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1. INTRODUCTION

This is a short paper to examine the concept of specific power 
for interstellar missions under the fusion propulsion paradigm. 
It is based on the historical BIS Project Daedalus study which 
took place between 1973 to 1978 [1]. In this paper we focus 
on the concept of Specific Power and address which range of 
values we are likely to need for a future interstellar probe.

 In order to achieve more ambitious missions in the 
exploration of space we must change the paradigm. Current 
mission planning is focussed on science driven requirements, 
using energy capabilities from existing space transportation 
propulsion and power requirements. The missions are 
established based on science voids. The current chemical 
energy systems yield low specific energy which leads to energy 
conversion systems with a low performance design, typically 
less than 10 km/s. This is still representative of a low energy 
capability. There is a need to move towards a higher energy 
capability in order to achieve more in space. Using higher 
specific energy systems it is possible to deliver much higher 
delta-V, specifically from nuclear processes based on fission 
and fusion, which have inherrent energy releases which are 
much greater per unit mass than any chemical systems, electric 
or near term plasma driven systems. Moving to a higher energy 
capability will result in a broadening of our current limitations 
and science horizons and so space missions which are science 
driven should be adopting higher energy capabilities.

 Others have shown that for human interplanetary one way 
rendezvous missions to and between the gas giants (Jupiter, 
Saturn) this likely requires a specific impulse of greater than 
20,000 seconds and a specific power greater than 10 kW/kg 
[2], and roundtrip missions would require a specific impulse 
of greater than 50,000 seconds and a specific power of at least 
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100 kW/kg [3]. The ambition of Project Icarus however is to go 
interstellar, which likely implies specific powers approaching 
or exceeding the MW/kg regime.

 Specific power is a useful performance metric for a spacecraft. 
It relates the propulsive power requirements (engine + power 
source + thermal management) driving the vehicle to the mass 
of the propulsion technology being used. It is usually calculated 
as the product of the jet power divided by the propulsive mass. 
For any spacecraft the useful work performed is the kinetic 
energy imparted to the payload at the end of the mission. The 
jet power is the net power of the rocket engine, after you have 
accounted for all the inefficiences, and is the kinetic energy in 
the exhaust providing thrust. 

 We can estimate the minimum jet power by multiplying the 
square of the exhaust velocity Vex by the mass flow rate dm/dt, 
or as a product of the thrust T as follows:

 2 0.5 0.5j ex ex
dmP V V T
dt

= × × = × ×  (1)

 The specific power is a fundamental performance property 
of a particular mission and its value can range from sub-kW/
kg up to 10s MW/kg, depending on the spacecraft design. This 
will be demonstrated in this short paper. It is worth noting that 
there is an argument that specific power may be inappropriate 
for an external nuclear pulse drives, specifically for systems 
which are self-exciting, although it is still useful as a way of 
determining the thermal loading.

2. NASA STUDIES

In 1991 a comprehensive study into nuclear fusion propulsion 
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was conducted and published as a NASA technical report [4]. 
The author considered a 10 tonnes payload with 4,000 tonnes 
of propellant for an Alpha Centauri mission. He looked at a 
range of specific powers, namely; 1 kW/kg, 10 kW/kg and 
100 kW/kg. For a single stage vehicle the mission trip times, 
assuming a flyby only mode, were 460 years, 213 years and 
99 years respectively. The jet power requirements for each 
of these missions were 195 MW, 1,950 MW and 19,500 MW 
respectively. This led to velocity increments of 4,184 km/s, 
9,015 km/s and 19,422 km/s respectively. 

 For a two-stage vehicle the mission trip times, again 
assuming flyby only mode, were 414 years, 192 years and 98 
years respectively. The jet power requirements for each of these 
missions were 816 MW (stage 1) and 37 MW (stage 2), 8,162 
MW (stage 1) and 370 MW (stage 2), and 81,620 MW (stage 
1) and 3,500 MW (stage 2) respectively. This led to velocity 
increments of 4,646 km/s, 10,011 km/s and 21,569 km/s 
respectively. The effect of staging was to give rise to a higher 
velocity increment, reduced trip time and with increased values 
of specific power. The author also examined missions with 
4,000, 65,400 and 1,308,000 tonnes total propellant masses. 
The minimum flight time was 71 years, with a specific power 
of 100 kW/kg for a four-stage vehicle. 

 Schulze had demonstrated a strong dependence of the flight 
time in years on the value of specific power adopted; the higher 
the specific power, the lower the flight time. The flight time 
was also sensitive to the initial mass adopted which reduced 
significantly the more initial mass was used. A large specific 
power would also correspond to a large specific impulse. The 
authors also conducted rendezvous mission studies but this will 
not be discussed in this short paper.

3. SPACECRAFT CONCEPTS

It is useful to examine a variety of other spacecraft systems 
that utilise fusion as the main propulsion drive. These are 
studies published in the literature but for which there has 
not been any extensive discussions on the specific power 
requirements. We will mostly focus on interstellar concepts, 
but also advanced interplanetary designs which have the 
potential for scaling.

3.1 VISTA Spacecraft

The Vehicle for Interplanetary Space Transport Applications 
(VISTA) was a 1987-2000 study into a fusion powered vehicle 
for interplanetary exploration, specifically for a return mission 
to Mars within 60 days [5]. It would use a D/T fuel and its 
propulsion was based on Inertial Confinement Fusion fast 
ignition technique using 5 MJ laser beams. The total vehicle 
had a launch mass of around 6,000 tonnes with a 100 tonnes 
payload and a total propellant of around 4,165 tonnes. The ICF 
pellets would be initiated with a 0 to 30 Hz pulse frequency. 
For the Mars mission the thrust was around 2.4×105 N using an 
exhaust velocity of 170 km/s. This corresponds to a jet power of 
20.4 GW and a specific power of 11.7 kW/kg as shown below:

 Pj = 0.5×170,000 ms-1×2.4×105 N ~ 20.4 GW (2)

 ∴ Psp = 20.4 GW / 1,735 tonnes ~11.7 kW/kg (3)

3.2 Longshot Starship

Project Longshot was a student study in 1988 at the US Naval 

Academy [6]. The students designed a vehicle for an Alpha 
Centauri mission within 100 years trip time. It would carry 
an approximately 30 tonnes payload within an additional 70 
tonnes spacecraft, of which 32 tonnes composed the chamber, 
igniter and field coils. The total propellant allocation was stated 
to be 264 tonnes. The propulsion system was also ICF based 
but using a D/He3 fuel. The ICF pellets would be initiated with 
a 14-250 Hz pulse frequency. For a student study the project 
was a good effort, although no propellant had been allocated 
for the assumed deceleration phase of the mission. The vehicle 
was to have an assumed exhaust velocity of 9,810 km/s. The 
calculations are complicated by the errors in the Longshot 
design and hence why they are not laid out in this specific 
paper. However, estimates by this author suggest that Longshot 
would have a specific power of 730 kW/kg for the minimum 
time mission, assuming a single stage vehicle with a mass ratio 
of 3.

3.3 Daedalus Starship

Project Daedalus was a 1970s study by members of the British 
Interplanetary Society into an interstellar probe to Barnard’s 
Star [1]. The spacecraft had a 450 tonnes science payload, 
which was included in the total 2,670 tonnes total structure 
mass. The total propellant allocation was 50,000 tonnes of 
D/He3. The propulsion system was ICF based, driven by GJ 
electron beams. Reaching a cruise speed of over 12.2 percent 
of light, it would reach its stellar destination in under half a 
century. The original Daedalus study reports indicate a need 
for a high mass ratio requirement for interstellar flight. The 
low abundance of He3 was expected to dominate the mission 
costs [7]. The study group chose to optimize the payload to 
propellant ratio Mu/Mp, and assumed that for a particular value 
of specific mass there is a value of the mass ratio which makes 
the Mu/Mp a maximum. Figure 1 shows an attempt to repeat 
some of the Project Daedalus calculations, with the lower curve 
clearly showing that the optimum mass ratio is at around 150, 
consistent with the 1970s finding. The figure also shows the 
effect on the payload/propellant ratio with changes in specific 
power which will be useful in future design calculations.

 The initial assessments suggested that for a 40 year mission 
to be possible, they would require a specific power (what the 
Daedalus team termed specific engine mass) of lower than 
~40 MW/kg (2.5×10-8 kg/W). They aimed for ~100 MW/kg 
(1×10-8 kg/W). The optimum mass ratio was found to be at 
around 150 with Mu/Mp = 0.0036. However, the team found 
this too difficult to achieve and instead had to lengthen the 
mission duration (to ~50 years from ~40 years) so that the 
final design had a first stage engine mass of 1,295 tonnes 
producing 44 TW of power. This equates to a jet power of 
~40 TW and a specific power of ~42 MW. This is shown by a 
quick calculation:

 Pj = 0.5×1.06×107 ms-1×7.54×106 N ~ 40 TW (4)

 ∴ Psp = 40 TW / 944 tonnes ~42.3 MW/kg (5)

 We can also calculate the Daedalus second stage performance 
assuming a 318 tonnes total propulsion mass and an exhaust 
velocity of 0.921×107 m/s using a Thrust of 6.63×105 N. This 
gives:

 Pj = 0.5×0.921×107 ms-1×6.63×105 N ~ 3.05 TW (6)
     
 ∴ Psp = 3.05 TW / 318 tonnes ~9.6 MW/kg (7)
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3.4 Enzmann Starship

Another interesting design study is the Enzmann Starship 
concept. Believed to have been created in the 1960s by Robert 
Enzmann [8]. The concept is believed to have a dry spacecraft 
mass of around 30,000 tonnes with a propellant mass of 3 
million tonnes. The propellant is a large sphere of Deuterium 
and the engines were to be a form of internal/external nuclear 
pulse hybrid. The difference between this starship concept 
and the ones discussed above is that the Enzmann is a crewed 
vehicle, starting off with a population of around 200 and 
growing by an order of magnitude after its 60 year trip time to 
Alpha Centauri. It would have an exhaust velocity of around 
11,700 km/s reaching a cruise velocity of 27,000 km/s or 9% 
of light speed. This would be doubled when one considers 
the redenzvous part of the mission. Estimates by this author 
suggests a mass flow rate of around 5.02 kg/s, leading to an 
estimated jet power of around 344 TW and a specific power of 
around 11.5 MW/kg, although for this calculation we have used 
all of the dry spacecraft mass in the specific power calculation. 
Again this is demonstrated by a simple calculation:

 Pj = 0.5×5.02 kgs-1×(11,700,000 ms-1)2 ~343 TW (8)

 ∴ Psp = 343 TW/30,000 tonnes ~11.5 MW/kg (9)

4. DISCUSSION

Table 1 shows all of the spacecraft systems examined in this 
paper. Longshot has the lowest specific power of the three 
interstellar vehicles studied and this cannot be considered a 
reliable study at this time. The Daedalus and Enzmann (modern 
assessment) studies are reliable however and indicate specific 
powers in the MW/kg range are required for large mass (100s 
tonnes) payloads and above. 

 The 1991 NASA study had derived specific power levels 
of 1 – 100 kW/kg. The various other interstellar spacecraft 
concepts examined in the previous section suggest that large 
vehicles neccessite much larger specific power levels. The 
Daedalus specific power of order 43 MW/kg is very high and 
should be considered the practical extreme for any interstellar 
robotic probe designs.

Fig. 1  Project Daedalus mass ratio 
calculations for different total 
mission durations of 40 and 100 
years.

TABLE 1:  Computed Propulsion Performance Metrics with Defined Propulsion and 
Payload Masses.

Mission Vex (km/s) Mprop (tonnes)
(Mpay (tonnes))

Pj (MW) Psp (kW/kg)

NASA 1-stage (i) [4] 1,384 195 (10) 195 1
NASA 1-stage (ii) [4] 2,983 195 (10) 1,950 10
NASA 1-stage (iii) [4] 6,428 195 (10) 19,500 100
NASA 2-stage (i) [4] 1,502 195 (10) 816 (1st) 

37 (2nd)
1

NASA 2-stage (ii) [4] 3,236 195 (10) 8,162 (1st) 
370 (2nd)

10

NASA 2-stage (iii) [4] 6,971 195 (10) 81,620 (1st) 
3,500 (2nd)

100

VISTA [5] 170 1,735 (100) 20,400 11.7
Longshot [6] 9,810 70 (30) – 730 
Daedalus [1] 10,600 944 (450) 40 × 106 (1st) 

3.05 × 106 (2nd)
42,330
9,600

Enzmann [8] 11,700 5,000 (25,000) 344 × 106 11,500
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 We note that the specific power for a long duration burn 
is very different to a high-thrust impulse like with Daedalus. 
Throughout his analysis Schulze’s [4] uses a result that the 
minimum power for a given mission is when thrust is 2/3 
of the mission time. This applies to flyby missions as well 
as rendezvous and return missions and is based on work by 
Moeckel [9]. For high thrust/high mass-ratio missions, which 
Bond & Martin [1] decided was acceptable for Daedalus due 
to the time constraint imposed, then shorter thrust periods can 
reduce the required delta-vee by 1/3, and thus reduce the mass-
ratio by the 2/3 power.

 The required jet power is proportional to the mission time by 
an inverse cube relationship. It’ is also a squared proportionality 
with the distance. A flyby to Alpha Centauri in 100 years thus 
means a lower jet power by a factor of ~(2)3×(4/6)2 = 10. But 
if all the thrust is squeezed into less than 4 years, instead of the 
optimal ~66 years, then the jet power required by Daedalus is 
even higher. 
 
 Barnard’s Star at 6 light years, in 50 years, this means 
0.12c ΔV. With a 0.03c exhaust velocity, the mass-ratio is ~55 
minimum. But if we drag out the thrust time to 2/3 the trip 
time and the ΔV rises to 0.18c, implying a mass-ratio of ~400. 
Thus a short thrust period at high thrust and very high specific 
power is indicated if the total system mass is to be kept as low 
as possible. 
 
 Schulze [4] examined multi-stage missions with quite 
different assumptions to Daedalus. His 71 year flyby has a peak 
speed of 0.0897c, with an exhaust velocity of 0.0156c - a mass 
ratio of 315 over-all and 4.21 per stage. This maximises the 
average speed achieved for the specific power of 100 kW/kg. 
With Daedalus exhaust velocity it can be done with a mass-
ratio of 18.55, if it had the same thrust profile. This would be 
even lower if the required average speed (0.0606c) was the 
cruise speed, and then Daedalus could do it with a single stage. 

 It is often assumed that thrusting all the way is to be preferred, 
but the ΔV rises to twice the short impulse case and the mass 
ratio squares. This would be extremely challenging and would 
suggest a mass of millions of tonnes – which is not unlike the 
Schulze’s systems [4].

 As mentioned earlier, the jet-power is the ‘net’ after the 
inefficiencies have been accounted for. Daedalus’s external 
pulse makes that hard to see because it is so efficient - much 
more so than typical internally powered designs usually 
discussed. 

 Another important point we should note is that Daedalus 
is self-exciting - the engine keeps itself firing - which is quite 
different to most fusion drives in the literature. This gives it a 
completely different power/thrust relationship.

 The specific power is proportional to the square of the 
distance and the inverse cube of the trip-time. That means 

going faster requires a massive rise in specific power. Daedalus 
wasn’t perfectly power optimised for the trip, but it does the job 
sufficiently well. Reducing the cruise speed from 16.7% of c to 
just 12.2% of c meant a huge reduction in mass ratio, from 150 
to just around 40. That mass-ratio was then feasible to stage.

 In terms of performance limits and optimisation for mission 
scenarios. Calculations show that although a higher specific 
power will result in a reduced mission time, due to the higher 
velocity achieved, it comes at the penalty of increased thrust 
and so therefore increased jet power. We also note that for a 
higher specific power mission, this will increase the specific 
impulse requirement. Obviously, for any fusion engine there 
will be limit to the specific impulse performance possible, set 
by the engine design and the choice of reacting fuels. This 
implies that there is a regime where the specific impulse can be 
pushed outside of the theoretical limit needed for the specific 
mission, and so using a higher specific power past this limit 
would result in a non-optimised design. This optimum would 
be specific to each mission scenario and vehicle design, but it is 
particularly the case for missions with long flight times.

5. CONCLUSIONS

In this paper we have briefly reviewed the concept of specific 
power for various spacecraft concepts when using fusion 
based engines. For payload masses in the range 100s kg to 10s 
tonnes, specific power levels of kW/kg appear to be required 
for an interstellar mission. For payload masses in the range 
10s tonnes to 100s tonnes the specific power requirements are 
much greater, in the MW/kg range. The Daedalus fist stage had 
a specific power of around 40 MW/kg using a large 450 tonnes 
science payload for a ~50 year mission profile. For an interstellar 
probe, we have to consider that this is at the outer extreme of our 
performance and for payload masses in the range ~150 tonnes 
regime propelled by an inertial confinement fusion engine, and 
assuming a 100 year total mission time constraint, propulsion 
performance is likely to require a jet power exceeding ~1 TW 
and a specific power exceeding ~1 MW/kg.

 For any crewed starships starting from this basis they are 
likely to require 10s MW/kg specific power performance 
capability, assuming an increased payload and structure mass, 
for the same mission duration. Future work using specific 
design concepts as part of ongoing trade studies is required to 
validate these preliminary conclusions, but this represents a 
good start basis for scoping specific power performance.
 
 Finally it is worth noting that specific power may not be an 
appropriate metric for externally driven nuclear pulse engines 
(e.g. Project Orion).
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