel materials will need to be invented. The advent
of nanotechnology provides one clear path [31]. The advent of
Artificial Intelligence will allow for rapid technology trends,
faster than we can enable on our own. Among other benefits,
this will lead to reduced spacecraft masses and improved manu-
facturing techniques. Such machines, once incorporated into
spacecraft technology, will also be able to make in-situ deci-
sions which feed science options and also seek optimal mission
paths in deep space, when far from the immediate control of
human instructions. In order to progress the four technological
paths identified above, several key elements will be required,
including political motivation, business incentives, public sup-
port and the identification of scientific Motivations.

4. EXTENDING SOLAR SYSTEM EXPLORATION

Another direction from which we can attack the problem is to
examine the developments in the speed of planetary spacecraft
and the mission distances they attain after the journey is com-
plete. In this paper we are focussing on unmanned interstellar
probes, but it is worth briefly mentioning manned ships to place
the interstellar engineering challenges in proper context. Ex-
amining human exploration we note that the first human carry-
ing spacecraft into orbit was the Russian Vostok 1 in 1961. The
first manned landing on the Moon followed this in 1969, the
American Apollo 11. Human past recorded expansion stops
here but we can make a fairly reasonable assumption (optimis-
tically) that the first manned landing on the planet Mars at 1.5
AU distance might occur by 2040. This then allows one to form
an extrapolated trend fit, which based upon the first lunar
landing and an assumed Mars landing turns out to be approxi-
mated by a linear form and projecting a human expansion speed
of ~0.01 AU/year. Extrapolating such a line forward suggests
that human missions to the outer gas giants will not occur until
the 24th century – a projection which is hard to believe and
perhaps illustrates that a linear projection may not be appropri-
ate.

Other authors [32] have pointed out the interesting parallel
with the history of Antarctic exploration where the South Pole
was reached by 1911 using primitive techniques (e.g. dog sled)
but it was not until the Geophysical Year of 1957, half a century
later, that men began to live there in the United States Amundsen-
Scott South Polar base, made possible by improvements in air
transportation. Project Apollo was 1961-1972, if we assume
optimistically that lunar colonisation will begin by 2020; that is
also a ~half century time lag. Similarly, if we assume optimisti-
cally that man first walks on the surface of Mars by 2040, then
adopting a similar time lag colonisation will not begin until
~2090. Although it is not appropriate to apply the same magni-
tude of time lag to an interstellar mission, it is worthwhile
noting that even once the first robotic mission to another star is

achieved it will be a significant time, perhaps many centuries,
before the first human colonisation missions begin. We are a
long way from becoming an interstellar civilization. Two fac-
tors that will hasten the first launch are compelling motivations
for making the trip and a political and public will to try. These
two factors were contributory reasons for both initiating Project
Apollo and ending it.

Returning to robotic probe missions; the first probe into
orbit was the Russian Sputnik 1 in 1961. The first robotic
landing on the Moon was Luna 9 in 1966. The first probe onto
the surface of another planet was Venera 7 onto the surface of
Venus in 1970 and the Viking probes onto the surface of Mars
in 1976 (other missions also occurred during this period such
as the Mariner and Russian Mars spacecraft launched in the
1960s and 1970s). The first probe to a planetary body out as far
as Saturn was the Cassini-Huygens probe onto the surface of
Titan in 2005. The first probe to reach 100 AU was the Pioneer
10 mission in 2009.

When this date is scrutinized, this author finds that unlike
human exploration, robotic exploration appears to follow a
trend that approximates a high-growth exponential speed
improvement. We caveat this statement with the inherent
sensitivities which depend on what data one uses, but it is
assessed that the data is indicative of this trend for the
future. This is illustrated in Table 4 for the estimated expan-
sion speed, where the previous mission jump is subtracted
from the current calculation, where we measured the expan-
sion speed based upon ‘time of arrival’ at the destination. It
is probably not appropriate to include the ~23 AU/year
expansion speed given the probe was launched in 1972. So
taking the first two expansion speeds only this shows an
approximately factor of ~5 increase in the technological
growth over ~3 decades (from 1966 to 1976). We can project
this growth forward to estimate the first launch date of an
interstellar mission.

Table 5 shows such projections by extrapolating the ex-
pansion speeds forward over time. For a probe to reach the
nearest star Alpha Centauri at 4.3 light years distance, in a
century it would require an expansion speed of approxi-
mately 2,700 AU/year. This is equivalent to a cruise speed of
~12,800 km/s or 0.043c. We note that this is approximately
~1/3rd the speed of the Project Daedalus design of 36,600
km/s or 0.12c [9]. These results illustrate the enormous
expansion speeds required to enable that first launch, and
thereby the technological growth that is also required, par-
ticularly in propulsion engineering. According to the analy-
sis, under the assumption of a factor five increase in technol-
ogy capacity every three decades the first interstellar mis-
sion is feasible by the latter part of the 22nd century consist-
ent with other authors [2, 5]. Other mission goals are also
shown for comparison. For example, assuming a technology
growth of ~34 times, by the year 2095 a mission to 1,000 AU
could be  achieved in a transit time of three decades or a
mission to 10,000 AU in about three centuries.

None of the conventional spacecraft probes are going par-
ticularly fast from an interstellar perspective. Even without any
power the Voyager probes should reach the Heliopause in 2014
but the Oort cloud in 24,000 years. None of these spacecraft
will travel at a speed much exceeding 17 km/s. At this speed it
would take nearly ~18,000 years to reach 1 light year and
76,000 years to reach 4.3 light years, the location of the Alpha
Centauri system, some ~270,000 AU distance. Similarly, if it
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took Pioneer 10 approximately 18 years to get to 50 AU, at the
speed of ~2.8 AU/year it would take approximately 97,000
years to reach the Alpha Centauri system. And this is assuming
that there are no obstacles in between to degrade the spacecraft
trajectory (i.e. magnetic fields, particles, dust, asteroids, com-
ets). The requirement therefore to develop more advanced
propulsion methods is self evident if we are to ever embark on
more ambitious missions.

It could be argued that within ~10 years, spacecraft cruise
speeds of order ~5 AU/year are feasible using a combination of
gravity assists manoeuvres and engine burn. Similarly, within
~20 years spacecraft speeds of ~10 AU/year may also be feasi-
ble, such as by using high exhaust velocity (~300-500 km/s)
propulsion systems like that proposed for VASIMR [33]. We
can make some basic assumptions on these numbers and see
where it takes us. Let us assume that a speed of ~5 AU/year is
possible by 2020 and a speed of ~10 AU/year (doubling period)
is possible by 2030. This is an effective doubling of the possi-
ble cruise velocity in ten years, for the specific parameters
adopted for this model. We can write an equation for the
expansion velocity some n years after the start date of the
model.

V(n) = v(0) × 2n/10 (1)

This can be re-arranged as a natural logarithm and added to
the start time from which the model is being extrapolated
(namely, v(0) = 2020) and as a function of the doubling period
(e.g. ~10 years) to give an equation for the launch date upon
which launching such missions may become possible, when
added to the year of assessment (e.g. 2020):

10 ( )ln
ln(2) (0)

v nn
v

 
= ×  

 
(2)

Table 6 shows the results of this analysis using an extrapola-
tion of 10 AU/year by 2030 (except where stated). We note that
the one century to 4.3 light years mission with a required cruise
speed of 2,700 AU/year could be launched by the early part of
the next century according to this analysis. If the same calcula-
tion is repeated but using a different extrapolation of 10 AU/
year by 2040 and 2050 then the mission becomes possible by
the start of the 23rd century respectively. Propulsion develop-
ments in the next few years would appear to be critical in
ensuring the first launch is sooner rather than later.

The cruise speed of ~2,700 AU/year is the target for a 100
year mission to 4.3 light years. But how is the trip time
affected by lowering the cruise speed. Ignoring acceleration,
a very crude estimate of the trip time can be obtained by a
linear (non-relativistic) distance/velocity estimate. The re-
sults are shown in Table 7. It is noted that dropping the
cruise speed substantially below the ~2,700 AU/year ideal
target does not have a dramatic effect on the trip time.
However, the additional decades will start to have a cumula-
tive effect on the spacecraft materials and technology greatly
reducing its reliability the longer the mission duration. So
going beyond the 100 years is not desirable or possibly even
practical. In discussing varying cruise speeds it becomes
apparent that slower missions may be launched earlier to-
wards a target than later-faster missions, and may eventually
be overtaken by the later probe. This subject is discussed
adequately by other authors [6, 34] so is not covered here.

TABLE 4:  Showing Estimated Robotic Expansion Speed.

Mission Leap Parameters Expansion Speed
(AU/year)

The Moon-Mars 1.5AU-1AU/(1976-1966) ~0.05
Mars-Titan 9.5AU-1.5AU/(2005-1976) ~0.27

Titan-100 AU 100AU-9.5AU/(2009-2005) ~22.62

TABLE 5:  Showing Forward Extrapolations of Mission Expansion Speed
Assuming a Factor of Five Doubling in Technological Capacity Every Three
Decades. The Numbers in the Table Then Show the Transit Time (Year) for the
Required Mission but Neglecting Acceleration.

Expansion Speed 1,000AU 10,000 AU 100,000 AU 270,000 AU
(AU/year)

~0.05 (1976) 20,000 200,000 2000,000 5400,000
~0.27 (2005) 3,704 37,037 370,370 1,000,000
~1.35 (2035) 741 7,407 74,074 200.000
~6.75 (2065) 148 1,481 14,815 40,000

~33.75 (2095) 30 296 2,963 8,000
~168.75 (2125) 6 59 593 1,600
~843.75 (2155) 1 12 118 320
~2700 (2176)* <1 4 37 100
~4,219 (2185) <1 2 24 64

* this year has been linearly interpolated between the two figures either side
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Figure 3 shows the effect of varying cruise speeds within a
given trip time to different destinations. The 270,000 AU target
is that representative of Alpha Centauri. The other targets are
seen as important demonstration missions as stepping stones to
the interstellar roadmap prior to launching the first true inter-
stellar mission. Clearly, missions to 1,000 AU are achieved in
trip durations of ~1-2 decades with cruise speeds of order ~100
AU/year. Missions to 10,000 AU can be achieved in 3-4 dec-
ades with a cruise speed of ~300 AU/year. The more ambitious
mission target of 100,000 AU requires cruise speeds approach-
ing ~1,000 AU/year if it is to be accomplished in under one
century. The 100 year mission to Alpha Centauri requires the
~2,700 AU/year cruise speed.

5. CONCLUSIONS

Other authors discussed in this paper have argued that the first
launch of an unmanned interstellar probe is likely in the ~2200
time frame. It is argued that the assumption of a linear or low-
growth exponential progression in technological developments
may represent a ‘worst case’ assessment. Considering a factor
of five doubling in mission capacity every three decades from
current mission performance levels would lead to the first

TABLE 6:  Showing Estimated Robotic Expansion Speed as Obtained
from Equation (2) and Where the Estimated Time for the Speed n Years
After Launch has Been Added to the Starting year of 2020.

Cruise Speed Approximate Trip time Earliest Launch Date
(AU/year) to Alpha Centauri (years) (year)

5 54,000 2020
10 27,000 2030

100 2,700 2063
1,000 270 2,096
2,000 135 2,106
2,700 100 2,111
2,700+ 100 2201
2,700++ 100 2292

+ computed using an extrapolation of 10AU/year by 2040
++ computed using an extrapolation of 10AU/year by 2050

TABLE 7:  The Effect on Trip Time of Different Cruise Speed
Assumptions to Alpha Centauri.

Cruise Speed Trip Time
(AU/year) (years)

2,700 100
2,600 104
2,500 108
2,400 112
2,300 117
2,200 123
2,100 129
2,000 135
1,900 142
1,800 150
1,700 159
1,600 169
1,500 180

launch date being around the latter part of the 22nd century
consistent with other authors. However, a factor two doubling
of mission capacity annually from an assumed ~5 AU/year
(2020) and ~10 AU/year (2030) leads to scenarios where the
first interstellar launch is feasible by early part of the 22nd

century.

A full exponential technology growth may also be unrealis-
tic unless full AI does occur as some have speculated. In reality,
the consideration of medium-growth (>3% annual) or high-
growth (>8% annual) exponential technology capacity increase
will radically alter the assessment for the first unmanned
interstellar flyby probe to be launched before the year 2200 and
2100 respectively. Taking the lower bound of ~2100 as repre-
sentative of  the ‘best case’ prediction, and the upper bound of
~2300 as representative of the ‘worst case’ prediction, a first
launch date of ~2200 does seem credible from an objective
perspective, although in this author’s opinion it may be some-
what pessimistic given the likely rapid developments in tech-
nology in the coming century.

In order to achieve these missions by this time, significant
and sustained investment, encouraged by a combination of
government and private support, will be required into science
and technology research in the near-term. This is particularly
pertaining to space propulsion and taking the technology onto
several paradigm shifting S-curve changes, with the perform-
ance of each technology reaching its physical limit before the
next shift is achieved. This may be in relation to new energy
sources, energy utilization, engineering or manufacturing tech-
niques. Although these advances may not themselves be repre-
sentative of full exponential technology growth, their combina-
tion and refinement may lead to such continued growth. This
limited study has only considered the metric of expansion
speed and linearly defined cruise speed as a representative
measure of the performance growth of technology. It is not
argued that this assessment is a better approach than those
adopted by others, but by presenting an alternative approach it
is hoped to elucidate the ambiguity over the issue of ‘first
launch’ and the uncertainty over its time frame. In reality, high
technology growth may also necessitate equivalent growths in
societal infrastructure in order to build, assemble and launch
such missions, a subject which has not been considered in this
study.

It should be the aim of our explorer based civilization to
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Fig. 3  The effect of cruise speeds on total trip time for different mission targets.

achieve the first launch much sooner than ~2200 where possi-
ble, promoting the ideal of creating a self-fulfilling prophecy
for our civilization in space. This is necessary in order to ensure
the growth of our civilization to new frontiers as well as the
continued survival of our species. Others have elegantly ex-
pressed the motivations for why we should try:

“Is it credible that our world should have two futures? I
have seen them. Two entirely distinct futures lie before
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mankind, one dark, one bright; one the defeat of all
man’s hopes, the betrayal of all his ideals, the other
their hard-won triumph” [35].
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