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Abstract: This paper contains the description of two concepts for plasma-propulsion engines for 

application as main thruster units for exploration missions in the solar system. Current space policy 

increasingly focuses on exploration missions to the earth’s next planets. This includes for instance 

also manned missions to the Mars. Most efficient for this type of mission would be a propulsion 

system that provides adjustable continuous thrust over long time-periods. Beyond that, a thrust 

level as high as possible should be realized due to the reduction of the travel time. The two 

propulsion concepts (named “Helios-1” and “Helios-2”) presented in this paper are designed to 

fulfill the thrust requirements mentioned above. Both concepts base on the intention to ionize a 

gas under high-pressure condition, in order to produce sufficient numbers of charged particles that 

are able to generate high thrust by coupling of electric and magnetic fields. The ionization proceeds 

in two stages (pre- and main-ionization). The task of the pre-ionization is to generate the initial 

conditions to enable ionization of high-pressure gas at all. “Helios-1” is a pure electric propulsion 

system that uses the principle of a Tesla-transformer to achieve sufficient electric field strength for 

pre-ionization. “Helios-2” is a hybrid propulsion system consisting of a chemical pre-stage and an 

electrical main-stage. A Redox-reaction produces electrons that improve the conditions for 

ionization of high-pressure gas. Additionally, the thrust producing extraction mechanism is 

described in the paper. The intention to extract large numbers of charged particles requires a 

design of the thrusters as plasma-propulsion engines. The extraction of plasma instead of ions 

prevents the formation of space charges that limit the extractable current of thrust producing 

charged particles. 

 

Motivation 

For the future of space travel the advancement of new adequate propulsion technology is a deciding 

factor to enable the next steps in space exploration. Because of its thrust behavior it is obviously that 

the most promising basis for such new propulsion technology is the electric propulsion. The 

possibility of feed-in external electric energy into the kinetics of the thrust-generating particles 

enables a high-efficient conversion of fuel in thrust. Furthermore, electric propulsion is capable to 

provide a continuous thrust over long time periods; it is exactly adjustable and it can optionally be 

switched off and on again. These features are crucial for the propulsion of tomorrow. But on the 

other hand the present electric propulsion, e.g. RIT [1], [2] has a huge disadvantage: Because of the 

small number of ejected particles, the generated thrust is suboptimal for the use as main propulsion 

system for space exploration. The reason for this is the kind of production of the charged particles, 

which can be accelerated to generate thrust. The ionization occurs in gases under low-pressure 

conditions. And when only an insufficient number of charged particles are produced, there can’t be 

generated a sufficient thrust by expelling this particles! This disadvantage is not amendable only by 

modification of existing technology, because the physical basis of ionization remains unchanged. 

Therefore, new high-thrust electric propulsion technology has to base fundamentally on the 
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production of large numbers of charged particles; it has to base on the ionization of gases under 

high-pressure conditions. 

On this basis two concepts for thrusters are represented in the following, which are able to achieve 

the required thrust-levels. Basic mechanism of both concepts is two-stage ionization of gas; with the 

objective to ionize gas even under high pressure. In either case, the pre-stage creates the conditions, 

which enables the ionization of a high-pressure gas, while the main-stage performs the actual 

ionization. Gas-fueled electric propulsion operates on the principle of electron impact ionization. A 

free electron is accelerated by an electric field and so it gains kinetic energy. If this electron collides 

with a neutral atom, the energy will be transmitted to the atom; from kinetic energy of the electron 

into inner energy of the atom (electron shell). When the electron’s energy is sufficient, the atom will 

be ionized. The problem with ionization of high-pressure gases is the short mean free path of a free 

electron between collisions with neutral atoms; so the electron isn’t able to gain the ionization 

energy between two collisions. One possible solution would be to increase the applied electric field. 

A second solution is to increase the number of free electrons. The velocity of the free electrons is 

distributed according the Maxwell-distribution. If the total number of free electrons is increased, the 

number of electrons, which have available the ionization energy, is equally increased. According to 

this, the task of the pre-stage of ionization is to increase the number of free electrons to enable the 

actual ionization of the high-pressure gas in the main stage.    

The proposed two thruster concepts, named “Helios-1” and “Helios-2”, are designed with the 
objective first to ionize a stream of gas under high-pressure and then to extract the produced large 
number of charged particles to generate thrust. 

 

Ionization system of “Helios-1” 
 
The thruster study “Helios-1” is a complete electric concept. A fuel-gas is ionized first and then its 
electric properties are used for extraction and generation of thrust. The underlying mechanism of the 
thruster is the Tesla-transformer. This special kind of a transformer produces high-frequent high-
voltage. In contrast to other transformer types, here the two coils are not coupled via a common 
core that conducts the magnetic flux. The Tesla-transformer has a pure field-coupling. The time-
varying magnetic flux of the primary coil permeates the secondary coil and induces a voltage there. 
The ratio of the voltage applied to primary coil to the voltage induced in secondary coil is 
proportional to the ratio of the windings of both coils. The Tesla-transformer has a very high ratio of 
windings. But there is one more important feature of the transformer developed by Nikola Tesla [3]: 
The primary circuit as well as the secondary circuit are resonant circuits. So inductive and capacitive 
reactance cancel out each other. This performance leads to a drastic resonant increase of voltage. 

Figure 1 shows the setup of a Tesla-transformer. The primary circuit is a serial circuit consisting of a 
capacity (capacitor Cpri) and an inductivity (primary coil Lpri). A spark-gap is parallel-connected, which 
breaks through if the capacitor is sufficiently loaded. So a current starts to flow and causes the 
oscillating process. The coil (Lsec) of the secondary circuit is grounded with one end and connected 
with the capacity (Csec) of this secondary circuit at the other end. This end-electrode (Csec) is loaded 
with a high-frequent high-voltage because of the very high ratio of windings and because of the 
resonant increasing of voltage.  
 
 
 



 
 

Figure 2 shows the setup of the thruster concept “Helios-1”. The neutral fuel-gas streams through 
the gas-inlet into the thruster. On this way the gas passes the electrode of the pre-stage of 
ionization, which is identically equal to the end-electrode of the secondary circuit of the Tesla-
transformer. The strong electric field starting from this electrode causes a capacitive high-frequency 
discharge in the on-rushing gas. The electric field generated by the end-electrode is strong enough to 
enable ionization even with short mean free paths of the free electrons; and so it enables the pre-
ionization of the high-pressure gas. The pre-ionized gas flows on into the area of main-ionization. In 
this area the partially ionized gas is surrounded by the secondary coil of the Tesla-transformer. High-
frequently alternating currents inside this coil generate circular closed electric eddy-fields in the 
internal space of the coil, where the gas is located. The free electrons, which are produced during the 
pre-ionization, are accelerated by the eddy-fields on closed cycles. These electrons collide with the 
remained neutral atoms and accomplish the ionization of the fuel. All electrodes of the thruster are 
located outside of the discharge-chamber, at no time they are in contact with reactive plasma. This 
prevents the damage of the electrodes by particle-erosion. 

The second task of the main-stage of ionization is the acceleration of electrons, with the objective of 
increasing the kinetic energy (or more precisely the velocity) of the electrons. Even if ions and 
electrons are in thermal equilibrium, the electrons have a significant higher velocity than the ions 
because of the mass-ratio of electrons and ions. The plasma is exposed to a high-frequent eddy-field. 
The ions are not influenced by this field and stay at rest because of the high inertia of the ions; they 
can’t follow the alternating direction of the field. The applied electric eddy-field transfers nearly all of 
its energy to the lighter (less inertial) electrons. So the electrons have now a much higher 
temperature than the ions. In this way the velocity of the electrons compared to the ions is 
additionally significantly increased. This fact is crucial for the process of extraction and will be 
mentioned again later. 
 
 
 
 
 



 
 

Ionization system of “Helios-2” 

The thruster study “Helios-2” is a concept for a hybrid propulsion engine. The concept consists of a 
chemical pre-stage and an electrical main-stage. Here, too, the one and only task of the pre-stage is 
to optimize the conditions for the ionization of high-pressure gases. 

The occurring redox-reaction of the chemical pre-stage enhances the conditions of the ionization of 
fuel-gas in two different ways. The most important aspect is the production of free electrons, which 
are accelerated in the electrical main-stage and cause the ionization via electron impact. The 
electronic transitions during a redox-reaction are the basic mechanism in this case. The oxidizer frees 
a valence electron out of the shell of the reducer to form a common bonding orbital. This excited 
bonding electron can be completely freed from the electronic bond of the reaction partners by 
applying of additional electric energy. Beyond that only the thermal energy that is generated during 
an exothermal reaction can be sufficient to free excited electrons. The existence of free electrons in 
oxidation flames was multiply proved. 

But the increase of the thermal energy during the chemical reaction provides one more optimizing 
effect beside the production of free electrons. On their way through the pre-stage the atoms of the 
fuel-gas collide with the particles involved in the chemical reaction. The thermal energy of the 
reaction atoms is converted into inner energy of the fuel-gas atoms via inelastic atomic collisions. 
This leads to an excitation of the electrons in the shell of the gas atoms. And this excitation reduces 
the ionization energy of the gas atoms. 

2 "Helios-1" electric propulsion engine. Shown are the setup, the involved fields and the particle behavior. 



The main-stage of ionization consists of an induction coil conducting a high-frequent alternating 
current. The coil generates an electric eddy-field that accelerates the free electrons, which are 
produced in the chemical pre-stage. Respectively, the electric energy of the eddy-field frees the 
excited bonding electrons and accelerates them subsequently. This leads to the ionization of the fuel-
gas by electron impact. 

 

3 "Helios-2" hybrid propulsion engine. Shown are the setup, the involved fields and the particle behavior. 

 

Another task of the induction coil is the acceleration of the free electrons of the produced plasma. 
This additionally increases the electron temperature and velocity. A fact that becomes important for 
the extraction mechanism, it will be mentioned in this paragraph again. 

Figure 3 shows the setup of the thruster study “Helios-2”. The chemical pre-stage consists of several 
circularly arranged redox burners on the inner surrounding surface of the thruster, where an oxidizer 
and a reducer maintain a redox flame. The burners are flush-mounted in the outer wall of the 
thruster with the aim to reduce the interference with the flame by the stream of neutral fuel-gas. 
When the fuel-gas passes the pre-stage, the gas particles collide with the particles involved in the 
redox reaction. The gas particles become energetic excited. Together with the free electrons 
produced in the chemical reaction the excited gas particles flow into the area of the main-stage of 
the thruster. The main-stage consists of a high-frequency current coil, which surrounds the fuel-gas. 



The electric eddy-field generated by the coil accelerates the free electrons there. The electrons ionize 
the neutral gas atoms via electron impact. At the same time this field increases the temperature of 
the free electrons of the produced plasma. 

 

Extraction system of “Helios-1” and “Helios-2” 

Both thrusters are designed to extract large numbers of charged particles. It is more than important 
to consider this factor in the development of the extraction system. The design as an ion-thruster is 
discarded from the beginning; because the positive ions, which are exclusively extracted by this kind 
of thruster, act repulsive on each other. A space-charge in the extracted ion beam is generated that 
massively limits the output of thrust-producing particles. Thus, the use of an ion extraction system 
for high-thrust propulsion is impossible. In addition, the subsequent neutralization of the ion beam is 
a technological difficulty and should be avoided if possible. 

The design as a plasma-thruster is ideal for the extraction of large numbers of particles. This type of 
thruster extracts ions and electrons together at the same time. The beam-intern electric fields of 
both charge-species are compensated; no space-charge is generated. This fact enables the extraction 
of charged particles with high current densities. 

The proposed extraction system for “Helios-1” and “Helios-2” is directly based on the operation 
mechanism of the main-stage of the thrusters. As shown in figure 4, the extraction system consists of 
an axis-symmetric coil made of copper. Direct current flows through the coil and generates a 
lengthwise static magnetic field. Because of their thermal movement the free electrons accelerated 
in the main-stage enter the range of the magnetic field. The perpendicular (to the magnetic field-
lines) component of the velocity of these electrons is forced on circular orbits, while the parallel (to 
the field-lines) component remains unaffected. The result is a directed flow of electrons out of the 
thruster. Of course also the ions are forced in a directed movement by this effect, in the same 
direction but with converse sense of rotation. Also in this forced direction of movement the electrons 
have a much higher velocity than the ions. So the flow of electrons out of the thruster is much higher 
than the flow of ions, too. The consequence of these different levels of particle flow is a space-charge 
behind the thruster; a zone of electron enrichment, which leaves behind a zone of electron 
depletion. Depending on the point of view, the ions are attracted by the zone of electron 
enrichment; respectively the ions are repulsed by the zone of electron depletion. The result is the 
same: the ions are accelerated out of the thruster by the generated space-charge. 

Referring to the whole beam the following picture emerges: The faster electrons generate 
accumulations of charges with different signs. Between this accumulations of charge appear electric 
fields, which strive to compensate this separation of charges. Thus, the ions are accelerated out of 
the thruster by this mechanism. The electrons quasi entrain the ions. In this way the kinetic energy 
that is supplied to the electrons in the main-stage (by eddy-field acceleration) is partially transferred 
to the ions. Because: the faster the electrons are, the higher is the electron flow compared to the ion 
flow, the more efficient is the formation of space-charges and finally the larger is the accelerating 
force on the ions. The result is an accelerated flow of ions and electrons out of the thruster. Because 
of the alignment of the ions on the magnetic field lines this flow generates a directed thrust. 

It must be added that this extracted flow is not space-charge limited and quasi-neutral. Indeed, there 
is the formation of a space-charge behind the thruster, but the plasma itself strives to compensate 
this space-charge; because exactly this is the mechanism of acceleration of ions. 

 



 

 

Summarized, the extraction system fulfills two tasks: On the one hand the thermal random 
movement of the charged particles is converted into a directed movement, which can be used to 
generate thrust. On the other hand by formation of a space-charge an accelerating extracting 
mechanism for the ions is realized. 
 

 
 
 
 
 

4 a) Setup, involved fields and particle behavior of the extraction system of "Helios" propulsion engines.       
b) Extraction mechanism via accumulation of charges. 
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