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Project Icarus: Exploring the Interstellar Roadmap using the Icarus Pathfinder and Starfinder Probe Concepts

1. INTRODUCTION

In the 1970s members of The British Interplanetary Society
undertook a theoretical engineering study to design an inter-
stellar probe [1]. The final reference design had a total struc-
ture mass of 2670 tonnes1 of which 450 tonnes was the pay-
load. The propellant mass was 50,000 tonnes of deuterium and
helium-3. Because the vehicle was such a massive design and
its propellant was to be mined from the atmosphere Jupiter the
Project Daedalus Study Group determined that such a space-
craft could only be constructed as part of a solar system wide
economy, with abundant resources at its disposal. However,
numerous technologies have advanced since the 1970s includ-
ing microprocessor technology, materials science and fusion
research and so has our knowledge of the local stellar neigh-
bourhood. It seemed timely to revisit the Project Daedalus
study with a successor initiative Project Icarus which officially
began in September 2009 [2]. This theoretical engineering
design study is a project that was initiated by the British Inter-
planetary Society and the US based Tau Zero Foundation but is
now managed by the non-profit organisation Icarus Interstellar,
incorporated in Alaska, USA.

The terms of reference or engineering requirements for
Project Icarus stipulate that the mission must be completed

in less than 100 years and that deceleration at the target star
system should be attempted to increase the encounter time.
The requirements also stipulate the engine must be based
upon mainly fusion propulsion, interpreted in the Project
Icarus Programme Document [3] to mean that it must be
responsible for approximately 80-90 percent of the thrust
generated in the boost phase of the mission. The decision to
stipulate mainly fusion based propulsion was taken for three
reasons: (1) from a performance point of view, fusion pro-
pulsion is a credible candidate for how future interstellar
missions could be achieved; (2) to enable the direct lineage
and thereby technology readiness comparison to the Daedalus
design; and (3) to constrain the design team within the five
years of the project.

Although the Project Icarus Study Group may derive an
improved design which is leaner in mass and with improved
engine performance, it is thought unlikely that the theoretical
study will lead to a direct ‘game changing’ technology achieve-
ment in itself. Rather, it is the intention of the Project Icarus
study Group to see what the actual engineering requirements
are for such a mission along with demonstrating incremental
generational progress towards the long term goal of interstellar
travel. This means that such a mission may still not be possible
for perhaps a century or so, although the Project Icarus Study
Group remains optimistic for the future. One of the ways that
Project Icarus stands out from Project Daedalus however is the
requirement to determine the roadmap for the achievement of
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launching such a mission. This leads naturally to demonstrating
the technology and increasing the technology readiness levels
[4] of all systems prior to making an interstellar attempt.

During the 61st International Astronautical Congress in
Prague, several authors of this paper held a private workshop
session in which the issue of demonstrating the technology was
discussed. What developed from this discussion was the Icarus
Pathfinder Probe concept. Essentially, what emerged was a
scaled down Daedalus 2nd stage with a much smaller payload
mass and a mission that might be considered analogous to the
experimental mission Deep Space 1, a NASA spacecraft de-
signed as a technology demonstration mission [5].

Whereas any interstellar journey is far beyond current tech-
nology, Pathfinder is designed to reach 1,000 AU and could be
attempted within the coming decades. In testing critical propul-
sion technologies, work done on the engine could stimulate
pulsed fusion operation via other concepts such as such as
nuclear-electric, nuclear-thermal or plasma drive systems. In
the remainder of this paper, we present the Pathfinder concept
and also make brief comments on the more ambitious proposals
for the Starfinder concept. These findings of the Project Icarus
Study Group are in the very early stage – the Project Icarus’
final report is not due until at least late 2014 – and the interstel-
lar roadmap will be thoroughly investigated and included in the
final report. An important point to make is that these concepts
provide interim steps to a Daedalus-like interstellar mission
but over the duration of Project Icarus this end solution may
change, either slightly or more drastically to describe a very
different interstellar probe. Clearly if this is the case the Path-
finder and Starfinder concepts, as steps to that interstellar
solution, may also change. One aim that is already being seri-
ously considered is how to reduce the large vehicle masses
proposed here. The probes illustrated in Fig. 1 are initial con-
cept illustrations based on the steps to a Daedalus interstellar
mission and not meant to represent detailed design schematics.

2. SCIENCE DRIVERS

In the past the distance of 200 AU is often cited as a good
distance for an interstellar precursor mission because it is
where the undisturbed interstellar medium is thought to be
located. It is also well past the solar heliosphere, as the
Voyager probes have shown. The primary science goals for
missions around 200 AU would be to measure the detailed
properties of the very Local Interstellar Medium (LISM)

and to find the exact location of the termination shock and
study the interface between the heliosphere and the sur-
rounding medium. In addition an understanding of the solar
magnetic field strength at that distance is also of great im-
portance, as is the exact energy distribution of cosmic rays.
Other potential science goals include measurements relating
to the Big Bang nucleosynthesis and perhaps sensitive tests
of gravitation.

There have been many proposals for long distance probes.
In the 1970s the Interstellar Precursor Mission was designed
to explore the Heliopause in a total mission duration of 20
years, with the option to extend the mission for an additional 50
years, sending the probe a total distance of 1000 AU [6]. A
similar proposal is the Innovative Interstellar Explorer (IIE)
proposed by McNutt et al [7], formerly in the guise of the
Realistic Interstellar Explorer (RIE), which describes a mis-
sion to 200 AU carrying a 34 kg payload. Three mission types
were derived ranging from 15-30 years and attaining speeds of
7-13 AU/year. For comparison the Voyager probes travel at a
speed of around 3.5 AU/year (~17 km/s).

Another interstellar precursor was proposed in 1987 called
the Thousand Astronomical Unit (TAU) mission [8]. This in-
volved sending a nuclear-electric vehicle carrying a 1,200 kg
probe to a distance of 1000 AU in 50 years. The key limiting
factor for such a long duration distance mission was the power
requirement, determined to be in the MW range resulting in a
vehicle with a specific mass of around 12.5 kg/KW beyond
current technology.

NASA has been reluctant to embrace the idea of sending a
deep space mission out to several hundred AU, mainly because
of the extreme propulsion requirements for such a mission.
However, in 1999 a meeting of the Interstellar Probe Science
and Technology Definition Team at NASA Jet Propulsion
Laboratory took place [9]. They were charged with defining the
first mission to explore the LISM, reaching a distance of around
200 AU within 15 years and using solar sails as the main
propulsion drive. This would require a cruise velocity of around
14 AU/year. Despite these developments most recent ambitious
studies seem to be limited to such examples as a recent decadal
study of a mission to the Uranus system [10] or elsewhere for a
mission to the Neptune system [11].

Is there a primary science driver for going even further than
200 AU? Indeed there is and it is due to the effect of the

Fig. 1  Illustration of spacecraft concepts discussed in paper.
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gravitational lensing of the Sun, a consequence of General
Relativity, predicted to be located at a distance of 550 AU and
above, see for example [12]. Note that the solar corona acts
against the gravitational lensing effect with the result that the
focus for lower frequency radiation is further out than for
higher frequency waves. Furthermore, apart from the coronal
plasma deflection the location of the focus also contains some
uncertainty due to the empirical way in which it is derived.
Nevertheless in theory, any instrument placed at a gravitational
focus with a direct line of sight between the Sun and a distant
object would see an amplified signal from the distant source of
the radiation. The gravitational lens should produce a huge gain
for an optical or radio telescope, allowing significantly im-
proved resolution when compared to Earth orbit-based obser-
vations. Missions to the gravitational focus would be tasked
with pinpointing the actual distance at which this natural phe-
nomenon manifests itself, whilst providing highly valuable sci-
ence data on any distant objects viewed from there. A further
advantage of such an interstellar precursor mission is that
experiments can measure the change in the radiation profile of
the Cosmic Microwave Background radiation to determine the
exact profile of the focal lens point as the spacecraft continues
to move away from the Sun; potentially crucial information for
the positioning of any relay stations around this point in the
service of an eventual interstellar mission.

For much further distances up to a significant fraction of a
light year the main interest would be the density (of both gas
and dust), ionisation and magnetic field of the interstellar me-
dium. Understanding the structure of LISM would depend on
the direction any probe was sent and more details can be found
in Crawford’s paper [13]. In broad terms, these path-lengths
would be able to settle the controversy regarding the interac-
tion of the Local Interstellar Cloud and other nearby interstellar
clouds, and the interface region. The information gained in
particular definitive measurements of the dust density would
probably be essential for planning later interstellar missions at
higher velocities.

Cometary nuclei in the Oort cloud might be of interest, but
the cloud will be so sparsely populated that it may be necessary
to identify particular targets in advance and target them for
investigation. Finally, achieving speeds in excess of 63 AU/
year may allow testing theories of the Pioneer anomaly as it
would surpass the Pioneer probes and diminish the gravita-
tional influence of the Sun [14].

3. ICARUS PATHFINDER PROBE

The main objective of the Pathfinder mission is to demonstrate
some of the key technologies that could be used on an interstel-
lar mission but without necessarily having to rely on the devel-
opment of a fusion engine as envisaged by Daedalus to begin
such practical experiments. In doing so, it is recognised that
there should be a significant science return from missions such
as Pathfinder, preferably that which cannot be achieved in any
other way.

Currently deep space missions might be hoped to last 10-15
years and the next logical step would be to deliberately design
and plan for science missions of a duration of at least 20-30
years. Only then will we be ready to design for 50 year missions
and even longer. Interestingly this may mean reducing com-
plexity or reverting to more robust early technology and ac-
cepting some design constraints such as equipment with fewer
or no moving parts.

3.1 Propulsion Options

A 20-30 year return mission to a 1,000 AU target suggested to the
Project Icarus workshop group that a cruise speed of around 100
AU/year (approximately 470 km/s) would be required. The cruise
speed is related to the exhaust velocity of the main propulsion
engines and the Project Daedalus design, to achieve their desired
cruise speed of 12%c (approximately 36,000 km/s), assumed an
exhaust velocity of approximately 10,000 km/s. However, there
are two reasons why we chose not adopt such a high exhaust
velocity. Firstly, it is unclear how far a Daedalus-type fusion
engine with such exhaust velocity could be scaled down and
secondly, given the timescales we aimed to be conservative as
fusion propulsion developments may be much further in the future
than anticipated. The exhaust velocity of an engine is directly
related to the Specific Impulse (Isp) and for Daedalus this was
around 1 million seconds. It is this criterion we use to compare
potential propulsion options. By knowing the required cruise speed
and the Isp (hence exhaust velocity) we can derive an estimate for
the mass ratio of our probe using the ideal rocket equation. The
mass ratio gives an immediate indicator of the plausibility of
selecting a particular propulsion system.

Table 1 shows the specific impulse for several propulsion
systems and their assessed Technology Readiness Level. Argu-
ably something like a gas core nuclear thermal rocket could
deliver a specific impulse of up to 5000s which corresponds to
an exhaust velocity of around 50 km/s and, given the cruise
speed selected (470 km/s), this implies a mass ratio of over
12,000 which is clearly inadequate for the requirement.

TABLE 1:  Propulsion Options Morphology for Icarus Path-
finder Probe based upon Current Technology and Near-Term
Performance Projections.

Propulsion Specific Impulse(s) TRL [4]

Electric 3,000 9
Nuclear Thermal 5,000 2
Ion 6,000 9
Solar Electric 6,000 9
Nuclear Electric 12,000 4
Plasma Drive (VASIMR) 50,000 5
Gas Dynamic Mirror 130,000 2
Daedalus ICF 1 million plus 2

Ion propulsion does not yet offer the desired performance;
although the Deep Space-1 and DAWN missions demonstrated
that a specific impulse of several thousand seconds is already
possible. Using neon instead of xenon may provide Isp per-
formance of order 10,000s [15], although one author has pro-
posed a 4-gridded ion drive, capable of 150,000s specific
impulse (Vex around 1,500 km/s, mass ratio around 1.4), may
be possible in the more distant future [16] but this is considered
beyond the Pathfinder timescales. Thus, to prepare for the day
when fusion propulsion may become available, plasma propul-
sion was thought to offer a near technology demonstrator for
high cruise speed, long range missions. An engine of this sort
has been proposed in recent years known as the Variable Spe-
cific Impulse Magnetoplasma Rocket or VASIMR [17] and has
already been suggested as an option for long range missions
such as a Haumean orbiter (a large Kuiper Belt object some 50
AU heliocentric distance at perihelion) [18].
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The concept of VASIMR is to use an electrical power source to
generate radio waves that ionize a propellant (e.g. hydrogen,
helium or deuterium) and then use self-generated electric and
magnetic fields to accelerate the plasma for thrust generation.
This type of engine would be particularly appropriate for the
Pathfinder study as it is considered to share several elements of
design of a scaled down fusion engine, namely the ionizing and
energising of a gas using a helicon radio frequency (RF) an-
tenna, the use of electromagnets to create a magnetic nozzle
and the storage of low mass hydrogen isotopes.

VASIMR bridges the gap between high thrust-low specific
impulse engines and low thrust-high specific impulse engines
and has the ability to perform in either mode. Exhaust veloci-
ties of 500 km/s may be possible in theory at the extreme end of
the performance with an Isp range of between 1000 – 50,000s.
The VASIMR engine has been mooted as ideal for Earth-Moon
or Earth-Mars missions if the electrical power can be supplied
by a small fission reactor. Using a 200 MW reactor it is pre-
dicted that a spacecraft could get to Mars within 39 days or,
more conservatively using a 12 MW reactor to Mars in 115
days [19]. The technology is reaching maturity having been
successfully ground tested with its full rated power of 39 kW
using argon propellant and the most recent research has tested
the second stage of the design, by ‘ion-cyclotron’ boosting the
plasma stream to 200 kW. The 200 kW engine is to be flight
tested onboard the International Space Station in the near fu-
ture. Hence besides making a mission such as Pathfinder possi-
ble, investment in VASIMR technology could mean achieving
fast human missions to Mars within decades and helping to
develop the fusion based technology for longer-term goals. It is
worth noting that an alternative plasma system has been pro-
posed called Gas Dynamic Mirror (GDM) Fusion Propulsion
[20] which may also offer relevant performance potential for
the Pathfinder Mission (Fig. 2). Note also that solar sails may
prove useful, but due to a lack of synergy with one of our
purposes to progress fusion based propulsion, their use is not
included in our deliberations here. Nevertheless, depending on
the final mission analysis Pathfinder could have both for opti-
mum fuel efficiency.

Hence for the Pathfinder mission VASIMR is selected as a
credible engine of choice, in the absence of a ready fusion
engine, although several other propulsion options may also be
viable for the mission. It is worthwhile noting that such an
engine has a Technology Readiness Level (TRL) of around 5,
which means that an interstellar precursor demonstrator mis-
sion of this sort can be launched much sooner than the propos-
als for an interstellar probe discussed elsewhere. Currently it is
estimated that a VASIMR engine could achieve a specific
impulse of around 30,000-50,000 seconds corresponding to an
exhaust velocity between 300 - 500 km/s.

3.2 Pathfinder Mission Concept

The Daedalus 2nd stage had a structure mass of 980 tonnes,
which included 450 tonnes payload mass. For the Pathfinder
concept we chose to adopt a 1/100 scaled version of Daedalus
so that the probe would have a structure mass of 9.8 tonnes
which includes the payload mass of around 4.5 tonnes. The
payload is around twice the mass of a typical probe such as
Galileo or the Cassini-Huygens spacecraft, where these in-
cluded atmospheric probes or landers. We derive three possible
mission plans for discussion.

For a one-way mission to 1,000 AU travelling at 100 AU/
year (474 km/s) and using an exhaust velocity of 500 km/s (that
is assuming an Isp of 50,000s) Pathfinder would have a mass
ratio of 2.58 (we will call Option A). For a total structure
(including payload) mass of 9.8 tonnes this implies a propellant
mass of 15.5 tonnes. For a one-way mission to 1,000 AU
travelling at only 50 AU/year (237 km/s) it would have a mass
ratio of 1.61 (we call this Option B). For the same structure
mass this implies a propellant mass of 5.9 tonnes. For a return
mission to the inner solar system from 1,000 AU (which we call
Option C), this is more complicated. Firstly, the probe must
accelerate to a speed of 66 AU/year (313 km/s) to the 500 AU
point which requires a mass ratio of 1.87. However, it must then
decelerate all the way to 1,000 AU which implies a mass ratio
of (1.87)2=3.49 which gives a propellant mass of 24.5 tonnes.
To then turn around and return to the inner solar system with the

Fig. 2  Artistic impression of the Icarus Pathfinder Probe concept.
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same engine performance and speed to a decelerated orbit
would require even more propellant mass which comes to 110
tonnes. The performance for a return mission appears to be
extremely challenging and the reasons for undertaking such a
difficult mission are explored later. Clearly a one-way mission
to 1,000 AU is more likely to be the first mission type. It is
important to note that these figures are based upon a simple
analysis, in particular no trajectory or performance optimisation
has been carried out and that the analysis needs to be refined for
low thrust assumptions; further analysis will be undertaken in
future work. For Option C some drastic alternative deceleration
aids might be required such as the proposed MagSail [21] to
reduce the amount of propellant for the VASIMR engine. Cur-
rently MagSail technology appears to be far beyond the
timescales considered for Pathfinder (Fig. 3). Perhaps some
large distant object might be discovered in the interim giving a
natural target and also the potential for a gravitationally as-
sisted return to the inner solar system.

3.3 Technology Explored

It is appreciated that any ‘first’ precursor mission might be
rather simpler than the possibilities raised above, despite the
desire of the Project Icarus Study Group to test as many ideas
as possible. The description of a minimum mission would also
be part of further analysis. In this section we consider some of
the technological steps that might be explored.

Given the large mass of Pathfinder as an interim step to a
Daedalus-type interstellar probe, it may have to be manufac-
tured in modules on Earth to be launched into Low Earth Orbit
for final assembly or perhaps fuelling. This would test out key
architecture technology relevant to the construction of a larger
vehicle if needed for an interstellar probe. Alternatively it
could be launched directly from Earth onto a parabolic trajec-
tory, but the substantial propellant mass may make this prob-
lematic. Opportunities to add speed, such as Jupiter gravity
assists (especially if a change of inclination is required) or a 2
burn manoeuvre flyby of the Sun should be considered. Passing

objects of interest may present the opportunity to conduct
science observations or to deploy a sub-probe. In our analysis
Pathfinder will continue to boost until the required cruise
speed had been reached somewhere around 250 AU. Detailed
analysis of the very LISM would be undertaken. When the
probe approaches the inner bound of the gravity focus it could
begin taking measurements to confirm the characteristics of the
gravitational lensing effect. The likely instruments required for
such a mission would include a plasma analyser, magnetic flux
detector, mass spectrometer, magnetometers, interstellar parti-
cle capture device, cosmic ray analyser, an optical laser and a
radio antenna.

If the technical challenges can be met and a mission is
chosen that involves a return to the inner solar system, then
Pathfinder could re-enter the termination shock and solar
Heliosphere, adding to the earlier measurements that were
taken on the outward-bound phase, although from a different
location. It could then focus on the planetary solar system and
use it as an analogue of an exo-planetary system and begin high
resolution spectroscopy of the solar system in an attempt to
locate a planet with an oxygen or nitrogen based atmosphere
and look for signs of biomarkers. The aged spacecraft could
autonomously determine its trajectory and perhaps use a Jupi-
ter gravity assist to decelerate, supplemented by the main en-
gines. As the time delay to Earth decreases ground control
could use the ability to override/correct the automated naviga-
tion to ensure safety and successful data return and monitor
aspects of automatic system repair. On arrival to the inner solar
system, it could simulate deploying an atmospheric probe into
the atmosphere of one of the inner planets (i.e. Earth) and
deliver a sample return perhaps of the interstellar medium dust
grains. This would be ideal for a technology demonstrator but
may have to be weighed against the absolute science value of
the sample return.

Figure 4 is a qualitative illustration of the three possible
scenarios for the ‘faster’ non-return mission (Option A), the
‘slower’ non-return mission (Option B) and the return mission

Fig. 3  Artistic impression of the Icarus Pathfinder Probe performing Jupiter gravity assist.
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(Option C). Whichever one of the three options A, B or C are
chosen, the mission would exercise several aspects of commu-
nications that are vital for both deep space and interstellar
missions. An optical laser system could be used for long jour-
ney transmissions as these enable a larger data bandwidth to be
obtained while reducing power requirements. A key feature to
be tested involving deep space communications is the require-
ments for acquisition, tracking and pointing at such extreme
distances.

3.4 The One Way Trip in Detail

To illustrate more detail we consider the most likely first mis-
sion – a single fly through and no return – using an analysis
closely allied to the method used for Daedalus. Table 2 shows
the working layout and mission performance as calculated for
the initial baseline configuration for the Pathfinder probe (Fig.
5). With its 4.5 tonnes payload mass, the 1/100th scaled Daedalus
2nd stage would boost for five years to a cruise speed of 100
AU/yr (0.15%c) arriving at the 1,000 AU distance over twelve
years after launch. Because it will generate waste heat of the
order of 18.5 MW, large radiators would be needed (giving the
vehicle the appearance of a winged-man, flying into the void
with blazing wings – particularly apt when one considers it is
the ‘Icarus’ Pathfinder).

The concept layout was derived by starting from the as-
sumed science payload and structure mass (Ms/c, the dry mass)
and then seeing if the key spacecraft systems could be sized
within these constraints. An initial assessment was made of the
minimum thrust (Tmin) as a product of the spacecraft accelera-
tion and dry mass. The minimum thrust was then multiplied by
the assumed exhaust velocity (Vex) to get an estimate for the
total jet power (Pj). Anticipated specific powers for the engine,
power supply and thermals (Psp (e,p,t)) were then used in order to

Fig. 4  Qualitative illustration of possible Icarus Pathfinder Probe trajectories.

obtain the respective masses. This then led to a resizing of the
spacecraft mass budget consistent with the desired velocity
increment (∆v) and an estimate for the quantity of propellant
required (Mprop). The propellant mass flow rate (m) was ob-
tained by dividing the propellant mass into the burn time (tb).
Equations of motion with constant acceleration were then used
as a first order approximation to the mission profile. This
process was iterated in order to obtain an acceptable trade-off
between spacecraft mass sizing requirements (controlled pri-
marily by the acceleration and specific powers) and the desired
mission profile. We can also assess the payload dry mass
fraction (fpay) by dividing the payload mass (mpay) by the dry
mass of the spacecraft. The equations used for this analysis are
shown below. The other quantities used where mo and mf for the
initial mass and final mass, Sb and Sc for the boost distance and
cruise distance, and tc and ttot for the cruise time and total
distance travelled in the initial mission.
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TABLE 2:  Icarus Pathfinder Probe Reference Missions, Approxi-
mate Definition.

Parameter Pathfinder

Structure mass (-payload) (tonnes) 5.3
Science payload mass (tonnes) 4.5
Dry payload mass fraction (%) 46
Propellant mass (tonnes) 15.5
Total dry mass (tonnes) 9.8 (~1/100 Daedalus Stage 2)
Total wet mass (tonnes) 25.3
Propulsion type VASIMR
Number propellant tanks 4
Propulsion mass (tonnes) 2.22
[Engine/power/thermal] [0.62/0.37/1.23]
Propulsion specific power (kW/kg) 20/10/100
Engine/power/thermal
Mass ratio 2.58
Jet power (MW) 12.3
Mass flow rate (kg/s) 0.000099
Boost acceleration (m/s2) 0.003
Thrust (N) 49.3
Distance at stage burn (AU) 250
Duration of stage burn (years) 5
Distance target (AU) 1,000
Duration to target (years) 12.5
Exhaust velocity (km/s) 500
Specific Impulse (s) 50,000
Delta-V (km/s) [%c] 474 [0.15]

Fig. 5  Artistic impression of the Icarus Pathfinder Probe concept.
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4. ICARUS STARFINDER

Once the 1,000 AU Pathfinder mission has been demonstrated
and the technology matured, work can begin on the actual
fusion demonstrator missions. These are the Icarus Starfinder
probes. The MkI version will be a mission to 10,000 AU, well
inside the inner Oort cloud. The MkII version will be a mission
to 50,000 AU which is thought to be nearer the outer boundary
of the Oort cloud. Both missions should be sent to toward
suitable targets and would be powered by fusion-based engines
and designed to directly prepare the roadmap for the full inter-
stellar mission. The issue with going to more ambitious mis-
sions is to keep propulsion mass (engine, power supply and
thermal) low, but in order to do this means large specific
powers, and typically larger structure and propellant mass when
trying to maintain reasonable mission durations. Because the
Starfinders are to be launched perhaps several decades after
Pathfinder, technology developments will allow higher exhaust
velocities of fractions up to the 10,000 km/s as envisaged by
the Daedalus Project. Hence we go from 500 km/s with Path-
finder, to estimates of 2000 km/s with the Starfinder MkI and
4,000 km/s with the MkII. These projections may have to be
reviewed in the light of the on-going Project Icarus Primary
Propulsion studies.

The 10,000 AU mission would carry a 30 tonnes payload
and add up to a total dry mass of ~1/10th the Daedalus 2nd stage

dry staged mass. With a pulse period of less than half a second,
it would boost slowly along for three decades and then cruise to
its destination at 0.05c (around 280 AU/yr), arriving at its
destination over 47 years later. Meanwhile after more years of
technological development on fusion based engines, the more
ambitious MkII mission would then be attempted, using more
efficient and compact engines. The 50,000 AU mission would
carry a 50 tonnes payload and have a total dry mass ~1/4th the
Daedalus 2nd stage dry staged mass. This mission also has a
modest pulse frequency of less than one per second boosting to
its cruise speed of one percent of light in around three decades
and then arriving at the destination in around a century. The
initial Icarus Starfinder concept for the configuration layout
and performance is shown in Table 3. Given this scenario it
would be advantageous to have clearly demonstrated these
mission types before the first interstellar mission is attempted.
The Daedalus interstellar vehicle with a specific power of
around 40,000 kW/kg is at the extreme of spacecraft engineer-
ing (that’s 40 TW jet power divided by an approximately 1,000
ton engine mass).

The earlier equations (1)-(10) used for the Icarus Pathfinder
(Fig. 6) mission were also employed for the Icarus Starfinder
missions, but with the important change that the Starfinder
probes are pulsed fusion based engines. This requires an as-
sessment of the number of inertial confinement fusion pellets
being burned and at what mass flow rate leading to the pulse
frequency (fHz). Previous work has already demonstrated a
simple means of optimising pellet pulse frequency [22] and the
energy released during the burn time (Eb) is obtained by multi-
plying the number of pellets (Npell) by the energy released by
pellet in GJ (Epell) (estimated from original Daedalus figures)
and an energy efficiency factor (µ). This can be compared to a
minimum kinetic energy assessment (Ekin,min) to get the dry
spacecraft mass to its required velocity increment. The power
generated during the burn time (Pb) is the calculated by divid-
ing the total energy released by the duration of the burn. The
mass flow rate is derived from the pulse frequency and pellet
mass (mpell) and leads to the thrust calculation. The power
generated and mass flow rate is then used to compute an

Fig. 6  Artistic impression of the Icarus Starfinder Probe concept.
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TABLE 3:  Icarus Starfinder Mission Layouts, with Distances given as Fractions
of the Distance to the Nearest Star Alpha Centauri (AC) 4.3 Light Years Away.

Parameter Starfinder Mk1 Starfinder MkII

Structure mass (-payload) (tonnes) 70 200
Science payload mass (tonnes) 30 50
Dry payload mass fraction (%) 30 20
Propellant mass (tonnes) 112 279.2
Total dry mass (tonnes) 100 (~1/10) 250 (~1/4 scale)
Total wet mass (tonnes) 211.7 529.2
Propulsion type ICF ICF
Number propellant tanks 4 4
Propulsion mass (tonnes) 21 75
[Engine/power/thermal] [6.6/8.0/6.0] [25/25/25]
Propulsion specific power (kW/kg) 30/25/100 (0.25) 50/50/150 (0.25)
Engine/power/thermal (efficiency %)
Mass ratio 2.117 2.117
Frequency (Hz) 0.35 0.54
Total energy release (billion MJ) 205.9 1,256.2
Boost Power (MW) 183.2 697.9
Jet power (MW) 198.8 1,241.2
Net specific power (kW/kg) 8.92 9.37
Raw power (kW/kg) 222.97 234.3
Pellet mass (grams) 0.288 0.288
Number pellets (billions) 0.3878 0.9696
Energy release per pellet (GJ) 13.271 32.389
Mass flow rate (kg/s) 0.0001 0.00016
Boost acceleration (m/s2) 0.0013 0.0017
Thrust (N) 198.76 620.59
Distance at stage burn (AU) 5,658 18,120
Duration of stage burn (years) 35.64 57.07
Distance target (AU) 10,000 (~1/27 AC) 50,000 (~1/5 AC)
Duration to target (years) 49.32 107.28
Exhaust velocity (km/s) 2,000 4,000
Specific Impulse (s) 200,000 400,000
Delta-V (km/s) [%c] 1,500 [0.5] 3,000 [1]

exhaust velocity to show it is self-consistent. Dividing the total
burn power generated by the total propulsion mass (engine,
power supply and thermal, me,p,t) leads to an estimate of the net
specific power Psp,net which can also be divided into the effi-
ciency factor µ to obtain an estimate for the raw power Praw.
The equations used for this analysis are shown below. For this
first iteration of the Pathfinder and Starfinder probes no at-
tempt was made to develop a multi-staged concept, the subject
of future analysis which will also allow for performance en-
hancement although at the risk of making further assumptions
about the reduction in scale of pulsed fusion based engines.

prop
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5. OVERALL ROADMAP

The Project Icarus Study Group intends to fully investigate the
potential roadmap to an interstellar mission and report by 2014.
This preliminary investigation in to the Pathfinder and Starfinder
missions is just part of the process. The purpose behind launching
a mission like Pathfinder is to test out the key technologies
required, undertake useful science on the way and prepare the path
for an interstellar mission. It is envisaged that firstly missions such
as the Innovative Interstellar Explorer [7] would be launched
around the 2020 timescale achieving the 200AU target within 10 –
20 years. If a mission like Pathfinder were then launched in the
2020 – 2030 timeframe, it should reach 1,000 AU around 2040 –
2050 and if a return back to the solar system was included this
would be no later than 2060 (following our Option C path). By this
time advances in fusion propulsion may have enabled the con-
struction of a fusion based engine with sufficiently high perform-
ance to be able to go much further to around 10,000 AU, well into
the Oort cloud. Assuming a launch date of 2050 and a high
performance cruise velocity of around 1,500 km/s (~0.5% c), this
Starfinder Mk1 fusion based demonstrator could reach this dis-
tance in around 50 years timeframe so would arrive at the target
distance by 2100. During that mission this would be followed up
by the 2070 launch of the Starfinder Mk2 with its 2nd Stage
Daedalus-like demonstrator engine. Assuming a cruise speed of
3,000 km/s it would reach a distance of 50,000 AU near the outer
edge of the Oort cloud taking around 100 years to arrive around
2170. By about this time the full Daedalus-like interstellar probe
could have been constructed and nearing launch and with it’s much
more powerful engines achieve a cruise velocity of 36,000 km/s or
around 12% speed of light. If launched by the early decades in the
23rd century it would arrive at its destination in the latter part of the
23rd century. Table 4 shows this possible roadmap plan. It is
accepted that this roadmap may be optimistic in terms of fusion
performance although it is meant to show what might be possible
given the will to achieve it and positive progress on particular
technological targets.

The later missions based on the Starfinder concept hinge on the

promise of fusion power on Earth coming to fruition in the next
decade or so and then the application of this technology to space
propulsion in a compact and practical way. The first demonstration
of fusion flight (50MW, 1kg/KW) is predicted to be mid-2030s in
the NASA In-Space Propulsion System Roadmap (Draft Novem-
ber 2010) [23]. One of the interesting aspects of the Starfinder
concept is that because it is not trying to reach the stars it can use a
fusion fuel that has a performance lower than that expected for a
deuterium/helium-3 reaction used in Daedalus. In particular, deu-
terium/tritium or deuterium/deuterium would be obvious candi-
dates and deuterium/deuterium in particular would be relatively
easy to acquire certainly compared to mining He3 from the atmos-
phere of Jupiter as planned by Daedalus. An original member of
the Project Daedalus Study Group has recently discussed the
potential of different fusion reactions for interplanetary missions
[24].

6. CONCLUSIONS

In this paper we have discussed the concept of a 1,000 AU
interstellar precursor mission known as the Icarus Pathfinder
Probe using a VASIMR engine and subsequent 10,000 – 50,000
AU missions known as the Icarus Starfinder Probes utilising a
scaled down Daedalus-type fusion engine. Although an actual
fusion propelled interstellar mission may be many decades
away, interstellar precursor missions such as Pathfinder and
Starfinder could be attempted much sooner. The VASIMR-
driven (or other engine with Isp = 50,000s performance) Path-
finder mission could arguably be launched within a few dec-
ades and would test out key technology and carry out funda-
mental science obtainable in no other way. It would prepare the
way for Starfinder and eventually lead to a Daedalus-like inter-
stellar mission. It is appreciated that if the Icarus solution is
found to be very different to Daedalus then the concept’s
proposed here, as steps to that interstellar solution, will change.
Indeed, one aim being seriously considered is that of decreas-
ing vehicle masses and easing the engine performance require-
ments.

Pathfinder and Starfinder would undertake essential tests,
along with technical aspects of the propulsion engine, to sig-
nificantly increase the normal operational lifetime of a space
probe along with the distance that can be covered and the
ability to span cross-generational operations. Further tests could
involve extreme levels of autonomy and possibly aspects of
systems repair, navigation and deceleration although it is likely
that the ‘first’ Pathfinder will be relatively simple and in con-
flict with the desire to incorporate as many key technological
tests as possible. Significantly, such precursor missions should
also deliver a high science return pertaining to the solar
heliosphere, termination shock, the solar focal point and the
LISM. These missions would form important steps towards
launching the first interstellar probe mission.

TABLE 4:  Possible Roadmap to Interstellar Mission.

Event Probe Launch date Nominal Arrival date
Duration (years)

Launch to 200 AU IEE 2020 10-20 2030-2040
Launch to 1,000 AU Icarus Pathfinder 2020-2030 20-30 2040-2060
Launch 10,000 AU mission Icarus Starfinder Mk1 2050 50+ 2100
Launch of 50,000 AU mission Icarus Starfinder Mk2 2070 100+ 2170
Launch of first interstellar probe Icarus/Daedalus c2100 100 2200-2300
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This concept paper captures some early thoughts of the
Project Icarus Study Group but it should be clear that it is not
intended to be a complete design proposal and the simplicity of
the analysis is understood. The values considered here for
Pathfinder and Starfinder will require significant technological
progress, even the target speed of 100AU/y is a significant leap
forward from the few AU/yr achieved by Voyager, New Hori-
zons etc, but that progress will depend on the appropriate
identification of the minimum necessary performance. As part
of studying the roadmap to interstellar missions future research
will be carried out during the Project Icarus Study with its
target date for publication of late 2014. To meet the criteria set
down for Project Icarus, for example to be practical, realistic
and engineered, configuration layouts and mission studies of
Pathfinder and Starfinder will need to undergo further design
iteration.

7. FUTURE WORK

The calculations made in this work are mostly based on simple
assumptions often using basic equations of motion with no
trajectory optimisation and consequently more detailed work is
required. Some work has been started by one of the Project
Icarus designers (Andreas Hein) looking at optimisation stud-
ies for the Pathfinder and Starfinder probes. His initial findings
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62, pp.403-414, 2009.
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Internal team publication, May 2010.
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5. M.D. Rayman et al., “Results from the Deep Space 1 technology
validation mission”, Acta Astronautica, 47, pp.475-487, 2000.
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November 2012)

7. http://interstellarexplorer.jhuapl.edu/mission/implementation.html. (Last
Accessed 15 November 2012)
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AIAA/DGLR/JSASS International Electric Propulsion Conference,
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pp 411-420, 2001.
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suggest that the performance of the concept layouts are off
optimal as expected and this needs to be more fully assessed in
the future. Furthermore, this analysis will account for the low
thrust of these proposed vehicles to create a more refined
parametric model.

Another option to consider during further work is whether a
multi stage concept may prove more optimal for the scenarios
described.

Importantly, these studies will be reviewed in the light of the
on-going work of Project Icarus. These steps will lead to an
Icarus-type interstellar mission rather than a Daedalus mission
and may be different than proposed here although their neces-
sity and the science achievable remain the same.
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