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In the present work, two different concepts for fusion based space propulsion are compared. While the first concept 

is based solely on propulsion by hypothetic ejection of fusion products and hence may be called ash drive, the second 

one uses an additional coolant for thrust enhancement. Since this coolant was initially assumed to be gaseous and 

since it is doing most of the propulsion work, the name of “working gas drive” has been proposed. Propulsive cha-

racteristics for both types are evaluated for four fusion reactant couples (D-T ; D-
3
He ; 

3
He-

3
He ; 

11
B-p). In working 

gas drives, only hydrogen is considered as coolant due to its exceptionally good caloric and propulsive properties. 

 

The results of comparative studies show that while ash drives excel working gas drives in terms of specific impulse 

the latter yield considerably more thrust than ash drives. Another major drawback of the ash drives are relatively 

small thrust efficiencies. The plasma power has to be disposed of nearly entirely as waste heat leading to prohibitive 

radiator masses. 
 

 

I. INTRODUCTION 

 

The development of mankind’s solar system for 

human purposes is limited by the technological abili-

ties in space flight, among which the most critical: 

Propulsion. Its decisive role is obvious in the case of 

launchers in which today’s propulsive capabilities re-

strict the payload to a relatively small fraction of the 

vehicle’s mass. This issue is to a certain extent also 

characteristic for space propulsion systems operating 

on Earth’s orbit and beyond, as well as another im-

portant matter which is the extremely long mission 

duration caused by established transfers such as 

Hohmann’s transfer or spirals. 

Both insufficiencies are of no concern as far as the 

mission consists in sending unmanned probes or orbi-

ters of a relatively small size to a given destination 

and as far as there is plenty of time – and patience. 

Yet, if a mission requires moving a considerable pay-

load mass over a vast distance in a conveniently short 

period of time, which is especially desirable in the ca-

se of manned interplanetary space flight, transfer ap-

proaches of higher performance are necessary. 

Williams
1
 proposed an advanced interplanetary trans-

fer consisting of two finite burns along a straight tra-

jectory, extending a field free fly-by estimation al-

ready proposed by Shepherd
2
. Williams obtained 

 
    [1] 

 
for the voyage distance D and 

 
     [2] 

 
for the voyage duration τ.  In these equations, F de-

signates the thrust and ce the exhaust velocity. The 

spacecraft’s dry mass is Md  and ε = Md/M0 is the dry 

mass fraction with respect to the initial mass M0. 

These equations show that, in the case of fixed space 

craft mass composition, the augmentation of ce  by a 

given factor and of F by this factor’s square dimini-

shes the voyage duration by this factor while the vo-

yage distance stays  fixed. Thus, both high ce and 

high F are to be aspired when developing a propul-

sion system suitable to perform Williams’ transfers. 
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Present day’s propulsion combines high ce with 

low F or vice versa: In the case of energy limited pro-

pulsion systems like chemical thrusters, ce is limited 

by the enthalpy stored in the combustible. A typical 

approximation often stated is 5.2 km/s.
3
 However, en-

ergy limited propulsion systems tend to have high 

thrust compared to power limited propulsors which 

reach higher ce. The major advantage of high ce arises 

from Tsiolkovski’s equation 

 

    .  [3] 

 

A smaller propellant mass fraction is sufficient to rea-

lize the same velocity increment Δν of the spacecraft. 

This is the main incentive studying electric or separa-

tely powered propulsion. However, being limited in 

mass specific power 

 
    [4] 

 
the high ce of electric thrusters is equivalent to a rela-

tively low acceleration forcing long burns to build up 

a mission’s velocity increment. Removing the limita-

tion would consequently allow higher accelerations e-

ven at higher ce. This thought is consistent to the re-

sults of an optimisation of separately powered propul-

sion discussed in references 2 and 4: The augmenta-

tion of the specific power and of the propulsion sys-

tem is equivalent to an augmentation of payload and a 

reduction of mission duration. 

A considerable augmentation of specific power 

may be obtained by using nuclear fusion. Nuclear fu-

sion ranks among the most attractive terrestrial power 

generation processes
5,6

 and has already been discus-

sed as a power provider for space propulsion.
7,8,9

 Re-

cently, the identification of a fusion drives’ most like-

ly system architecture has become a subject of invest-

tigation. Both the physical aspects – such as the appli-

cability of fusion reactant couplings, the practicability 

of expected fusion plasma properties, and respective 

confinement
10,11,12

 – and the system engineering as-

pects – such as key technologies, subsystem require-

ments and mass estimations
13,14

 – have been covered 

and studied assuming a generic, dimensionless model. 

Two main system concepts have been made out, “ash 

drives”, propelling by ejection of fusion products, and 

“working gas drives”, using an additional propellant 

heated by the fusion reactor.  

This contribution aims at presenting these con-

cepts, integrating recent results and giving an update 

on the state of investigation. Some of the prior uncer-

tainties such as the impact of fusion products on the 

plasma and its consequences to the propulsive proper-

ties and system mass budget are answered. 

The propulsion system concepts are described in 

the next section, detailing both the model of a generic 

reactor, its physics and basic properties, as well as the 

differences between the two propulsion approaches. 

Their respective models are given and discussed. In 

Section III, an abbreviated evaluation of the system 

studies is given and discussed before concluding in 

the final section. 

 

II. SYSTEM CONCEPTS 

 

There are two fundamental concepts in nuclear 

space propulsion, one being Nuclear Electric Propul-

sion using a nuclear (decay, fission, or fusion) power 

source to provide electric energy for an electric thrus-

ter and the other being Nuclear Thermal Propulsion in 

which the core’s waste heat is used directly to heat 

the propellant. In this contribution, the latter is consi-

dered, the core being magnetically confined fusion 

(MCF) plasma. Then, either thermalised fusion pro-

ducts – the “ash” – are used for propulsion, or an 

additional propellant – the “working gas”. These are 

eponymous for the respective concepts: Ash drives 

and working gas drives. 

 

II.I. Generic fusion reactor 

The reactor core providing the energy for the ther-

mal thrust generation is modelled as one dimensional, 

homogeneous, isotropic fusion plasma in steady state. 

It is assumed that this plasma is consisting of two 

reactant species. The composition of reactants is mo-

delled using a mixture ratio. The investigated reactant 

couplings were in addition to the terrestrial standard 

D-T-reaction the low neutronic D-
3
He- and 

11
B-p-

reaction and the aneutronic 
3
He-

3
He- reaction. The 

focus has been laid on advanced fusion reactions of 

low radioactivity in order to reduce shielding masses 

and potential hazards to the environment, to the 

payload and to the astronauts from the beginning. 

The reactor hardware around the plasma is consis-

ting of subsystems also common to terrestrial fusion 

reactor concepts. The layers are depicted in figure 1 

on the next page. There is a gap between the fusion 

plasma and the first wall, commonly called halo
7
 and 

assumed to contain a scrap off layer perfectly separa-

ted from the plasma. The first wall is the inner delimi-

tation of the blanket. As far as no breeding function is 

required, the blanket may be a porous solid passed 

through by coolant. The first wall may also be porous 

to allow the injection of coolant to the scrap off layer 

reducing heat loads to the hardware. The injected 

coolant is assumed to be used as propellant in wor-

king gas drives and to transport waste heat to thermal 

energy converters and finally a system of radiators in 

both concepts. Radiators will distinguish any fusion 

reactor in space from their terrestrial counterparts be-

cause the void of space will not allow for conductive  
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waste heat disposal leaving radiative heat transfer the 

only resort. The magnetic confinement is provided by  

an adequate system of magnets kept at an operational 

temperature by a cryo plant. 

The plasma’s properties are described using a cri-

terion
11

 yielding the double product niτE (or a triple 

product niτET) of ion density ni and the energy con-

finement time τE required to maintain a stationary 

thermonuclear fusion burning at a given plasma tem-

perature T. Relevant temperatures are typically in the 

range of several million Kelvins and hence usually 

indicated in keV. The double product also enables the 

estimation of the plasma pressure, the necessary bulk 

value of a magnetic containment and the power densi-

ties of relevant phenomena. The criterion is derived 

from a particle balance equation introducing particle 

containment times of both fusion reactants and pro-

ducts, and an energy balance equation summing up 

the plasma’s power losses against the energy gains. 

The latter are made up of the actual fusion power and 

recycled fractions of losses. As for the power losses, 

one considers in general thermal losses modelled 

basing on the energy confinement time τE and losses 

issuing from the so called bremsstrahlung. These are 

common to both D-T-reactors on Earth and the space 

faring concepts relying on advanced reactant coup-

lings. Since these operate at temperatures far above 

those of the conventional D-T-reaction, losses by 

synchrotron radiation in the magnetic containment 

become relevant
15,16

, too, and have to be taken in 

account. The overall power circulation modelled in 

the criterion is shown in figure 2 in the centre of the 

next column.  

At the first wall, a fraction f of the bulk loss will 

be reflected back into the plasma. This fraction de-

pends on the type of loss, e.g. the fraction of synchro-

tron radiation will be around 0.95
5
, and the one of 

thermal losses is assumed to be 0. The reflection frac-

tion of bremsstrahlung may be around 0.1, given a 

suitable surface
5
 but is conservatively assumed to ze-

ro. Of the remainder the fraction g will be absorbed 

by the coolant either in the blanket or in the halo. 

This fraction depends on the type of loss, mainly on 

radiative losses’ penetration depth in the blanket. 

Thermal losses are hypothesized to pass right into the 

coolant in the halo, the respective fraction is assumed 

to be gth = 0.9. However, depending on the concept, 

this fraction will be treated differently. The coolant 

flow will be expanded in the case of working gas 

drives, and circulated through additional radiators in 

ash drives. The energy converters will turn the frac-

tion η = 0.06
17

 of the rest into electrical energy.  

For further details on the criterion, please refer to 

the references 11 and 12. The latter contains a more 

detailed version also allowing for side reactions and 

multi-reactant systems. 

 

II.II. Ash drives 

Ash drives rely on a hypothetical system extrac-

ting only fusion products from the plasma and 

exhausting them. It is further assumed that the 

thermal power of the ash Pth,ash is converted entirely 

into propulsive power PT,ash: 

 
      .  [5] 

 
VP is the volume of the plasma core

*
. The ash’s 

thermal power density is
5
 

 
    [6] 

 
 where φ = Ti/Te is the so called hot ion mode, relating 

the electron’s temperature Te to the ions’ Ti. The 

Boltzmann constant is noted kB. The volume specific 

rate of generation 

                                                           
*
  In order to avoid an excessive number of density de-

finitions, VP is maintained throughout the article. 

 

Fig. 1: Arrangement of the assumed one-dimensio-

nal reactor’s components. Radiators and heat 

transport to them are not shown. 

 

Fig. 2: Simplified power flux model. 
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    [7] 

 

of products of the species g  G with the respective 

proton numbers Zg is yielded with the rate Rik during 

the ash’s containment time τa by fusion of the reac-

tants i and k. The factor ζg accounts for multiple 

products of the same species; e.g. the 
11

B-p-reaction 

releases ζ4He = 3 helium cores. Filling in [7] into [6] 

reveals that the thrust power is directly proportional 

to the ion’s temperature and to the reaction rate Rik.  

If the masses of the products mg are known, the 

mass flow ṁash can be calculated directly: 

 
      . [8] 

 
An electron’s mass is noted me. In a preliminary esti-

mation, the ash mass flows appeared to be rather 

small and the power distributed to these particles rela-

tively high. Thus, a very high kinetic energy per parti-

cle can be expected and a relativistic approach to de-

termine the exhaust velocity ce,ash was considered to 

be appropriate. The relativistic derivation builds on 

energies which introduce for the assumedly stationary 

mass flow and power the ash confinement time τA  

and the energy confinement time τE through integra-

tion. The derivation yields 
 
 

    [9] 
 

 

with the dimensionless product confinement time  

τ Ea = τa/τE  and with the abbreviations 

 
    [10] 

 
the product particle multiple, and  

 
    [11] 

 
the product mass yield per reaction. Equation [9] 

allows to conclude that for a given temperature and a 

given hot ion mode the exhaust velocity is closer to 

the speed of light c0 if the products’ proton to nucleon 

ratio is closer to one: In that case, there is a relative 

decrease of the product mass yield per reaction in the 

denominator of the fraction in equation [9]. The frac-

tion’s value itself will increase relatively. Hence the 

inverse square will decrease more. The result of the 

square root will be closer to unity. Increasing ion 

temperature or ash confinement time will have a simi-

lar effect. At very high values ce,ash will converge to 

the speed of light. The volumetric density of thrust is 

calculated classically: 

 
   . [12] 

 
Assessing the magnitude of the quantities contribu-

ting to this equation, one can conclude that only limi-

ted thrust is achievable: The mass yield per reaction 

will be in the order of 10
-26

 kg in the case of 
11

B-p-

coupling which is the best value among the conside-

red reactions. The best reaction rate at minimum mag-

netic field in this case is around 10
22 

1/(s m
3
) at tem-

peratures at which ce is about 5% of the speed of 

light. Together, this estimates to about 1000 N/m
3
p of 

thrust per meter cube of plasma. However, in the 

more conservative case of D-T-coupling the thrust 

amounts to about 1 N/m
3
p.  

Another interesting estimation found for ash 

drives concerns the upper limit of thrust efficiency: 

 
              , [13.a] 

 

 

 

 
           .  [13.b] 

 

 
PBrS is the power of bremsstrahlung, PSyn is the one of 

synchrotron radiation and Pn0 is the fraction of fusion 

power carried by neutrons. The fraction 

 
    [14] 

 
notes the mixture ratio of reactant species k and i. 

From equation [13] it appears that using only fusion 

products for space propulsion will not be very 

efficient given that in general there have to be con-

siderably less products than reactants in the plasma, 

lest the fusion reactions extinguish.
11,12

 On the other 

hand, the waste heat is most likely to cause pro-

hibitive radiator masses.
11,14 

 

II.III. Working gas drives 

Working gas drives use an additional coolant 

which is heated up with energy emerging from the 

plasma. Then it is ejected as propellant. A large part 

of the heat loss which would have to be disposed of 

by radiators is thus used to generate thrust. The assu-

med system design consists in pressing liquid hydro-

gen through the porous blanket into the vessel. It is 

hypothesized that the hydrogen will be vaporized and 

on entering the halo, sufficiently ionized to be kept 

off the plasma by the hypothetic confinement and 

ejected via a magnetic nozzle. Further, it is assumed 

that fusion products leaking out of the plasma will 
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have thermalised within the ionised coolant and be 

swept out. In order to assess the hydrogen mass flow, 

the power of radiative losses absorbed in the blanket 

PT,rad as well as a temperature profile needs to be 

known. The mass flow is evaluated as follows: 

 
              . [15] 

 
 Here, hH2(T) is the mass specific enthalpy of 

hydrogen at a given temperature T; TBlt,in designates 

the one at the inner limitation of the blanket, TBlt,out at 

the outer one. Note, that a part kT,th = (1 - fth)gth of the 

thermal losses is assumed to be absorbed by the 

coolant in the halo due to convection. This power 

PT,con will energize the hydrogen additionally. The 

total thrust power is  

 
               .  [16] 

 
The exhaust velocity is calculated similarly to equa-

tion [9] with respect to relativistic effects:  

 
         . [17] 

 
Note that this exhaust velocity does not depend on the 

plasma volume but rather on the plasma properties in-

cluded in PT,wg. Since this power is largely dominated 

by its conductive part the thrust efficiency is driven 

mainly by kT,th: 

 

            . [18] 

 

Thus, this approximation can be used to justify the 

approximation of gth at 0.9 by comparison with exis-

ting systems. 

 

III. EVALUATION AND COMPARISON  

OF PROPULSIVE CHARACTERISTICS 

 

The following evaluation was conducted with 

same parameters as in reference 11. 

 

III.I. Ash drives 

While plasma volume specific densities of mass flow 

and thrust seen in figure 3 reflect the double product 

in function of the ion temperature, the quantitative 

evaluation of the exhaust velocity shows that it de-

pends on the temperature of both ions and electrons 

as well as on the product composition, which in turn 

depends on the reaction couple. The higher the ions’ 

temperature, the higher the exhaust velocity ce,ash. The 

higher the hot ion mode φ, the lower ce,ash. The eva-

luation also proves that ce,ash is higher if the proton to 

nucleon ratio is closer to unity – if there had been a  

reaction yielding exclusively protons, the best exhaust 

velocity for a given temperature would have appeared 

at φ = 1. Thus, there is little interest in increasing φ as  

reference 11 indicates that this is of little benefit to 

the ignitability of fusion plasmas compared to redu-

cing τ Ea. On the other hand, the impact of τ Ea may 

lead to an engineering dilemma: While high values 

are beneficial to the exhaust velocities which can be 

seen in figure 4, they are detrimental to the fusion cri-

terion.
11,12

  

At some temperature, the exhaust velocity may 

reach several percent of the speed of light.  However, 

 

Fig. 4: Exhaust velocity of ash drives  
a: D-T,  τ Ea = 1, φ = 1; b: D-T,  τ Ea = 1, φ = 5;   

c: D-T,  τ Ea = 5, φ = 1; d:  D-T,  τ Ea = 5, φ = 5;   

e: D-³He,  τ Ea = 1, φ = 1; f: D-³He,  τ Ea = 1, φ = 5;   

g: D-³He,  τ Ea = 5, φ = 1; h:  D-³He,  τ Ea = 5, φ = 5;   

i: 11B-p,  τ Ea = 1, φ = 1; j: 11B-p,  τ Ea = 1, φ = 5; 

k: ³He-³He,  τ Ea = 1, φ = 5 

 

Fig. 3: Plasma-volumetric thrust of ash drives;  
a: D-T,  τ Ea = 1, φ = 1; b: D-T,  τ Ea = 1, φ = 5;   

c: D-T,  τ Ea = 5, φ = 1; d:  D-T,  τ Ea = 5, φ = 5;   

e: D-³He,  τ Ea = 1, φ = 1; f: D-³He,  τ Ea = 1, φ = 5;   

g: D-³He,  τ Ea = 5, φ = 1; h:  D-³He,  τ Ea = 5, φ = 5;   

i: 11B-p,  τ Ea = 1, φ = 1; j: 11B-p,  τ Ea = 1, φ = 5; 

k: ³He-³He,  τ Ea = 1, φ = 5 (does not ignite else)   
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if one considered relativistic effects on the dynamic 

masses as well, one would find negligible values of 

about 5% of the mass flow at best. Mass flows of ash 

drives prove to be feeble. For minimum exigencies on 

the bulk magnetic field, the maximum value is about 

10
-3 

kg/s/m
3

P. This is the value in case of 
3
He-

3
He at  

Ti = Te. For this fuelling, the thrust may reach about 

10
4
 N/m

3
P – the maximum found for this condition.  

 The evaluation of the thrust efficiencies in the 

point corresponding to optimum magnetic field
14

 

yields the values given in table 1.  

  

III.II. Working gas drives 

 The evaluation of propulsive characteristics of 

working gas drives shows that while the exhaust velo-

cities – see fig. 5 – are considerably reduced compa-

red to ash drives, it still exceeds chemical systems’ 

one. Plasma volume specific thrust densities docu-

mented in fig. 6 is higher than the one of ash drives. 

Both observations are reasonable since a strongly in-

creased flow of propulsive mass is used. Also, a sig-

nificant part of the waste heat otherwise radiated to 

space is used for thrust enhancement.  

 This fact reflects in augmented thrust efficiencies. 

In section 2.3, gth was introduced and identified as the 

dominating contribution to ηT,wg. The assumption that 

gth amounts to 0.9 was a result of comparison among 

various state of the art thermal and nuclear propulsion 

concepts. This value yields thrust efficiencies for the 

condition of minimal magnetic confinement shown in 

table 2 close to the ones of NERVA. Reference 14 is 

based on an evaluation for the optimum of the 

magnetic field in order to be as close to nowadays 

technologies as possible.  

 Comparing table 1 to table 3 on the next page 

shows however, that the temperatures of the optimum 

exhaust velocity and the optimum magnetic field are 

not identical. Thus, it appears possible to improve the  

 τ Ea φ 
TB / 

keV 
B / T 

ce,ash / 

m/s 

Fash/VP 

/ N/m³P 

ηT,ash / 

- 

D
-T

 

1
 1 21.2 3.4 1.5e6 0.4 0.9% 

5 22.0 2.0 1.5e6 0.4 0.3% 

5
 1 16.8 4.1 3.0e6 1.3 3.6% 

5 19.6 2.2 3.0e6 1.3 1.2% 

D
-³

H
e
 1

 1 89.9 13.8 3.6e6 2.2 2.0% 

5 91.6 7.0 3.6e6 2.2 0.7% 

5
 1 76.6 16.2 7.4e6 6.2 8.6% 

5 83.8 7.6 7.4e6 6.2 2.9% 

1
1
B

-p
 1

 1 164.9 106.0 4.2e6 1199.7 16.8% 

5 150.5 23.4 4.2e6 1199.7 5.6% 

5
 1 - - - - - 

5 - - - - - 

Table 1: Parameters of ash drives – ³He-³He does 

not ignite with τ Ea ≥ 1.
11

 

 
Fig. 5: Exhaust velocity of working gas drives;  

a: D-T,  τ Ea = 1, φ = 1; b: D-T,  τ Ea = 1, φ = 5;   

c: D-T,  τ Ea = 5, φ = 1; d:  D-T,  τ Ea = 5, φ = 5;   

e: D-³He,  τ Ea = 1, φ = 1; f: D-³He,  τ Ea = 1, φ = 5;   

g: D-³He,  τ Ea = 5, φ = 1; h:  D-³He,  τ Ea = 5, φ = 5;   

i: 11B-p,  τ Ea = 1, φ = 1; j: 11B-p,  τ Ea = 1, φ = 5; 

k: ³He-³He,  τ Ea = 1, φ = 5 

 
Fig. 6:  Plasma-volum. thrust of working gas drives;  

a: D-T,  τ Ea = 1, φ = 1; b: D-T,  τ Ea = 1, φ = 5;   

c: D-T,  τ Ea = 5, φ = 1; d:  D-T,  τ Ea = 5, φ = 5;   

e: D-³He,  τ Ea = 1, φ = 1; f: D-³He,  τ Ea = 1, φ = 5;   

g: D-³He,  τ Ea = 5, φ = 1; h:  D-³He,  τ Ea = 5, φ = 5;   

i: 11B-p,  τ Ea = 1, φ = 1; j: 11B-p,  τ Ea = 1, φ = 5; 

k: ³He-³He,  τ Ea = 1, φ = 5 

 τ Ea φ 
T / 

keV 
B / T 

ce,wgd / 

m/s 

Fwgd/VP 

/ N/m³P 

ηT,wgd / 

- 

D
-T

 

1 
1 21.2 3.4 6.0e3 1.9e4 94.3% 

5 22.0 2.0 6.0e3 5.6e4 94.3% 

5 
1 16.8 4.1 6.0e3 2.9e4 94.3% 

5 19.6 2.2 6.0e3 8.6e4 94.3% 

D
-³

H
e
 1 

1 89.9 13.8 1.8e5 2.0e3 90.6% 

5 91.6 7.0 1.8e5 6.1e3 90.6% 

5 
1 76.6 16.2 1.4e5 3.7e3 90.6% 

5 83.8 7.6 1.4e5 1.1e4 90.6% 

1
1
B

-p
 1 

1 164.9 106.0 2.8e4 1.3e6 92.4% 

5 150.5 23.4 2.8e4 3.9e6 92.4% 

5 
1 - - - - - 

5 - - - - - 

Table 2: Parameters of working gas drives. 
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performance of the working gas drive by improving 

magnet technologies, but on the other hand, since the 

optimum ce,wgd does not appear below certain tempe-

ratures, one must consider additional masses due to 

increased losses as well. Further, there may be a re-

quirement to the temperatures, as it seems not circum-

spective to maintain fusion plasma at temperatures 

higher than the one of the minimum ignitability. If the 

control was lost, the cooling plasma would increase 

the power with respective consequences.  

 

IV. MASS ESTIMATION 

 

The masses of working gas drives were estimated 

according to the model introduced in reference 11. 

The considered plasma volumes were as in the same 

reference 10 m
3
P and 30 m

3
P. The total masses are il-

lustrated in figure 7. Note that the plot shows er-

roneously a very flat column for 11B-p working gas  

drives at τ Ea = 1. There should be no column at all as 

this system does not ignite. Table 4 shows the masses 

of the subsystems and a relative number, the radiator 

multiple comparing the additional radiator masses in 

the case of ash drives to the total mass of the respec-

tive working gas drive. The hot ion mode is not consi-

dered. It appears that the propulsion system masses 

are the more important the more challenging the 

ignition conditions are. Further, the estimation con-

firms excessive masses of ash drives.  

It is now possible to solve the equations [1] and [2] 

from the introduction for the mass fraction and the 

trip time to obtain mission estimations. An exemplary 

evaluation has been conducted for a one way voyage 

 

   Maximum ce Minimum Fwgd/VP 

 τ Ea φ T / keV 
ce,wgd / 

m/s 
T / keV 

Fwgd/VP / 

N/m³P - 

D
-T

 

1 
1 44.0 6.0e3 21.3 1.9e4 

5 49.2 6.0e3 22.0 6.3e3 

5 
1 25.3 6.0e3 16.8 2.9e4 

5 31.5 6.0e3 19.6 7.8e3 

D
-³

H
e
 1 

1 209.4 2.5e5 116.4 1.8e3 

5 226.9 3.9e5 119.6 3.1e2 

5 
1 137.8 1.7e5 94.0 3.4e3 

5 172.2 3.2e5 106.5 4.2e2 

1
1
B

-p
 1 

1 180.7 2.9e4 164.9 1.3e6 

5 285.2 6.5e4 180.7 2.1e4 

5 
1 - - - - 

5 - - - - 

Table 3: Extreme propulsion parameters of working 

gas drives and respective temperatures. 

   Working Gas Drives Ash Drives 

 τ Ea 
VP / 

m3
P 

Magnets Blankets Cryo-Sys Radiator DEC Total  
Radiator  

multiple* 
Total 

D
-T

 

1 
10 2.99 4.56e2 9.96E-01 1.12 3.77 4.65e2 16.5 4.83e2 

30 5.60 7.67e2 1.87 3.36 1.13e1 7.89e2 16.6 8.45e2 

5 
10 4.57 4.56e2 1.52 1.72 5.79 4.70e2 16.0 4.97e2 

30 8.57 7.67e2 2.86 5.16 1.74e1 8.01e2 16.5 8.86e2 

D
-³

H
e
 1 

10 1.22e1 5.94e1 4.05 6.45 2.17e1 1.04e2 9.4 1.64e2 

30 3.16e1 1.17e2 1.05e1 1.93e1 6.51e1 2.44e2 9.6 4.29e2 

5 
10 1.68e1 5.94e1 5.58 8.91 3.00e1 1.21e2 8.7 1.99e2 

30 4.35e1 1.17e2 1.45e1 2.67e1 9.00e1 2.92e2 9.4 5.42e2 

1
1
B

-p
 1 

10 7.17e2 5.94e1 2.39e2 5.02e2 1.69e3 3.21e3 10.0 8.20e3 

30 1.86e3 1.17e2 6.21e2 1.51e3 5.07e3 9.17e3 11.4 2.64e4 

5 
10 - - - - - - - - 

30 - - - - - - - - 

Table 4: Masses of working gas drives and ash drives in tonnes (1e3 kg) for φ = 1. 
* 
Dimensionless factor 

 
Fig. 7:  Total masses of working gas drives for φ = 1. 
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to Mars using working gas drives. The space craft 

was stipulated to measure five times the mass of the 

propulsion system. The data is collected in table 5 

and reveals that space craft with fusion propulsion 

will have rather large masses. From this table, it also 

appears that working gas drives fuelled with D-T and 

11B-p are not able to deliver much dry mass under 

the current assumptions. It can however also be seen 

that compared to a classical Hohmann transfer of 

about eight months, D-T fuelled working gas drives 

offer only little improvements to the transfer duration.  

In contrast to that, a 11B-p fuelling can enable a 

rather rapid trip of thirty-nine days. It is notable that 

D-3He fuelled systems are able to conduct this type 

of missions in a slightly shorter time of roughly a 

month with both significantly reduced absolute mas-

ses and increased dry mass fractions. It appears that 

D-3He would be a fuel of first choice for rapid 

transfers to Mars.  

 

V. CONCLUSION 

 

Once thermal fusion propulsion reaches maturity, 

it can have a considerable impact on space travel. 

This is mostly due to nuclear fusion’s paramount 

energy density. It appears that these systems may ease 

astronautic missions within the Solar System. This is 

however a question of the system architecture. During 

this study, the working gas drive concept proved to be 

more promising than the ash drive approach.  

Ash drives relying only on ejecting fusion 

products have mediocre efficiency, huge exhaust 

velocity, relatively feeble thrust, and – according to 

system mass considerations – large masses causing 

marginal acceleration. However, a mission simulation 

currently in work at the IRS shows that ash drives 

may be interesting for far reach missions to destina-

tions beyond Neptune and Pluto, such as the 

Haumean system which has been the subject of a 

recent paper,
18

 Kuiper Belt Objects, or – even more 

audacious – missions to the Oort Cloud. Simulating 

preliminary scenarios indicates that a distance of 400 

AU might be covered in approximately seven to ten 

years. This can be compared to the mission proposed 

in reference 18, which stipulates durations of 20 to 40 

years relying on disruptive electric propulsion. This 

improvement in mission duration and the marginal 

fuel consumption make ash drives somewhat interes-

ting for the robotic exploration of the outer solar 

system. Ash drives might further mankind’s horizon 

within its solar system.  

Working gas drives on the other hand are likely to 

induce a paradigm shift in manned space voyage, ha-

ving adequate exhaust velocity, notable thrust, good 

efficiencies, and reasonable system masses. Such sys-

tems have been tested in show case simulations con-

cerning Mars bound voyages confirming the data in 

table 5. In brief, using working gas drives, it would 

become thinkable to develop one – rather heavy – 

space craft which could serve as a largely reusable 

transporter being equipped with new payloads before 

each mission. This is preferable to the current 

situation in which a new space craft is made bespoke 

for each mission and each payload, entailing large 

costs of development and qualification which can 

extend in extreme cases to the assembly facility.  

It is intended to continue the study on fusion 

propulsion. There are many premises the models are 

currently based upon which need further consoli-

dation like the injection of the coolant flow into the 

scrap off layer which is a rather audacious approach 

recalling how noxious fusion ashes can already be to 

the reactivity.
11

 Also, the model is still very generic 

and does currently not allow for studies of geometry. 

As however many aspects like the strength of the 

magnetic field and the masses of its magnets rely on 

this information the current estimations are rather ap-

proximate in nature.  
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