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Abstract
Two electric propulsion concepts have been developed at Technische Universität Dresden as spin-off devices of regular 
hollow cathodes and initial testing has been conducted. Both devices represent millinewton thrusters that take advantage of 
thermionic electron emission using the low work function materials C12A7, LaB6, and thoriated tungsten in different design 
configurations. The first concept represents an electrothermal thruster which generates thrust by expanding and accelerating 
a heated propellant in a nozzle. Initial thrust measurement tests were carried out which showed thrust levels well above cold 
gas thrust, but low thrust efficiencies. The influence of different geometric parameters on the discharge properties and the 
performance is investigated and presented. The second thruster concept is a novel electromagnetic device in which charge 
carriers in a plasma discharge are accelerated by an applied magnetic field that is orthogonally oriented to the discharge 
current. Initial tests with C12A7 were not successful, but the functionality of the concept was shown by thrust measurements 
using a thoriated tungsten wire as an electron emitter.

Keywords Hollow cathode · Electrothermal propulsion · Electromagnetic propulsion

1 Introduction

Hollow cathodes are an essential part of electric propulsion 
systems and have been the subject of extensive theoretical 
and experimental research for decades. Although the phys-
ics of hollow cathodes are complex, they prove to be reli-
able and efficient electron emitters with lifetimes generally 
exceeding tens of thousands of hours even at high extraction 
currents [1]. The technological maturity of hollow cathodes 
is attractive for stand-alone spin-off devices that could be of 
interest in various fields of application in the space industry. 
As part of the H2020 E.T.Pack project that aims at develop-
ing a de-orbit kit for spacecraft using an electrodynamic 
tether, research on hollow cathodes and spin-off devices 
using the low work function material C12A7 is being con-
ducted at Technische Universität Dresden. In this context, 
two different propulsion concepts have been designed and 

realized that take advantage of the basic characteristics of 
hollow cathodes. The goal of this research effort is to benefit 
from the considerable advantages that come with heater-
less hollow cathodes while relying on a vast body of theo-
retical literature to optimize the devices. This publication is 
intended to present the early development progress and first 
test series of two propulsion systems that will be continu-
ously improved in the future. A third electrostatic hollow 
cathode thruster concept is currently under development but 
will be presented in a different publication. The first con-
cept generates thrust electrothermally and has already been 
extensively studied at the University of Southampton with 
satisfactory results using and modifying the space-qualified 
hollow cathodes of the T5 and T6 ion thrusters [2]. The 
current research effort focuses on expanding the application 
envelope of these hollow cathode thrusters to C12A7 inserts 
and thus replacing the heater, and on investigating poten-
tial design optimizations by conducting a design param-
eter study. In Sect. 2, the operational principle and thruster 
development of the first concept is described. The second 
thruster type is an electromagnetic device that accelerates 
charged particles—both positive and negative—by means 
of the Lorentz force. In contrast to conventional magneto-
plasmadynamic (MPD) thrusters, that are characterized by 
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cylindrical discharge channels, the device presented in this 
work has a rectangular discharge channel in order to apply 
a homogenous and strong magnetic field, elaborated on in 
detail in Sect. 3. The results of the conducted test series of 
both concepts are presented in Sect. 4.

2  Hollow cathode thruster development

2.1  Previous work on hollow cathode thrusters

The idea of a hollow cathode thruster was based on early 
observations of high energetic ions produced in hollow cath-
odes [3, 4] and a high degree of ionization in the orifice 
region, that represent possible thrust production mecha-
nisms, and thus could qualify hollow cathodes as simple 
stand-alone electric propulsion systems [5]. Efforts at the 
University of Southampton by Gessini et al. focused on 
examining the thrust produced by the T6 hollow cathode 
resulting in the derivation of specific thrust production 
mechanisms that govern the hollow cathode plasma dis-
charge and could be exploited to improve thrust efficiency 
and optimize hollow cathode thruster design [6, 7]. This 
work was expanded to the T5 thruster by Grubisic who did 
not modify the cathode assembly but attached a nozzle-
shaped anode to the hollow cathodes and provided the first 
benchmark of test results of hollow cathode thrusters [2]. 
Using the smaller T5 cathode with discharge currents up 
to 3.2 A, thrust levels on the order of 1 mN at an Isp on the 
order of 200–300 s using argon could be achieved, resulting 
in thrust efficiencies below 10% [2]. The larger T6 cathode 
was operated at currents up to 30 A and achieved Isp levels 
of about 1000 s using argon. However, the thrust efficiency 
was below 1% [2]. Frollani conducted the first effort to 
derive a performance model of a hollow cathode thruster 
and tested an optimized version of the T5 and T6 hollow 
cathode thrusters in which the keeper electrode was replaced 
by a nozzle-shaped anode [8]. The main work up to now has 
thus been conducted on the nozzle design and modelling.

2.2  Hollow cathode thruster operation

The principal of operation of hollow cathode thrusters is 
very straightforward. An electron-emitting insert is placed 
at the tip of a metal tube and electrically insulated from the 
keeper electrode—a metal plate with a small diameter hole 
in its center. Further downstream, a nozzle-shaped anode is 
attached and electrically insulated from the hollow cathode. 
The keeper electrode can be omitted and entirely replaced by 
the anode nozzle, as shown by Frollani [8]. In general, heat-
ing of the insert is necessary to enable the thermal emission 
of electrons. By engaging a gas flow through the tube and 
applying a sufficiently high voltage to the anode, a plasma 

discharge is engaged. The propellant is then heated mainly 
by the current that is drawn from the insert through the ori-
fice to the anode. Due to the small dimensions, the plasma 
resistivity is highest in the orifice region, and thus the major-
ity of heating takes place in the orifice by means of Joule 
heating. The small dimensions of the orifice generally pre-
vent the measurement of data that could be used to validate 
model results. However, the background pressure is assumed 
to be sufficiently low for the heavy plasma species—namely 
ions and neutrals—to reach supersonic conditions in the ori-
fice, which is also suggested by 2D hollow cathode model 
results [9]. The supersonic hot gas then enters the nozzle 
regions and is expanded and accelerated.

The main thrust production mechanism is the thrust due 
to particle momentum and pressure at the exit plane by the 
three plasma species, i.e., ions, neutrals, and electrons. The 
respective contributions can be expressed by the following, 
assuming a continuum fluid approach [8]:

where m , n , u , and T  are the species mass, density, veloc-
ity, and temperature, respectively. It is, however, difficult to 
determine the exit plane that needs to be considered to calcu-
late the momentum contributions to the thrust, since the flow 
quickly transitions from a continuum in the cathode region 
to a rarefied gas as it is expanded [8]. High modelling efforts 
are thus required to accurately predict the thrust. Preliminary 
simulations of the nozzle section using a particle-in-cell 
code showed that the Knudsen number reaches 1 only a few 
millimeters downstream of the orifice, which is consistent 
with other publications on hollow cathode modelling [9].

There are additional potential thrust contributions that 
have been identified by the researchers at the University of 
Southampton. For example, high energetic ions have been 
found in hollow cathode discharges with energies above the 
discharge potential that might contribute to the thrust. The 
origins of these ions are manifold and described in detail in 
Ref. [8]. The thrust contribution of high energetic ions is:

where I
HEI

 , E
HEI

 , and u
HEI

 are the high energy ion current, 
energy, and velocity, respectively. To the knowledge of the 
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author, there are no models that predict the current of high 
energetic ions in hollow cathodes, and thus measurement is 
necessary. At low discharge currents, however, the thrust 
contribution of high energetic ions is deemed negligible. 
The discharge current that is being drawn through the orifice 
to the anode also causes a net electromagnetic force on the 
plasma similar to that of a MPD thruster. By integrating 
the magnetic stress tensor, the famous Maecker’s law can 
be derived and applied to the thruster, as shown in Ref. [8]:

where Id , Ra , and Ror are the discharge current, the effec-
tive anode radius, and the orifice radius, respectively. Again, 
at low discharge currents, the electromagnetic thrust contri-
bution is deemed negligibly small. The expected thrust level 
is in the range of micronewton to the low millinewton range. 
If the outcome of the study is successful, the performance of 
the thruster concept is expected to be comparable to com-
mon electrothermal devices like resistojets. One advantage 
of the hollow cathode thruster is that it can serve as both 
a classic hollow cathode neutralizer and as a stand-alone 
thruster. A combined operation with a large-scale electric 
propulsion system is thus possible, where the large thruster 
can be used for high thrust operations and the hollow cath-
ode thruster can be used for low thrust operations like sta-
tion-keeping. Moreover, the presented device does not need 
a heater, and thus simplifies the power processing unit.

2.3  Hollow cathode thruster development

The thruster designed at Technische Universität Dres-
den focuses on a mostly experimental approach to iden-
tify important geometric and operational parameters that 
drive the performance of a hollow cathode thruster. The 
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prototypes manufactured up to now are modular to quickly 
apply changes to the geometry of the thruster. One goal 
of this work is to replace the hollow cathode heater either 
by using the low work function material C12A7, that has 
been successfully used in a heaterless hollow cathode by 
Drobny [10], or by achieving a heaterless plasma ignition 
using LaB6. Not relying on thermally emitted electrons of a 
preheated insert necessitates a high electric field that needs 
to be applied at the surface of the insert in order to achieve 
a gas breakdown. This constraint leads to different hollow 
cathode geometries compared to heated hollow cathodes, 
summarized in Ref. [11]. One drawback using C12A7 is that 
material properties, like work function and thermal elec-
tron emission properties, are not yet fully investigated and 
understood. Therefore, this work also presents an investiga-
tion of the discharge properties of C12A7. A second goal of 
this research is to limit the discharge current to a maximum 
of 3 A, mainly to limit the power consumption and due to 
constraints by the thrust balance used for the current test 
series. This condition implies that the electromagnetic thrust 
according to Eq. 6 can be neglected, and high energetic 
ions will not significantly contribute to the thrust as well. 
Three baseline thruster modules have been tested that are 
shown in Figs. 1 and 2. The first version is shown in Fig. 1 
consists of a metal tube with a cylindrical C12A7 hollow 
cylinder insert at the downstream end. A graphite nozzle 
is attached and electrically insulated by a ceramic spacer. 
Here, no keeper electrode was used. To facilitate heater-
less plasma ignition, the orifice in the ceramic spacer was 
chosen to be sufficiently small to increase internal cathode 
pressure. The second version uses C12A7 tablets instead 
of hollow cylinders. It was decided to implement an addi-
tional molybdenum keeper electrode for the ignition phase. 
In the third baseline thruster, a cylindrical LaB6 insert was 
implemented. The conducted test series and test results are 
outlined in Sect. 4.2.

Fig. 1  Electrothermal hollow cathode thruster using cylindrical C12A7 inserts (left) and C12A7 tablet inserts (right)
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3  Magnetoplasmadynamic device

3.1  Principle of operation

The operational principle of the second thruster concept 
presented in this work is illustrated in Fig. 3. Within a 
rectangular, electrically insulating discharge channel, two 
electrodes are placed on two opposing sides of the chan-
nel. An external magnetic field is applied perpendicu-
larly to the expected current flow between the electrodes. 
Gas is then let into the channel and a breakdown must 
be achieved by applying a high voltage to the anode. By 
generating a plasma column in the channel, current flows 
between the electrodes. Due to the perpendicular magnetic 
field, the Lorentz force acts on the charge distribution in 
the channel, accelerating both electrons and ions in the 
downstream direction. The concept is based on magne-
tohydrodynamic drives that have mostly been developed 
for marine propulsion systems. In contrast to conventional 
MPD thrusters, in which the charge carriers are acceler-
ated primarily by the self-induced magnetic field in an 
axisymmetric discharge channel, the rectangular design 
allows to explicitly apply a strong external magnetic field 

using permanent magnets that excel the self-induced mag-
netic fields of common MPDs. This allows for a significant 
reduction of the discharge current and discharge power. 
Moreover, the design is easily scalable, and the perfor-
mance can be adjusted by altering the current and the mag-
netic field strength of the permanent magnets.

The thrust of the device can be estimated by means of a 
simple analytical model. Here, the current between the elec-
trodes is assumed to be homogenously distributed along the 
electrode surfaces. The externally applied magnetic field B

ext
 

is also homogeneous within the discharge channel and inter-
acts with the charge distribution. A force density f  acts on the 
plasma volume and can be expressed by:

where j is the current density and B is the magnetic field. 
One approach to evaluate the total electromagnetic force act-
ing on the plasma column is by means of the Maxwell stress 
tensor. Using the differential form of Ampère’s law:

Equation 7 can be rewritten as:

The expression above can be written in terms of the Max-
well stress tensor T:

Using Gauss’s law:

Equations 9 and 10 can be combined to obtain the total 
electromagnetic force acting on the plasma:

The above equation shows that the electromagnetic force 
on the plasma can be expressed by the flux of the Maxwell 
tensor across the boundary surfaces of the control volume that 
encloses the plasma column in the discharge channel, depicted 
in Fig. 4 for the presented thruster. The Maxwell tensor in 
cartesian coordinates for the magnetostatic case is defined as:
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Fig. 2  Electrothermal hollow cathode thruster using LaB6 inserts

Fig. 3  Operational principle of the MPD concept
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with B being the magnitude of the flux density. As 
first approximation, the current is considered as flowing 
through a perfectly homogeneous rectangular conductor 
of infinite length. The magnetic field induced by the cur-
rent within the conductor can be determined by the Biot-
Savart law [12]. An infinitesimal cross-section element of 
the conductor at the location r′ causes a magnetic field of 
strength H at the distance r from the element, as shown 
in Fig. 5.

The x- and y- components of H(r) can be determined 
as follows:

with:

The magnetic field is zero in the direction of the current 
flow, so that Hz = 0 is true throughout the domain. The mag-
netic field strength is obtained by integrating Eqs. 14 and 15 
over the conductor surface:

Using the substitution:

Equations 19 and 20 become:
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Fig. 4  Control volume of the modelling approach of the MPD con-
cept

Fig. 5  Biot–Savart law applied to a rectangular conductor
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The integrals in Eqs. 22 and 23 are analytically solvable. 
The magnetic flux density is then determined under the 
assumption that the relative magnetic permeability is equal 
to the vacuum permeability:

Since Bz is zero, the Maxwell tensor is now simplified to:

Here, B
ext

 is included in the Bx component. Integration of 
the tensor in Eq. 25 along the respective boundaries yields 
the force vector that acts on the plasma. The y-component 
of the force vector can be interpreted as an ideal electro-
magnetic thrust. In Fig. 6, the dependence of the thrust on 
different input parameters is summarized. As evident in 
Fig. 6, the thrust increases linearly with B

ext
 , Id and z , and is 

nearly invariant with changing a and b . The current design 
aims at generating thrust levels of approximately 1 mN at an 
Isp of 1000 s to qualify as a potential candidate for attitude 
control systems and de-orbit manoeuvers of small satellites. 
For a target thrust level of 1 mN and easily realizable mag-
netic fields, Table 1 summarizes the determined thruster 
parameters. In addition to the electromagnetic force, the 
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gas-dynamic force of the gas flow contributes to the overall 
thrust but was not considered for the design of the device.

The modelling approach presented above is equivalent to 
simply multiplying Eq. 7 by the discharge volume. However, 
the implementation of the presented approach allows consid-
ering possible inhomogeneities in the discharge parameters 
and magnetic field, which might be useful in future studies.

3.2  MPD thruster assembly

The MPD thruster prototype assembly is illustrated in Fig. 7. 
A rectangular alumina component serves as the discharge 
channel. A ceramic gas distributor is placed in the down-
stream direction of the gas inlet and two ceramic constrictors 

Fig. 6  Dependence of the thrust on operational and dimensional 
parameters

Table 1  Initial design 
parameters of the MPD concept

Parameter Value

a 10 mm
b 22.5 mm
z 20 mm
I
d

0.5 A
B
���

0.1 T

Fig. 7  MPD prototype assembly
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lead the gas into the channel. The magnetic field is estab-
lished by an array of permanent magnets connected to two 
iron poles, acting as a horseshoe magnet.

4  Initial testing

4.1  Test facility

A compact torsion thrust balance developed by Neunzig [13] 
was used to obtain thrust measurements during operation. A 
movable aluminum frame serves as mounting for the thrust-
ers and allows rotation about a vertical axis. The electri-
cal connections are realized through liquid metal reservoirs 
filled with Galinstan along the thrust balance axis, enabling 
a frictionless connection. There are two ways of operating 
the balance. For the first method, the thruster’s rotation is 
counterbalanced by an assembly of counterweights. A thrust 
thereby leads to a deflection of the thruster and a reaction 
of a torsion spring of known spring constant, which is used 
to translate the new resting position of the thruster into a 
thrust value. The deflection is measured using a laser inter-
ferometer. The operational principle of the thrust balance 
is illustrated in Fig. 8. Prior to each test cycle, the balance-
thruster assembly is calibrated using a voice coil that applies 
a defined force to the assembly and leads to a distinct deflec-
tion. The second method is called “closed-loop operation”. 
In this case, the voice coil is used to keep the thruster in 
place and impede rotation. The necessary current through 
the voice coil to do so can be translated into a thrust value. 
For the electrothermal thruster, the closed-loop method was 
considered more suitable, because higher temperatures of 
the thruster bearing would affect the spring constant, and 
thus alter the thrust measurement. By impeding rotation, 
this source of error is eliminated.

The tests were carried out in a 1.4 m × 1.7 m × 2.6 m 
rectangular vacuum chamber. A primary multi-stage Roots 
vacuum pump and a second stage cryopump with a total 
pumping speed of 10,000 l/s enabled a vacuum regime 
of approximately 1e–7 mbar during the tests without gas 

ballast. Two Delta Elektronika SM AR-11 power supplies 
were used for both thrusters. For the electrothermal thruster, 
preliminary tests showed significantly improved plasma igni-
tion using a 100 Ω pre-resistor for the anode and a 2.2 kΩ 
pre-resistor for the keeper.

4.2  HCT test results

First tests with cylindrical C12A7 inserts showed promis-
ing results as the plasma discharge could be achieved nearly 
instantaneously by simply applying a voltage to the anode 
nozzle. Moreover, a clear thrust above cold gas level was 
observed. However, at currents exceeding 1 A, the C12A7 
insert melted and thus clogged the cathode, shown in Fig. 9. 
The same phenomenon was observed in other early C12A7 
hollow cathode test campaigns. C12A7 tablets in combina-
tion with a cathode body made of copper proved to be much 
more thermally stable [10]. Though evacuating excess heat 
from the insert to prevent overheating seems counterintuitive 

Fig. 8  Schematic of torsion thrust balance [13] Fig. 9  Molten C12A7 hollow cylinder insert and C12A7 bubbles on 
the downstream end of the ceramic orifice
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to an electrothermal device, post-test inspections of the tab-
let surfaces showed signs of melting, indicating sufficiently 
high temperatures in the plasma discharge. Inspections by 
Fraunhofer IKTS revealed that although the surface clearly 
experiences high temperatures, the thermal resistance is suf-
ficiently high for the cathode assembly not to reach tempera-
tures that are typical for common hollow cathodes. During 
the conducted test series, the temperature of the cathode 
backplate did not exceed 100 °C, which was measured using 
a K-type thermocouple attached to the backplate close to the 
gas connection. While the intended purpose of the copper 
cathode body was to prevent the insert from overheating and 
melting by evacuating excess heat by thermal conduction to 
the back of the thruster, the use of a highly thermally con-
ductive material like copper might be unnecessary as only 
the surface of the insert heats up significantly while the base 
of the emitter stays cooler. Due to the melting of the hol-
low cylinder insert, it was decided to dismiss the cylindrical 
C12A7 configuration in favor of C12A7 tablets. For the pre-
sented study, two different nozzles and two different orifice 
dimensions have been tested, summarized in Table 2. Kryp-
ton was used as the primary propellant for the test series.

Heaterless ignition of the C12A7 cathode could almost 
instantaneously be achieved by simultaneously applying a 
high voltage to both the keeper and the anode at mass flow 
rates on the order of 1 mg/s. The discharge proved to be 
stable shortly after ignition independent of the orifice and 
nozzle dimensions. LaB6 showed a more complex ignition 
behavior. For most test configurations, no main discharge 
could be achieved. Using the smaller orifice, the anode 
discharge was achieved by applying the keeper and anode 
voltages, which more or less instantaneously led to a gas 
breakdown within the cathode and a current drawn to the 
keeper. After a timespan on the order of 300 s, the main 
discharge was automatically achieved. The keeper discharge 
thus serves as heating mechanisms for the insert. As soon 
as a sufficiently high temperature is achieved, thermally 
emitted electrons supply the main discharge. However, this 

procedure was only possible using the larger nozzle and the 
small orifice, no other combination resulted in a successful 
main discharge ignition. Figures 10 and 11 illustrate ignition 
processes for both insert materials.

Aside from ignition difficulties, the thrust measurement 
proved to be inaccurate in most cases, as the thrust signal 
showed large drifts, independent of the measuring method. 
This could be largely attributed to thermal drifts. The pre-
sented thrust data are thus preliminary and only consider 
those parameter combinations that showed an interpretable 
thrust signal at all. Nevertheless, valuable data can be drawn 
from the current–voltage characteristics (CVCs) of the dif-
ferent tests, shown in Figs. 12, 13, 14, 15 for C12A7 and 
Fig. 20 for LaB6. Using the smaller 0.25 mm diameter ori-
fice and nozzle A enabled to maintain spot mode for currents 
up to 1.5 A for mass flow rates as low as 0.6 mg/s at 1.5 A, 
and well below 0.4 mg/s at 0.5 A. At higher currents, the dis-
charge transitioned to a noisy plume mode even at high mass 
flow rates in excess of 1 mg/s. For the larger nozzle B, the 

Table 2  Nozzle and orifice dimensions of the presented test series

Comp Designation Dimensions

Nozzle Nozzle A Outer diameter 24 mm
Throat diameter 4 mm
Length length 34 mm

Nozzle B Outer diameter 41 mm
Throat diameter 4 mm
Length 34 mm

Orifice 0.25 × 1 Orifice diameter 0.25 mm
Orifice length 1 mm

0.4 × 1 Orifice diameter 0.4 mm
Orifice length 1 mm

Fig. 10  Typical ignition process of the HCT using C12A7 tablet 
(Nozzle B, 0.4 × 1 Orifice, 8 sccm Kr)

Fig. 11  Ignition process of the HCT using LaB6 (14 sccm Kr)
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discharge transitioned to plume mode at currents of 1 A and 
above. Increasing the orifice size significantly promoted spot 
mode. Here, the larger nozzle B showed a notable improve-
ment to the smaller nozzle in terms of discharge noise and 
maintaining of spot mode even at currents up to 2.5 A and 
mass flow rates as low as 0.5 mg/s. The discharge voltage in 
spot mode operation was also slightly lower using the larger 
nozzle. In Fig. 15, the 0.5 A discharge unexpectedly transi-
tions to a very high voltage of approximately 250 V at 0.625 
mg/s, while higher currents could be maintained at lower 
mass flow rates. One possible cause of this phenomenon is 
the insufficient gas tightness of the prototype. In this case, 
the discharge might be starved of sufficient charge carriers 
and transition to plume mode at higher mass flow rates than 
expected.

The clearest thrust signal using C12A7 was obtained with 
the 0.25 mm diameter orifice and nozzle B. Here, the deflec-
tion signal of the thrust balance showed distinct plateaus 
as the operating parameters were changed. An exemplary 
deflection signal is shown in Figs. 16 and 17 for the C12A7 
and LaB6 configurations, respectively. The measurement 
uncertainty was determined by taking the slope of the drift 
and the standard deviation of the measurement into account. 
The main systematic measurement uncertainty was due to 
the voice coil calibration and on the order of 1%. The uncer-
tainties of power supplies and mass flow controllers have 
been neglected. The thrust and Isp as function of discharge 
current and mass flow rate are summarized in Figs. 18 and 
19, respectively. The uncertainty of the thrust measurement 
is relatively high on the order of 10% for most operating 
points due to large standard deviations in the thrust signal, 
as the thrusters were mostly operated in noisy plume mode. 
However, the trend that can be seen in Fig. 18 is clear. The 
thrust rises nearly linearly with the discharge current. As 
the current is increased, the ohmic heating that takes place 

Fig. 12  CVC of the electrothermal HCT (C12A7 tablet, nozzle A, 
0.25 mm diameter orifice)

Fig. 13  CVC of the electrothermal HCT (C12A7 tablet, nozzle B, 
0.25 mm diameter orifice)

Fig. 14  CVC of the electrothermal HCT (C12A7 tablet, nozzle A, 0.4 
mm diameter orifice)

Fig. 15  CVC of the electrothermal HCT (C12A7 tablet, nozzle B, 0.4 
mm diameter orifice)
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predominantly in the orifice increases and heats the propel-
lant. The lowest mass flow rate of 0.625 mg/s shows the 
highest thrust and Isp values of the tested mass flow rates. 
This trend can be attributed to the increase in discharge 
voltage as the mass flow rate is reduced which leads to an 
increase in electron temperature, and thus the electron pres-
sure term in Eq. 3 becomes more dominant. However, the 
depicted thrust and Isp values were obtained almost exclu-
sively in plume mode operation, which significantly limits 
the lifetime of the cathode and is thus unsustainable. Moreo-
ver, the thrust and Isp obtained at current levels up to 2.5 A 
barely lie above cold gas thrust and are not competitive yet.   

Operation of the LaB6 configuration could only be 
obtained using the 0.25 mm diameter orifice. As evi-
dent in Fig. 20, the cathode was operated in spot mode 
for current levels up to 1 A at relatively high voltages on 
the order of 50–70 V. Transition occurred at about 0.6 
mg/s for the 0.5 A discharge. At currents above 1 A, the 

Fig. 16  Exemplary Deflection Signal for C12A7 (Transition from 0 to 
1 A Discharge Current)

Fig. 17  Exemplary Deflection Signal for LaB6 (Transition from 0 to 
1 A Discharge Current)

Fig. 18  Thrust vs. discharge current (C12A7 tablet, nozzle B, 0.25 
mm diameter orifice)

Fig. 19  Specific impulse vs. discharge current (C12A7 tablet, nozzle 
B, 0.25 mm diameter orifice)

Fig. 20  CVC of the electrothermal HCT (LaB6 tablet, nozzle B, 0.25 
mm diameter orifice)
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discharge operated in plume mode or in a transition regime 
at mass flow rates of 1 mg/s and below. The thrust signal 
for the LaB6 configuration, depicted in Fig. 21, showed 
a similar linear trend of increased thrust with discharge 
current. The Isp in Fig. 22 generally is higher compared 
to the C12A7 configuration but still is not competitive 
with comparable electric propulsion systems like resisto-
jets and low-power arcjets. However, Fig. 22 indicates that 
notable heating of the propellant takes place even at low 
currents. Nevertheless, operation of the hollow cathode 
as presented is not sustainable due to the limited lifetime 
in plume mode operation. In post-test investigations of 
the LaB6 and the C12A7 cathodes, the 0.25 mm diameter 
orifice plates showed notable signs of melting, indicat-
ing local temperatures in excess of the melting point of 
molybdenum. Similar signs of deterioration could not be 
found for the larger orifice plate of the C12A7 cathode. 
The tests showed that a smaller orifice results in higher 
temperatures in the orifice and of the cathode in general, 
which is consistent with trends of hollow cathode models 
[14]. However, larger orifices facilitate operation in spot 
mode and lower the discharge voltages. The target design 
is thus a trade-off between making the orifice as small as 
possible to increase the temperature while making it large 
enough to maintain spot mode. The influence of the noz-
zle geometry on the thrust could not be identified in the 
current study but will be investigated in the future. How-
ever, Figs. 14 and 15 indicate that increasing the electron 
collecting area of the nozzle promotes a passive current 
collection by the anode, as stated by Grubisic [15], and 
thus widens the spot mode operation regime.

4.3  MPD test results

In preliminary tests, several methods of creating a plasma 
discharge in the MPD concept have been investigated. First 
efforts aimed at implementing C12A7 using rectangular 
inserts fixed on a metal plate as electron emitters. However, 
the ignition of a stable discharge could not be achieved. A 
test series using a radiofrequency (RF) voltage applied to a 
steel plate was then conducted to facilitate plasma genera-
tion. Here, a gas breakdown was achieved, and a clear thrust 
was seen in the thrust signal. However, the RF discharge led 
to substantial sputtering of the discharge channel and was 
thus dismissed. A discharge using carbon nanotube foil as 
electron emitter was not successful as well. Hence, a simple 
thoriated tungsten wire was implemented that served as an 
electron emitter. Initial tests were carried out using kryp-
ton with an electrode distance z of 10 mm. In Fig. 23, the 

Fig. 21  Thrust vs. discharge current (LaB6, nozzle B, 0.25 mm diam-
eter orifice)

Fig. 22  Specific impulse vs. discharge current (LaB6, nozzle B, 0.25 
mm diameter orifice)

Fig. 23  Electromagnetic component of the thrust and ideal Lorentz 
force (Krypton, 0.06 T, z = 10 mm)
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electro-magnetic component of the measured thrust is shown 
as a function of the discharge current, the thrust caused by 
gas flow is not considered. A clear discrepancy is visible 
between the measured electromagnetic thrust and the ideal 
thrust in Fig. 23, which can be mainly attributed to the chan-
nel and electrode wall friction and possible inhomogeneities 
in the discharge and magnetic field. Magnetic field simula-
tions of the thruster showed that the magnetic field within 
the channel is homogenous along the thrust axis but shows 
slight deviations in the direction orthogonal to the electrodes 
of approximately 2–3%. This can be source of slight inho-
mogeneities in the thrust. The channel was thus redesigned, 
and a second test series was carried out using argon as the 
propellant, a higher magnetic field of 0.1 T and an elec-
trode distance of 20 mm. In Fig. 24, the electromagnetic 
component of the measured thrust is shown. The measured 
electromagnetic thrust shows very good agreement with 
the ideal Lorentz force. The main problem with the current 
thruster design is the filament which is sensible to melt-
ing. The maximum current that could be extracted with a 
magnetic field of 0.1 T to date is 0.3 A. Moreover, relatively 
high mass flow rates are necessary to operate the thruster, 
limiting the Isp to a maximum of 160 s to date. In order to 
increase thruster efficiency and performance, methods of 
increasing both the magnetic field and the discharge current 
are investigated. A new design using a hollow cathode as an 
electron source is currently being manufactured and will be 
presented in the future.

5  Conclusion

Two different thruster concepts have been realised, one elec-
trothermal and one electro-magnetic concept. Performance 
measurements of the electrothermal device have not been 

satisfactory up to now due to strong drifts in the thrust meas-
urements, but discharge properties of C12A7 are very attrac-
tive and will be further investigated and exploited in future 
device iterations. Although LaB6 showed a slightly better 
performance in the presented test series, ignition proved to 
be very difficult. The emphasis of future research on the 
electrothermal device will thus shift primarily to C12A7. In 
addition, using a lighter propellant than krypton generally 
leads to higher specific impulses for electrothermal devices. 
Early tests using argon as the propellant were promising and 
will be expanded as well. The current thruster design and 
test configuration will be revised to improve gas tightness 
of the thruster and thermal decoupling of the thrust balance 
from the thruster. The outcome of the upcoming testseries 
will be compared to a performance model that was devel-
oped at TUD to identify optimization potential especially 
regarding the anode design.

The electromagnetic concept proved to be able to generate 
thrust on the order of few millinewtons. However, the reli-
ability of the presented design is insufficient. An upcoming 
design iteration using a C12A7 hollow cathode, a stronger 
and more homogeneous magnetic field, and a segmented 
anode will be tested in the near future. The test series will 
include variations in the cathode position, anode segment 
control, and cathode orifice geometries.
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