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Abstract 
 

In order to propel a manned space craft from earth orbit to Mars various propulsion systems are 
considered. Propulsion systems which are discussed in connection with manned Mars flight are: 

chemical rockets, nuclear thermal rockets, ion engines, thermal arc jet thrusters, 
magnetoplasmadynamic  (MPD) thrusters. High power thermal arc jet thrusters and continuously 
running self-field MPD thrusters offer the capability of being operated at different power levels. 
This results in variable specific impulse that mainly depends on  propellant mass flow rate and 

electrical power. For each thruster design the attainable specific impulse is limited by a maximum 
arc current, which can be supplied to this thruster. Therefore, this paper deals with a new thermal 

plasma thruster which uses two different mechanisms to couple energy into the propellant. ATTILA 
[8] combines the advantages of  thermal arc jets and self-field MPD thrusters, especially their 

relatively simple setup, and the reliability of a radio frequency power supply, which is usually used 
for surface hardening. This paper describes the setup of ATTILA and shows its utility as propulsion 

system. Additionally, numerical calculations to optimize future thruster configurations will be 
presented. 

 
 
 

1. INTRODUCTION 
 

Different propulsion systems which have the 
potential to propel a manned spacecraft to Mars 
are available. In general there are three kinds of 
candidate  propulsion systems that may be 
utilized for a Martian spaceship.  
 
The first kinds are low thrust engines such as ion 
engines or hall engines for example. In this case 
the space ship spirals out of Earth’s orbit to 
Mars´ orbit. The low thrust causes a trip time of 

approximately one year, which is too long with 
respect to the exposure of the crew to radiation. 
 
As a second kind of propulsion system high 
thrust systems such as chemical rockets and 
nuclear thermal rockets are discussed. Such 
engines will propel the spacecraft on Hohman 
transfer orbits. This implies a travel to Mars with 
a minimum expense of energy, respectively, 
using the least                        propellant possible. 
However, the opportunity to launch a spacecraft 
on an  Hohman transfer orbit to Mars occurs only 
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about every 25 months. The travel time for such a 
spacecraft is in the range of  200 days. 
 
 A third propulsion system is regarded and 
examined in this paper. In order to achieve a 
variable specific impulse and therefore optimized 
consumption of energy such thrusters consist of 
at least two stages. This allows operating them in 
a high thrust mode or when needed in a low 
thrust mode. Such systems are currently 
examined by different research groups [e.g.1]. 
Different studies to optimize the trip time for a 
manned Mars mission showed that it is possible 
to develop a spacecraft, which is able to cruise to 
Mars in a time period of about 120 days. Since 
the radiation load to which the crew of the 
spacecraft is exposed is one of the most critical 
problems in connection with human Mars flight 
the investigation of such spacecrafts will take 
priority in the next future.  
 
Since a manned flight to Mars is a challenge in 
every respect, no spaceship built with exotic 
equipment is required. Indeed, all the 
technologies needed for such a propulsion 
systems should be available today.  
 
It is the aim of this investigation to combine the 
capability of arc heated plasma generators with 
devices for induction heating. Both kinds of 
plasma generators are well qualified during tenth 
of years of industrial use. In order to develop a 
variable specific impulse engine, which meets the 
requirements, mentioned above both kinds are 
superposed and the functionality of the new 
device is examined. 
 

2 ARC HEATED PLASMA THRUSTERS 
 

There are two kinds of arc-heated thrusters that 
are taken into account and discussed more 
detailed in the following section. 
 
 
 
 

2.1 THERMAL ARC JET THRUSTERS 

 
Thermal arc jets (Fig.1) are an extensively 
examined tool to propel spacecrafts. Since the 
beginning of the 60’s, arc jets of different power 
classes were investigated at different research 
laboratories. The electrical power of such 
devices varies between several hundreds of 
Watts and about 200 kW for high power arc jets 
(Fig 2), [2,3].  

Propellant

Propellant Nozzle
ARC

 

Fig. 1: Scheme of the acceleration mechanism in 
a thermal arc jet thruster 
 
For lower power levels the thrust achieved with 
arc jet is in the range 1 N. For higher powers the 
thrust that can be achieved with arc jets can 
reach values of more than 50 N. 
 
Additionally, arc heated plasma devices also are 
well known and successfully utilized tools for 
different industrial applications. Examples are 
plasma cutting and plasma welding and of course 
the plasma spray technology that is extensively 
used to improve the resistance of technical 
surfaces. The devices used for plasma spray 
applications are commonly operated at a power 
level of about 50 kW. For high velocity plasma 
spray application sometimes plasma generators 
are utilized at electrical powers of more than 
200 kW.  
 
The attainable exit speed of the plasma with arc 
jets (Fig. 1) is essentially dependent on two val-
ues: the mean effective molecular weight of the 
gas which corresponds to a temperature and a 
pressure which lies between the values in the 
combustion chamber and those at the nozzle end, 
and the attainable arc chamber temperature T0. 
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In general all arc heated plasma generators suffer 
a drawback when pressure in the arc chamber 
and the current density increase near the surface 
of the electrodes.  Especially in the high pressure 
case the attachment of the arc becomes spotty. 
This again leads to an unstable behaviour of the 
arc, resulting in plasma jet fluctuations and an 
enormous increase of the electrode erosion rate 
that excludes the use of this technology 
regarding the present state of technology.  
Despite of these drawbacks the potential of 
thermal arc jets has to be recognized and such 
devices should be integrated in future propulsion 
systems. In this case the power level on which 
the arc jet is operated has to be set in a 
magnitude that excludes the destruction of the 
electrodes by high current or high pressure 
phenomena. Unfortunately under such operating 
conditions the thrust generated with arc jet is 
only poor. For this reason a combined plasma 
thruster is currently being developed.  
 

2.2 MPD thrusters 
 

Continuously running MPD thrusters [4] can be 
operated in a current range between several amps 
and extremely high current up to ten thousands 
of amps. The thrust level for high current 
operation can reach about 100 N and exhaust 
velocities of about several ten kilometers per 
second. 
 

 

Fig. 3: Scheme of the acceleration mechanism in 
a nozzle type, self-field MPD thruster 
 

Operating the MPD-Thruster in a high current 
mode accelerates charged particles using 
magnetic rather than electrical fields. In general, 
such devices consist of a channel formed by an 
anode, with a rod-shaped cathode running 
upstream in the centerline of the thruster. A 
voltage between the two electrodes ionizes the 
propellant, allowing a strong electric current to 
flow radially through the gas and down the 
cathode. The arc current generates an azimuthal  
magnetic field, which interacts with the current 
in the gas to accelerate particles in a direction 
perpendicular to both--that is, axially. The fuel 
can be argon, lithium or hydrogen, in increasing 
order of efficiency. 
 
The MPD plasma thrusters  (Fig. 3) investigated 
at the IRS consist of two coaxial electrodes, 
separated by neutral, water cooled copper 
segments. The nozzle exit, which is also a water-
cooled copper segment, forms the anode. The 
cathode, made of 2% thoriated tungsten, is 
mounted in the plenum chamber 

 

Fig. 2: Radiation cooled high power thermal arc 
jet thruster in operation 
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Fig. 4: MPD-thruster in operation 
 
Plasma instabilities limit the working range. If a 
self-field MPD-Thruster is operated at high 
currents these instabilities occur as a result of 
pinch forces, which accelerate charged particles 
towards the centerline of the thruster. In addition 
the working range of such devices is limited by 
the melting temperature of the cathode material 
that is used. Since the increase of the arc current 
is accompanied by an increase of the current 
density on the surface of the cathode melting and 
vaporization of cathode material reduces the 
lifetime of the thruster. These drawbacks 
complicate the use of self–field MPD thrusters as 
a primary propulsion system, especially for 
manned spacecrafts. But as it is the case for 
thermal arc jets their simple setup and their 
potential with respect to life time when operated 
on current levels, which exclude a damage of the 
electrodes, enforce further investigations of such 
devices.   
   

 
3 Inductive plasma heating 

 
Induction plasma heating is an other possibility 
to generate high enthalpy plasma flows. Such 
devices have found their industrial applications 
in various fields, especially in the synthesis of 
new materials, preparation of fine powders and 
plasma spray coatings. For aerospace 
applications they are also used to simulate the 
flow conditions around re-entry bodies [5,6]. 

 

R  + Rp i

Triode U , IA A

Inductive
Coupling

Capacities
( 7 x 6 nF )

Quartz Tube Gas
Supply

Induction
Coil

Vacuum Tank

Resonant Circuit
with Cooling

 
 
Fig. 5: Induction heated Plasma generator 
IPG 
 
An inductive plasma generator [] basically 
consists of an induction coil surrounding a 
quartz tube and capacities, as schematically 
shown in Fig. 5. This resonant circuit is fed by 
an energy supply. The alternating current in the 
coil induces a mostly azimuthal electric field 
inside the quartz tube. This electric field initiates 
an electric discharge in the gas, which is injected 
at one side into the tube. 
 
The produced plasma is expanded into the 
vacuum chamber. The electric discharge in the 
plasma is carried by mostly azimuthal currents. 
The current amplitude - and thus the Ohmic 
heating - strongly depends on the electric 
conductivity of the plasma and the resonant 
frequency of the electric circuit.  

 
Fig. 6:  Exhaust plume of an induction heated 
plasma generator IPG 
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Compared to D.C.-plasma generators such 
devices provide one major advantage. The 
coupling of the electrical energy into the 
working gas is electrodeless and therefore the 
contact between electrodes and the hot working 
gas is avoided. Plasma jets created with an 
induction heated plasma generators are 
characterized by the fact that the energy 
coupling happens along the wall of the discharge 
tube. The skin depth depends on the frequency 
of the alternating current with is supplied to the 
induction coil und on the electrical conductivity 
of the plasma flowing in the discharge tube. As a 
consequence the flow profiles generated with an 
induction heated plasma generator show maxima 
of intensity near the wall of the discharge tube. 
 
The electrical power supplies used for this 
purpose are qualified in the area of surface 
hardening.  
 
If special respect is put on the utility of induction 
heated plasma generators for propulsion 
application the following facts have to be 
regarded and  examined: 

 
 
Fig. 7: Induction heated Plasma generator IPG in 
operation (side view) 
 
The electrodeless energy coupling offers the 
opportunity to operate this kinds of plasma 
generators  with arbitrary gas compositions. This 
gives the opportunity to use waste gases, which 
are produced during the normal operation of the 
spacecraft for propulsion purposes. In contrast to 
arc-heated plasma generator it is possible to use 
oxygen or carbon containing gases. Figure 6 and 
figure 7 show an induction heated plasma 

generator operated with pure oxygen as Working 
gas or propellant, respectively. 
 
If an induction heated plasma generator has to be 
operated under conditions of high pressure as 
they are expected in the burning chamber of a 
Mars rocket engine the coupling efficiency of 
these devices decreases. Additionally the 
discharge tends to become instable. Since this 
behaviour depends partly electrical conductivity 
of the gas heated by the induction plasma 
generator, tools which help to solve this 
problems are to increase the input power into the 
resonant circuit or to influence the electrical 
conductivity of the gas as described in the 
following section. 
 

5 ATTILA 
Adjustable Throttle Inductively Afterburning 

Arc Jet 
 
Both kind of plasma generators, described 
above, suffer drawbacks and are not suitable for 
certain applications. Therefore a new plasma 
thruster consisting of a thermal arc jet combined 
with an induction heated plasma generator [7,8] 
is under development at the IRS. In this case the 
plasma free jet generated by a thermal arcjet 
device, which operated in a power range 
between 50 kW to about 100 kW, is expanded 
into a ceramic tube. The diameter of this tube is 
about 65 mm. The tube is surrounded by a 
magnetic coil, which adds additional energy by 
inductive heating to the plasma flow. The current 
through the induction coil causes an axial 
magnetic field in the tube. The alternating 
magnetic field induces a mostly azimuthal 
electric field inside the dielectric tube, which 
interacts with the charged particles supplied by 
the D.C. plasma thruster. The additional heating 
results in a homogenous plasma free jet at a 
pressure level higher than 1000 hPa. 
 
The  main requirements, which have to be 
met by the  new plasma thruster are: 
1. Operable under high pressure 

conditions as well as under vacuum 
2. The loads on the electrodes of the D.C. 

plasma generator have to be low 
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3. the plasma conditions and thruster 
characteristics should be controllable 
by varying an induction or D.C. power  

4. Utilization of a wide variety of gases as 
Hydrogen, Oxygen, Nitrogen, Methane 
and Carbon dioxide for example   

 

Since the conductivity of the plasma flowing 
through the discharge tube is relatively high the 
coupling of the inductive power into the plasma 
is considerably higher as it is the case when cold 
gases are flowing into the discharge tube. 
 

 
Fig. 8: Hybrid- plasma generator:  

 
In order to develop a new plasma generator as a 
first step, the feasibility has to be shown. 
Therefore, a thermal arc heater was connected to 
a quartz tube, which was surrounded by the 
induction coil of a 150 kW radio frequency 
power supply. The thermal arc heater was 
operated at a power level of about 30 kW. Figure 
9 shows the arc heater in operation without 
induction power. As it can be seen in figure 10, 
only in the inlet section of the quartz tube is 
filled with plasma.  

 
Fig. 9: Thermal arc heater in operation 
 

After the ignition of the arc heater the power of 
the radio frequency power supply was increased 
slowly. Figure 10 shows the beginning of the 
inductive coupling.  
 

 
Fig. 10: Beginning of the inductive coupling 
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Fig. 11: Hybrid plasma generator  

 
 
Fig. 12: Hybrid plasma generator 
 
Figures 11 and 12 show the new plasma 
generator in operation. The plasma jet generated 
by the new plasma combined source has a length 
of about two meters and a diameter of about 
80 mm. It was shown that it is possible to 
operate a plasma generator, which is supplied by 
two different power sources. The first results 
indicate a variety of future applications for this 
plasma thruster. 
 
Future Steps: 
 

- Examination of magnetic nozzles 
 
- Optimization of the power ration of DC-

power and induction power with respect 
to total plasma enthalpy, thrust and 
efficiency 

 

- Operation of the thruster with different 
gases 

 
 

6 NUMERICAL CALCULATIONS 
 

Based on the physical models and numerical 
methods presented in [9,10], the flow properties 
in the radio-frequency (RF) discharge region 
were investigated for an argon mass flow rate of 
10 g/s against an ambient pressure of 1 bar. The 
inflow temperature was set to 500 K and to 7500 
K in order to simulate the flow without and with 
arcjet (Figs. 13 and 14). 
Without arcjet, the RF discharge takes place in a 
very thin layer near the tube wall, and the core 
flow remains cold in the exit section. 
 
However, with plasma injected at left, the pre-
ionized and, thus, electrically conductive plasma 
leads to a much stronger and spatially larger 
discharge. Flow properties change so that a 
relatively homogeneous temperature profile is 
achieved in the exit section. 

Ts: 500 1500 2500 3500 4500 5500 6500 7500 8500 9500 10500 11500

 
Fig. 13 : Electron temperature distribution for an 
inflow temperature of 500 K 

Ts: 500 1500 2500 3500 4500 5500 6500 7500 8500 9500 10500 11500

 
Fig. 14: Electron temperature distribution for an 
inflow temperature of 7500 K 

CONCLUSIONS 
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The functionality of a combined induction 
heated-arc heated plasma thruster was 
investigated. It was shown that it is possible to 
operate a combined arc-heated/induction-heated 
plasma thruster at chamber pressures up to 150 
kPa. The superposition of arc heated and 
induction heated plasma generation offer the 
opportunity to design a powerful plasma thruster 
under reduced loads on the electrodes of the arc-
heated plasma device. 
Furthermore the combination of the described 
plasma heating techniques offers the opportunity 
to operate such a device with variable specific 
impulses. Especially the coupling behaviour at 
high pressures makes operations in a high thrust 
mode possible. 
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