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Introduction:  The utilization of fusion energy for 

spacecraft propulsion may be one of the most 

compelling research directions for the development of 
the future space program. However, even if a fusion 

reactor were to be available today, its application to 

space propulsion must consider the proper integration 

with an electric thruster of some kind: overall 

spacecraft specific mass (typically expressed in 
kg/kW, the ratio of mass to propulsion exhaust power) 

is ultimately all that matters if a significant step-

change in the possibilities of space travel is to be 

achieved. Ideally, to obtain the lowest specific mass, 

the highest energy density source should be coupled 

with minimal losses to a propulsion/exhaust system 

providing the optimal specific impulse and  thrust 

required for a given mission. Along these lines, the 
present study explores the feasibility of direct energy 

conversion from the products of aneutronic fusion 

reactions directly into propulsive thrust (while still 

producing some electrical power, as required to 

support the operation of the fusion reactor, Figure 1). 

 

 

 
Figure 1 

 

Research Focus:  In principle, to achieve the best 

efficiency with the minimum number of components in 

between the power generation and the exhaust, a fusion 

core could directly eject in space its reaction products. 

However, due to the typically high energy of the fusion 
products (MeV range) this approach would provide, at 

best, a propulsive jet with a speed (or specific impulse) 

that is excessively high for most practical missions (in 

particular for the exploration of the solar system). A 

proper conditioning of the flow of fusion products 

(“beam”) is then required in order to meet propulsion 

constraints with minimal energy loss. For this 

purposes, enabling technologies that can be tested in 

present-day laboratory experiments (without requiring 

an actual working fusion reactor) are being 
investigated. 

 

  Beam Conditioning for High Thrust Exaust. The 

proper beam conditioning has to be applied to the 

charged particles flow (from aneutronic 

fusionreactions) that is collected and magnetically 

channeled into a unidirectional beam.  

The first step consists in guiding the ion beam through 

a traveling-wave direct energy converter [1]. This 

conversion produces some amount of electrical power 

(as it may be required for the regime operation of the 

fusion core) but also induces a bunching structure of 
the beam itself. A solenoidal magnetic field guides the 

(fast) ion bunches to approach slower, denser ion 

bunches that are injected separately. Electrostatic 

energy exchange causes the fast bunch to slow-down 

and the slow one to speed up, eventually producing a 

beam with increased mass flow and lower speed in the 

direction of propulsion and thereby achieving the 

lower specific impulse and higher thrust required meet 

mission design parameters (Figure 2). 

 

 

 
Figure 2 

 

The optimization of this last stage would actually 

involve space charge neutralization and  possibly an 

additional energy recovery via an inverse-cyclotron 

conversion process [2]. 

 

Sub-Critical Fusion Reactor Architecture. This 

analysis includes also the investigation of a “sub-

critical” fusion regime option where the fusion core is 

not able to produce more energy than it consumes.  
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The reactor is then acting as a combined particle beam 

source and accelerator: electrical power is flowing in 

and a particle beam at high energy is produced.  

In this case the focus is on how to properly design 

an overall system that is advantageous compared to a 

“conventional” plasma thruster, wherein electric power 

is utilized to generate, accelerate and channel a plasma 

to form a suitable jet that produces thrust.  

 
Technical Analysis:  The object of this analysis is 

to describe a system that collects the charged particle 

products from aneutronic fusion reactions, recuperates 
some electrical power (to be re-supplied to the fusion 

reactor) and ejects the particles with the proper energy 

and density to meet the propulsion requirements. 

The current investigation addresses first a system-

level model of the overall fusion propulsion 

architecture, providing an estimate of the specific mass 

 of the overall system. Then, a kinetic, particle-in-cell 
model is utilized to study quantitatively the 

electrodynamic interactions of the fast and slow ion 

bunches that yield the higher thrust output flow.  

The results presented provide the basis for a 

dedicated preliminary experimental investigation on 

the design of a direct energy-to-thrust conversion 
system suitable for an aneutronic fusion propulsion. 
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