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Abstract

The development and experimental investigation of two low-power electric propulsion concepts using compact heaterless
C12A7 electride (C12A7:e-) hollow cathodes is presented. The first concept represents an electrothermal thruster, in which
a cathode discharge is used to heat a gas that is subsequently accelerated in a nozzle-shaped anode. The second propulsion
system is an attempt to develop a sub-500 W magnetoplasmadynamic thruster (MPDT) that uses a rectangular discharge
channel that allows to increase the applied magnetic field and thus lower the necessary discharge current. Extensive parameter
studies with both concepts were conducted, and the thrust and discharge properties of different geometric and operational
configurations were determined. This work is a follow-up publication of a previous paper (Gondol and Tajmar in CEAS

Space J 14:65-77, 2021).
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1 Introduction

C12A7:e- is a promising emitter material for heaterless hol-
low cathodes as several studies have suggested a very low
work function and chemical stability at room temperature
[1-3]. However, the exact thermionic emission properties
have been the subject of debate as the published work func-
tions span from 0.6 eV [2, 3] to more than 2 eV [4].
Research on C12A7:e- hollow cathodes is being con-
ducted at Technische Unversitéit Dresden (TUD). The experi-
ments have resulted in compact devices that allow heaterless
operation and reliable long-term electron emission [5], open-
ing the possibility to actively use the cathodes in different
low-power electric space propulsion concepts. In this con-
text, two propulsion systems have been developed and exten-
sively tested. This publication is intended to present the lat-
est thruster iterations and the results of a testing campaign.
The target thrust levels of both concepts were defined to be
in the high micronewton to low millinewton range at a power

< Norman Gondol
Norman.Gondol @tu-dresden.de

Martin Tajmar

Martin. Tajmar @tu-dresden.de

Institute of Aerospace Engineering, Technische Universitéit
Dresden, Dresden, Germany

level below 500 W. Section 2 introduces the electrothermal
thruster and presents the results of the respective test series.
Section 3 elaborates on the design and testing of the MPDT.

2 Electrothermal thruster
2.1 Previous work

The idea of a micronewton electrothermal hollow cathode
thruster (HCT) was first introduced by Gessini at the Uni-
versity of Southampton (UoS) [6]. The thruster concept was
mainly based on early observations of high energetic ions
that were measured in hollow cathode plasma plumes by
various researchers [7, 8]. These high energetic ions were
seen as contributors to a notably higher thrust of an ordinary
hollow cathode compared to the thrust generated by the gas
flow through the cathode, making hollow cathodes attrac-
tive as possible stand-alone thrusters [6]. Subsequently, tests
were carried out on the space-qualified hollow cathode of
the T6 gridded ion thruster, using an indirect thrust meas-
urement setup [9]. First tests with the thrust stand showed
good agreement of the cold gas thrust measurements with
theoretical predictions, but thermal effects during discharge
operation impeded an accurate thrust measurement [10].
An improvement of the test setup resulted in the first thrust
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measurements of the hollow cathode during discharge using
argon as the working gas. The measured thrust reached up to
2.4 mN and was well above the thrust expected by the efflux
of heavy particles (ions and neutrals) at a temperature on
the order of the cathode wall temperature [11], indicating
additional heating and thrust production mechanisms. The
thrust signal clearly showed an increase with the discharge
current, indicating a similar operational principle to arcjets.
Moreover, an additional potential thrust contribution by
magnetoplasmadynamic phenomena was hypothesized.

A more elaborate test series with argon and krypton at
discharge currents between 5 and 25 A was conducted and
confirmed the previous findings. Ata 25 A discharge, the I,
was on the order of 300 s with argon and 240 s with krypton
at thrust levels between 1 and 6 mN [12]. The test results
showed that a simple thermalization of the gas in the orifice
with the orifice walls was not sufficient to explain the high
I, that could be measured. In further studies, Gessini et al.
improved the performance of the thruster by narrowing the
orifice diameter [12].

Grubisic expanded the research on the HCT to the smaller
T5 hollow cathode and investigated the impact of the anode
configuration. The use of a conical instead of a cylindrical
anode was identified as being beneficial for reducing the
discharge voltage and maintaining spot mode operation [13].

Frollani then conducted the first effort to derive an ana-
lytical performance model of a hollow cathode thruster and
derived an optimized version of the TS and T6 HCTs in
which the keeper was replaced by a nozzle-shaped anode
and an additional external magnetic field generated by a
solenoid was implemented. Moreover, the indirect thrust
measurement was replaced by a direct thrust measurement
using a pendulum thrust balance. The HCT using the smaller
TS5 cathode was tested at currents up to 2.5 A, resulting in
a thrust range of 0.2-0.7 mN and an /, between 100 and
140 s. The larger T6 cathode was operated at currents up to
24 A, yielding a thrust of up to 2.61 mN and an [, of up to
323 s. Although thrust and /, could be improved, the thrust
efficiency of the device was on the order of 1-2%, which is
unattractive for space applications [14].

2.2 Principle of operation

As stated, the operational principle of the electrothermal
HCT could be identified to be comparable to that of an
arcjet propulsion system. The discharge current of a hol-
low cathode is drawn from the insert to a nozzle-shaped
anode that is attached to the cathode assembly. The cur-
rent carried by the plasma is heating the gas mainly by
Ohmic heating, and frequent CEX collisions additionally
increase the neutral gas temperature which approaches an
equilibrium with the ion temperature within the cathode,
as suggested by various 2D modeling efforts [15, 16].
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Due to the narrow dimensions in the orifice, the current
density and resistive heating reach their maximum in the
orifice region, resulting in high gas temperatures. The
cathode interior pressure is generally orders of magnitude
higher than the environmental pressure. It is thus likely
for the heavy particle species (ions and neutrals) to reach
supersonic conditions in the orifice. The supersonic gas
then enters the nozzle region and likely experiences an
expansion and acceleration. The gas flow in the cathode
tube can be well described by a continuum flow at a large
distance from the orifice, but the continuum assumption
loses validity at the orifice entrance and shortly after the
orifice region, where the flow quickly transitions to a free
molecular flow as the plasma and neutral densities rapidly
decrease [17]. This constraint indicates that only a frac-
tion of the nozzle contributes to the acceleration of the
gas, as the effect of the nozzle is greatly reduced in a free
molecular flow regime. However, test results by Grubi-
sic showed that using a nozzle-shaped anode instead of a
cylindrical or flat anode improved the performance of the
device, indicating a beneficial effect of a conical nozzle
shape on the particle acceleration [13].

The efforts made at UoS led to the derivation of several
thrust production mechanisms (see f.e. Ref. [14]) that can
be exploited to maximize the performance of an HCT. The
most straightforward mechanism is the gas dynamic thrust,
i.e., the momentum and pressure contribution of heavy
particles Fy ,,,, which can be expressed by:

Fygas = mitt; + 1ty + (pi + py — po) (1)

where 7, u; and p; are the ion mass flow rate, exit velocity
and exit pressure, respectively, ri1,, 4, and p, are the neutral
mass flow rate, exit velocity and exit pressure, respectively,
Do 1s the ambient pressure and A, is the exit area. Analo-
gously, the gasdynamic thrust contribution of electrons F, 4,
can be stated. In contrast to the heavy particles, the vast
majority of electrons, apart of the electrons that are dragged
to the outside by the exiting ions, are collected by the anode
and thus do not contribute to the overall momentum flow
leaving the thruster, but their pressure term can be written
as:

Fogas = (Pe = Po)Acx- @)

As hollow cathode plasmas show electron temperatures
in the low electron volt range (1 eV =11,605 K) at number
densities on the order of 1€20 m™ in the orifice, the elec-
tron pressure term proves to be non-negligible, as shown
by Grubisic [13].

In addition to gas dynamic particle contributions, an
electromagnetic thrust component can be considered. The
current that is drawn from the insert through the orifice to
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Fig. 1 Cross-section of the electrothermal thruster prototype

the anode induces an azimuthal magnetic field that causes
a Lorentz force on the charge carriers. Frollani points out
that there are two distinct regions in the hollow cathode,
where an electromagnetic force acts on the charge carriers
[14]. As the maximum discharge current in this study is
limited to 3 A, the overall electromagnetic force is con-
sidered to be negligible. Moreover, high-energy ions have
been seen as an additional thrust mechanism. As stated in
Sect. 2.1, many experiments have shown ions in the cath-
ode plume with energies above the discharge voltage. Frol-
lani estimated the total thrust contribution of high-energy
ions in a 16 A discharge to be merely on the order of 4 uN
[14]. This contribution is likely even lower in thrusters
operating at lower currents.

For a low current device, the stated thrust mechanisms
narrow down almost entirely to a gas dynamic thrust char-
acteristic of the HCT and thus an arcjet-like behavior.

2.3 Testing prototype

The electrothermal thruster prototype is schematically
depicted in Fig. 1.

The thruster consists of a welded cathode assembly made
of stainless steel that serves as the gas distributor and as
the electrical connection of the insert. The electron-emitting
insert is a C12A7:e- disc with a diameter of 10 mm and a
width of 2 mm. The emitter is attached to the downstream
end of the cathode using an electrically conductive silver
adhesive. An electrical insulation made of the machinable
Rescor ceramic separates the cathode body from the keeper
assembly. The keeper consists of a welded steel part and the
orifice plate, which is made of molybdenum to withstand
the high temperatures that can occur in the orifice region.

Two different orifice geometries were considered, one
with a 0.4 mm and one with a larger 0.8 mm orifice diameter.
The orifice was designed with a straight part at the upstream

Fig.2 Thruster prototype with a 25° nozzle

end and a diverging part with the same angle as the anode
nozzle. The length of the straight part was set to 0.5 mm, as
an overly long orifice did not yield the desired effects in pre-
liminary tests [1]. A thread around the orifice plate circum-
ference allows a connection of the steel component with the
orifice plate. The nozzle extension downstream of the orifice
plate serves as electrical insulation between the keeper and
the anode nozzle and is made of Rescor. The anode nozzle
is made of stainless steel. Three different nozzle geometries
with divergence half-angles of 15°, 25°, and 35° were con-
sidered for the test series. The assembled thruster prototype
is shown in Fig. 2 with the 25° half-angle nozzle.

2.4 TestResults

The test series of the electrothermal thruster was conducted
with the same test equipment and methodology as described
in Ref. [1] using a 100 Q pre-resistor for the anode and a
150 Q pre-resistor for the keeper to increase discharge stabil-
ity. For the main test series, the influence of the propellant
and the orifice diameters were first investigated using the
25° nozzle and an additional molybdenum content in the
C12A7:e- discs of 10%. The molybdenum is intended to
increase thermal stability and improve the electrical conduc-
tivity of the emitter. The tests were carried out using both
krypton and argon. In Fig. 3, the discharge voltage is plotted
as a function of the mass flow rate and the discharge current
with the 0.4 mm diameter orifice for argon and krypton.
The discharge voltages for both krypton and argon are
on the order of 50-60 V for mass flow rates > 0.4 mg/s,
which is relatively high compared to commonly used hol-
low cathodes. Highly optimized cathodes usually operate at
15-30 V [18-20]. Tests with different C12A7:e- cathodes
at TUD showed slightly lower voltages of 30—40 V [5]. The
voltage is similar to the voltage obtained using a cylindri-
cal anode and an additional test using an external anode
yielded similarly high voltages. The discharge voltage can
therefore not necessarily be attributed to the conical shape
of the anode and to the anode being in direct proximity to
the orifice exit but seems to be a feature of the cathode setup.
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Fig.3: 0.4 mm diameter orifice

Argon, 0.4 mm Orifice

Krypton, 0.4mm Orifice

discharge voltage (note the dif-
ferent scales) 125 ~ []
\
100 A \
> \
£ 75
o !i: ~
S 50- =8 =
25 -
0 T T T 0 T T T
0.00 025 050 0.75 1.00 0.00 0.2 0.50 0.75 1.00
m in mg/s m in mg/s
- 2A 25A V¥ 3A
Fig. 4: 0.8 mm diameter orifice Argon, 0.8 mm Orifice Krypton, 0.8 mm Orifice
discharge voltage
125 - 125 -
100 - 100 -
z 75 z 75 X
c 1 c 1 _
§ - § ‘—*',__.' :_:3’—§ —————— =
50 1 mh:gt: 50 > =
W -
25 A 25 A
O T T T T 0 T T T T
00 02 04 06 038 1.0 00 02 04 06 038 1.0
min mg/s m in mg/s
- 2A 25A -V 3A

Decreasing the mass flow rate from 0.9 mg/s to approxi-
mately 0.3 mg/s using argon leads to a gradual increase of
the voltage from around 50 V to 70 V. Below 0.2 mg/s using
argon, the voltage increases notably, indicating the transi-
tion to a noisy plume mode. Similarly, the krypton discharge
transitions to a higher voltage below 0.4 mg/s at a 2 A cur-
rent. Below 0.3 mg/s, no stable discharge could be achieved
using krypton. The argon discharge could be sustained to
significantly lower mass flow rates. The discharge voltage
for the large orifice is illustrated in Fig. 4. The voltage using
the larger orifice shows a light decrease in discharge volt-
age for argon and a more stable operation at mass flow rates
as low as 0.1 mg/s. For krypton, the voltage is in a similar
range as with the smaller orifice and slightly higher than
the argon discharge, which is unexpected considering the
higher ionization potential of argon. Changes in mass flow
rate also have a slightly higher influence on the voltage level
for krypton.

The measured thrust for the 0.4 mm diameter orifice
is shown in Fig. 5 and for the 0.8 mm diameter orifice in
Fig. 6. The thrust level using argon increases with discharge
current, indicating an increased propellant temperature.
For mass flow rates above 0.2 mg/s, the thrust rises nearly
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linearly with mass flow rate. At a discharge current of 3
A, lowering the mass flow rate below 0.2 mg/s resulted in
a steep increase in thrust, coinciding with the increase in
voltage and transition to plume mode operation. The voltage
rises to promote ionization as the discharge is starved of the
neutral gas atoms resulting in a higher electron temperature.

An increase in orifice electron temperature then results in
a higher electron pressure and electron thrust contribution
according to Eq. (2), but also in increased heating of the
heavy particles by electron collision. The achievable thrust
using argon in the covered spectrum of operating points
ranges between 0.2 mN up to 0.9 mN. For krypton, the thrust
is notably lower and mostly linear to the mass flow range.
The thrust measurement shows that using argon is beneficial
to increase the performance of the thruster, as the enthalpy
of lighter gases can be more easily converted into directed
kinetic energy. For the 0.8 mm diameter orifice, the increase
in thrust with current and mass flow rate is also evident.
The thrust levels here are slightly lower compared to the
narrower orifice, which was also observed by Frollani [14],
and can be attributed to a less efficient resistive heating of
the gas. As no significant voltage increase was observed, an
increase of thrust at low mass flow rates is also not visible.
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The [, for the 0.4 mm diameter orifice is shown in
Fig. 7 and for the 0.8 mm diameter orifice in Fig. 8. The
I, for the smaller orifice and argon is on the order of 100 s
and roughly stable across the covered mass flow rate range
above 0.2 mg/s. At lower mass flow rates, the ISp increases
slightly for the 2 and 2.5 A discharges and rapidly for the
3 A discharge up to 500 s, which again can be attributed
to the increase in voltage and thrust. For krypton, the I,

is on the order of 60 s — 80 s which is an increase of about
100% compared to simple cold gas operation, but very
low for an EP system. The wider orifice results in an even
lower [, for both argon and krypton. Here, the achievable
I, for argon ranges between 60 and 90 s, and for krypton
between 50 and 75 s. As the [, is unsatisfactory, the main
focus on optimizing the device should be on improving
the I,
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Fig.8: 0.8 mm diameter orifice
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The thrust efficiency # of an electric propulsion system
is defined as:

_F
2mP,

ft 3)
with P, being the electric power. The comparatively high
discharge voltages and low thrust levels result in a very low
thrust efficiency of below 1%, similar to the concepts devel-
oped at UoS.

The test results show that using argon and a smaller ori-
fice is superior to the use of krypton and the larger orifice.
In contrast to the tested prototypes in the previous publica-
tion [1], the 0.4 mm diameter orifice also did not show signs
of erosion or clogging during the tests and is thus deemed
compatible with the cathode design.

In an effort to reduce the discharge voltage the influ-
ence of the molybdenum content was examined. Here, a
molybdenum content of 20% in the C12A7:e- emitter was
additionally tested with an orifice diameter of 0.4 mm using
argon. A comparison of voltage and thrust for 10% and 20%
molybdenum contents is shown in Fig. 9 and Fig. 10. While
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the voltages using the 20% molybdenum emitters are on the
same order of 50 V, the discharge is much more stable even
at lower currents. Using the 10% emitters, the voltage starts
notable increasing below 0.5 mg/s, whereas the voltage stays
nearly constant for mass flow rates as low as 0.2 mg/s using
the 20% emitters. Moreover, lower discharge currents could
be achieved using the higher molybdenum contents, indicat-
ing an overall improved discharge behavior. The thrust lies
on the same order for both configurations. Consequently,
the /g, does not change notably depending on the molyb-
denum content in spot mode. The higher content does not
show the steep increase in thrust and /g, for very low mass
flow rates, as the voltages remain relatively low and stable
before the discharge simply extinguishes without transition-
ing into a high voltage operational mode. The tests showed
that a higher molybdenum content does not increase the per-
formance by reducing the discharge voltage but increases
the discharge stability significantly and enables operation
at lower currents.

The influence of the nozzle geometry is examined next,
where tests using argon, a 0.4 mm diameter orifice, and 20%
molybdenum content emitters were used. The discharge
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Fig. 10 Influence of molybde-
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voltages for the three different nozzle half-angles are shown
in Fig. 11.

The nozzle geometry has a notable effect on the discharge
behavior of the thruster. Using the smallest divergence angle
of 15°, the voltage stays relatively stable across the covered
mass flow range with voltages between 40 and 55 V. A gen-
eral trend of increasing voltage with increasing current can
be seen, but the 2 A discharge is an exception and shows
slightly higher voltages. The lowest current level of 1.5 A
is associated with the lowest discharge voltage. Increas-
ing the discharge current yields higher voltages, which is
uncommon for hollow cathodes. The increase in voltage with
current is nearly linear. A larger half-angle of 25° shows
slightly increased voltage levels and a gradual increase as
the mass flow rate is reduced. In the 35° nozzle, this trend is
amplified and the voltages reach up to 70 V above 0.5 mg/s.
The thruster plume did not visibly change for all divergence
angles at mass flow rates above 0.5 mg/s but transitioned
to a bright plume at operating points coinciding with a
strong increase in voltage. The transitional behavior was,
however, not examined in detail which generally requires

Fig. 11 Influence of nozzle 15° Nozzle

measurements using an oscilloscope. The 2 A discharge in
the 35° nozzle repeatedly showed the highest voltages in the
tested current range, indicating a different plasma state or
an anomaly. The exact influence of the nozzle shape on the
discharge behavior is difficult to quantify. Grubisic argued
that a conical anode shape reduces the loss of neutrals in
the vicinity of the orifice, and thus increases the local neu-
tral density and ionization [13]. The subsequently increased
plasma density resulted in a reduced discharge voltage in
the TS HCT. A higher nozzle divergence angle was seen as
advantageous due to the larger electron collecting surface
area. The effect of a reduced discharge voltage compared
to cylindrical anode shapes could not be seen in the TUD
HCT, which might indicate a deviating discharge behavior of
C12AT7:e- cathodes from conventional hollow cathodes. The
reasons for the unique trends in the measured current—volt-
age characteristics are unknown. The electric circuit con-
sisting of the pre-resistors and power supplies may have
a distinct influence on the discharge behavior because the
used power supplies are in general not suited for plasma
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Fig. 12 Influence of nozzle 15° Nozzle 25° Nozzle 35° Nozzle
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discharges and showed difficulties during the ignition pro-
cess using other EP systems developed at TUD.

The measured thrust as a function of the different nozzle
divergence angles is shown in Fig. 12.

A clear trend of increasing thrust with increasing nozzle
half-angle is evident. The 25° nozzle reaches thrust levels
up to 12% higher than the 15° nozzle, and the 35° again
improves the thrust by roughly 12% compared to the 25°
nozzle. For mass flow rates on the order of 1.2 mg/s, the
thrust reaches up to 1.35 mN with the 35° half-angle. The
maximum reached I, is on the order of 120 s for the mass
flow rate range where the voltage stays relatively constant.
The performance improvement with a larger nozzle can
partly be attributed to the increase in voltage which results
in a more pronounced electron contribution, but also pos-
sibly to an improvement in gas expansion and acceleration.
Overall, the tests showed that a higher divergence angle is
likely advantageous for this thruster concept.

3 Electromagnetic thruster
3.1 Background

Common MPDTs need several kiloamps of discharge cur-
rent and consequently power levels in the high kilowatt
range to generate a strong azimuthal self-induced magnetic
field that results in a strong electromagnetic acceleration
of the discharge plasma. Frequently used electron emit-
ters are tungsten rod cathodes that can reliably supply the
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necessary current but also pose the main lifetime limiting
factor as they are prone to erosion. Typical MPDTSs thus are
limited to lifetimes on the order of 2000-8000 h [21]. Hol-
low cathodes have thus been identified as a viable alterna-
tive because they can provide both high current levels and
long operational lifetimes. Fradkin et al. [22], for example,
used a lithium-fueled hollow cathode in a 25 kW MPDT and
found the operation with the hollow cathode to be superior
compared to conventional rod cathodes in terms of current
stability, proneness to erosion, and rapid ignition capability.
Toki et al. also conducted a parameter study with different
hollow cathode geometries in a hydrogen-fueled thruster and
found no significant disadvantage in performance compared
to solid cathodes [23]. Besides using more durable electron
emitters, the miniaturization of MPDTs into lower power
regimes has also been investigated by various researchers in
different ways. In the Japanese Electric Propulsion Experi-
ment (EPEX), a hydrazine-fueled pulsed MPDT was tested
in orbit with an allocated discharge power of 430 W [24].
Here, the thruster was operated with current pulses of 6 kA
with a pulse width of 150 ps and a frequency of 0.5-1.8 Hz.
Toki et al. [25] also investigated the possibility to adopt the
operational principle of common applied-field MPDTs to a
1 kW thruster. At low mass flow rates, the thruster plume
showed the characteristic bright plasma pinch, called “cath-
ode jet”, which is indicative of an electromagnetic accelera-
tion. One drawback of this approach is the necessity to cool
the solenoid using a closed water cycle, which adds com-
plexity. A similar design was presented by Ichihara et al. [26]
where an axisymmetric applied-field MPDT was operated at



Experimental investigation of electric propulsion systems using C12A7 electride hollow... 421

10-20 A using a hollow cathode, finding an electromagnetic
dominated acceleration by the applied magnetic field and an
I, ranging between sub-1000 up to 2000s. Ichihara et al. also
presented a design variation where the discharge channel
was not axisymmetric but had a rectangular cross-section.
The magnetic field here was generated by strong permanent
magnets and the current provided by a hollow cathode was
limited to 15 A [26, 27]. Here, the ISp reached up to 2600 s
with an efficiency of up to 11%.

3.2 Operational principle

Operating common axisymmetric applied-field MPDTs
at lower power levels still necessitates strong electromag-
nets that consume additional power and need to be cooled
to prevent overheating. This approach is thus considered
not to be suitable for the presented study. Ichihara’s con-
cept of using a rectangular discharge channel cross-section
is more promising in this context. A rectangular discharge
channel has one major advantage: an external magnetic
field can be explicitly applied perpendicularly to an elec-
tric current. This way, the applied magnetic field directly
contributes to the downstream accelerating Lorentz force.
In an axisymmetric configuration, the predominantly axial
applied magnetic field mainly leads to a swirl motion of the
plasma that can partly be converted into an axial acceleration
in a magnetic nozzle. Moreover, a strong applied magnetic
field can also result in an azimuthal Hall current that can
create additional blowing and pumping thrust components
[28]. However, for the magnetic field to contribute directly
to the downstream accelerating Lorentz force, the magnetic
field lines would need to follow an azimuthal path which is
not possible from a constructional standpoint in classical
axisymmetric designs. The rectangular configuration of a
Lorentz force accelerator has been explored extensively in
so-called magnetohydrodynamic (MHD) propulsion systems
that have been developed mainly for maritime propulsion
and proved to work on a large scale [29, 30]. An adapta-
tion to plasma devices for space applications has up to now
only been attempted by Ichihara et al. An illustration of the
operational principle of the thruster concept presented in this
work is shown in Fig. 13.

Within a rectangular, electrically insulating discharge
channel, two electrodes are placed on two opposing sides

Fig. 13 Operational principle of the electromagnetic thrust concept

of the channel. An external magnetic field is applied per-
pendicularly to the expected current between the electrodes.
Gas is then let into the channel and a breakdown is achieved
by applying a high voltage between the electrodes. The
generated plasma column serves as the electrical conduc-
tor between the electrodes. Due to the perpendicular mag-
netic field, the Lorentz force acts on the charge distribution
in the channel, accelerating both electrons and ions in the
downstream direction. The ejected stream of charged par-
ticles is thus quasi-neutral and an additional neutralizer is
not necessary.

In this configuration, permanent magnets can be used
to generate substantially higher magnetic fields compared
to electromagnets without consuming additional electric
power. A stronger magnetic field allows for the reduction of
the discharge current to sustain the same accelerating elec-
tromagnetic force. Moreover, the design is easily scalable,
and the performance can be adjusted by altering the current
and the magnetic field strength of the permanent magnets.
Combining this concept with a compact hollow cathode as
the electron source can be attractive to additionally increase
the lifetime of the MPDT.

Approximating the plasma inside the MPDT as a sin-
gle electrically conductive fluid, the thrust caused by the
electromagnetic acceleration of the charged particles can be
estimated by the electromagnetic volume force acting on
the plasma, neglecting the influence of the walls. The ideal
Lorentz force Fy 4., in this case is simply given by:

Figear = 1gWB, 4

where w is the distance between the electrodes and B is the
magnetic flux density. Here, it is assumed that the current
density vector is colinear with the electric field vector and
perfectly orthogonal to the external magnetic field vector,
resulting in a perfectly downstream-pointing force vector.
Additional to the electromagnetic thrust, an electrothermal
contribution increases the overall thrust, as the gas is heated
by the current.

3.3 MPDT prototype

A schematic of the MPDT prototype is shown in Fig. 14.
The rectangular discharge chann is made of Rescor. The
hollow cathode assembly is made of stainless steel and uses
a C12A7:e- disc emitter. The keeper electrode is a rectan-
gular molybdenum plate that also serves as a sidewall of the
discharge channel. An additional ceramic insulation plate
made of the machinable Macor ceramic is placed in front
of the keeper to avoid direct contact of the plasma with the
keeper electrode. Ichihara et al. [27] investigated the influ-
ence of a ceramic cover in front of the keeper and noticed a
strong erosion pattern and sputtering of the keeper electrode

@ Springer



422

N. Gondol, M. Tajmar

Fig. 14 MPDT prototype
isometric view (left) and cross-
section (right)

Discharge
Channel

as the cover was removed. Moreover, the thruster showed a
slight decrease in thrust without the cover. Threaded inserts
in the channel ceramic provide the means to attach the hol-
low cathode to the channel. The anode is divided into five
segments that can be individually operated. By adjusting
the current limits of the individual segments, the effective
current density vector can be optimized to reduce the thrust
vector skewing that is caused by the Hall effect. Operating
the segments individually likely necessitates complex PPUs
and control loops to adjust the discharge behavior at dif-
ferent operating points. The thruster is equipped with two
separate gas supplies, one for the hollow cathode operation
and one to additionally provide sufficient gas pressure inside
the discharge channel to promote ionization and supply the
main discharge. The magnetic field is generated by an array
of N40 grade neodymium—iron—boron (NdFeB) bar magnets
that are attached to a magnet yoke made of low-carbon steel,
acting as a horseshoe magnet. The bar magnets were chosen
mainly because of their availability and low price. NdFeB
magnets generate very strong magnetic fields but have the
drawback of having a very low maximum operating tem-
perature on the order of 80 °C. The magnet assembly thus
has very little physical contact with the rest of the thruster
to minimize thermal conduction but radiated heat from the
channel or the cathode to the magnets still might pose a
problem. At the upstream end of the thruster, a stainless
steel mounting provides the means to attach the thruster to
the thrust balance.
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Fig. 15 Magnetic field measurement of the MPDT
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A magnetic field measurement using a magnetometer
showed good agreement with a magnetic field simula-
tion. In Fig. 15, the measurement data are plotted, where
Z =0 denotes the centerline. It is evident that the magnetic
field is significantly lower at the channel exit, decreasing
from a peak flux density of approximately 200 mT 25 mm
upstream of the exit plane to 120 mT at the channel exit.
This might lead to deviations from the ideal Lorentz force
and a complex plasma behavior due to the magnetic field
gradients. Due to constructional constraints, this deficit
was accepted.

The use of a hollow cathode has an additional drawback
in this configuration. Even without deflection of the cur-
rent density vector from the electric field vector by the
magnetic field, the current is expected to spread across
the anode surfaces which again leads to a deviation from
the ideal acceleration. This could be mitigated using a
single very small anode directly opposite of the hollow
cathode orifice. However, the power input would be very
high, leading to high thermal loads. Moreover, a minimum
anode size is necessary to collect the demanded current,
otherwise, the cathode will operate in a highly erosive
plume mode. It is also suspected that a smaller anode
would lead to a narrower ionization zone in the channel,
which could result in insufficient ionization and discharge
instabilities. Higher mass flow rates would thus be neces-
sary to provide a sufficient neutral density to sustain the
discharge. A new approach to lower the spreading of the
current was developed for the presented thruster, which
represents a novelty. Here, a keeper plate with multiple
orifices along the thrust axis was considered that might
lead to a more homogeneous current injection. For the
test series, a single orifice keeper with a 1 mm diameter
orifice as well as different multi-orifice keeper plates were
manufactured. The different keepers were laser-cut from a
0.5 mm molybdenum sheet. The multi-orifice keeper has a
total of 5 orifices distributed in the axial direction. Prelim-
inary tests showed that only an orifice diameter of 0.4 mm
in the multi-orifice keepers resulted in a stable operation.
The manufactured thruster prototype is shown in Fig. 16.
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Fig. 16 MPDT testing prototype

3.4 MPDT test results

The test series covered a parameter study to investigate the
influence of the cathode position, keeper configuration,
magnetic field, and channel dimensions on the performance.
The testing followed a fixed procedure. Before each test,
the thrust balance was calibrated using a voice coil. The
obtained conversion factor was then used to translate the
deflection signal of the thrust balance into a thrust value.
The ignition process for the individual operating points
was initialized from a zero-deflection state by adjusting the
desired cathode and discharge channel mass flow rates. As a
constant cold gas deflection level was reached, a voltage of
600 V was applied to both the keeper and the anode, leading
to a gas breakdown. The operating points were then kept
constant for up to 10 s to obtain a stable deflection signal
of the torsion thrust balance was achieved. After that, the
voltage and gas supplies were disengaged to obtain a new
reference zero-deflection measurement. This procedure was
repeated for each operating point. Analogous to the elec-
trothermal HCT, a 100 Q resistor was used for the anode
and a 150 Q resistor for the keeper to enable a stable dis-
charge. A preliminary test showed that for a 150 Q keeper
pre-resistor the minimum current necessary to achieve the

main discharge was 0.8 A. Lower keeper currents resulted
in very unstable keeper and anode discharges. For the per-
formance test series, the keeper current was thus kept at a
constant 0.8 A during operation. A current range between 2
and 3 A was tested. Below 2 A, no stable discharge could be
achieved, and higher currents than 3 A resulted in a strong
glowing of the anode segments, indicating temperatures
exceeding the thermal limitations of the employed materi-
als. For the parameter study, it was decided to use krypton
as the propellant.

In the following, the test results on the influence of the
cathode position and keeper configuration with a fixed chan-
nel width of 15 mm and height of 14 mm are presented.
During the tests, the anode segments were electrically con-
nected to reduce the number of necessary power supplies.
In Figs. 17 and 18, the thrust F, Isp, discharge voltage Uy,
and efficiency # are plotted as functions of the mass flow
rate, discharge current, and cathode position for a single ori-
fice hollow cathode with a diameter of 1 mm. The Middle
position of the cathode corresponds to a distance of 22 mm
upstream of the channel exit, while the cathode is moved
7 mm further downstream in the Front position.

For the derivation of the Isp, the sum of the cathode and
the discharge channel mass flow rates was used. For the cal-
culation of the efficiency the power necessary to operate the
keeper was not included in the calculation. This way, the
efficiency is more representative of the thruster performance
and can be used to evaluate the potential of the concept. By
including the C12A7:e- cathode, which is itself still at a low
technological maturity level, the efficiency is worsened and
can be misleading.

In Fig. 17, it is evident that the thrust increases linearly
with discharge current, as expected by the Lorentz force.
The mass flow rate has little influence on the overall thrust,
indicating that the electromagnetic thrust is significantly
higher than the gas dynamic thrust. The thrust achieved with
a single orifice ranges between 2 and 5 mN. Moving the
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Fig. 18 Discharge voltage and
efficiency as a function of the
cathode position using a single
orifice keeper R\i\;
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cathode further downstream notably increases the achiev-
able thrust by up to 50%. This might be attributed to the
lowered wall exposure of the plasma. A slight deviation of
the ideal downstream acceleration of charged particles leads
to a transverse component of the Lorentz force that acceler-
ates the particles onto the channel walls, transferring a part
of their momentum. This effect can be partly mitigated by
moving the cathode to the downstream end. The I, shows
a similar trend regarding the position of the cathode. The
achievable /, using a single orifice lies in a range of 400 up
to 1100 s. Moving the cathode to the front of the channel
significantly increases the achievable /. As evident, the [,
also increases as the mass flow rate is reduced, due to the
inverse proportionality of both parameters. The discharge
voltage in Fig. 18 ranges between 100 and 180 V and shows
a slight increase with discharge current and also increases
with decreasing mass flow rate. As the mass flow rate is
reduced, the plasma discharge is slowly starved of poten-
tial charge carriers. A higher voltage is thus necessary to
accelerate electrons and promote ionization. The voltage in
the front position is slightly higher compared to the middle
position. The power demand of the thruster (not considering

the keeper power consumption) is in the range of 200 W at
a 2 A discharge and up to 550 W at a 3 A discharge. The
keeper power throughout the test series was on the order of
20 W. The relatively high discharge power results in a com-
paratively low thrust efficiency. For the middle position of
the cathode, the efficiency lies on the order of 2%, while the
efficiency is increased by moving the cathode to the front to
approximately 4%.

In Figs. 19 and 20, the influence on the test results of a
multi-orifice keeper in the middle position is shown com-
pared to the single orifice. The thrust in shows an improve-
ment of approximately 20% using the multi-orifice com-
pared to the single orifice. It is thus likely, that either the
resulting Lorentz force vector is better aligned with the
thrust axis using the multi-orifice or momentum losses are
reduced. Hence, the corresponding /, also shows a signifi-
cant improvement compared to the single orifice. However,
it is evident in Fig. 20 that the multi-orifice keeper increases
the voltage demand by approximately 10-25%, depending
on the operating point. The overall thrust efficiency shows
a slight improvement using the multi-orifice due to the

Fig. 19 Thrust and /. Single 6 1200
orifice vs. multiple orifice
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increase in thrust but the improvement is small due to the
power increase.

The test results using the multi-orifice in the front cath-
ode position are compared to the single orifice in Figs. 21
and 22. Again, the multi-orifice keeper shows an increased
thrust and [, compared to the single orifice. The thrust
reaches up to 5 mN at a 3 A discharge. The corresponding
I, approaches 1200 s. In contrast to the middle position,
the voltage is not significantly increased. Using the multi-
orifice in the front position allows operating the thruster with
a thrust efficiency of over 5%, and thus represents the best
performing configuration tested with the fixed benchmark
channel geometry.

Using the multi-orifice in the front position, the influence
of the channel geometry is examined next. In Fig. 23, the
test results for a channel height of 17 mm compared to the
14 mm of the benchmark channel are shown. The channel
height does not significantly affect the performance and dis-
charge characteristics of the MPDT. The 3 A discharge for
the higher channel extinguished at a higher mass flow rate
compared to the lower channel. This might be attributed to
the larger discharge volume and thus lower channel pressure,

necessitating higher mass flow rates. The discharge volt-
age slightly increases by approximately 5% with the higher
channel.

The channel width is a geometric parameter that directly
influences the electromagnetic force acting on the plasma.
Altering the channel width thus implies a change in thruster
performance. Using a wider anode-keeper spacing of 17 mm
to increase the Lorentz force, however, did not lead to a
stable anode discharge. Here, the discharge was character-
ized by rapid and unstable electric breakdowns between the
cathode and the anode. Instead, a narrower channel with a
width of 12 mm was tested to investigate the influence of the
channel width, summarized in Fig. 24.

A reduction of the electrode spacing from 15 to 12 mm
reduces the ideal Lorentz force by 20% for a constant cur-
rent and magnetic field, according to Eq. (4) This trend can
be seen in the test data. The narrower channel results in a
15-30% lower thrust and consequently /,, consistent with
the findings by Ichihara et al. [27]. The discharge voltage is
increased notably in the narrower channel, especially for the
3 A discharge, resulting in a reduction of the efficiency of
2-3% compared to the 15 mm channel width. The increase
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Fig.22 Discharge voltage and 7
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Fig. 23 Influence of the channel 6
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in discharge voltage was not seen by Ichihara et al. Here, a
reduction of the channel width was accompanied by a nota-
ble reduction of the discharge voltage. The test results show
that a wider channel is preferable but increasing the channel
width too far leads to discharge instabilities.

In general, the thrust generated by the device is notably
lower compared to the ideal Lorentz force, shown for the

@ Springer

multi-orifice in the front position in Fig. 25. Here, the
measured thrust and I, are merely 50-65% of the ideal
Lorentz force, assuming a magnetic flux density of 0.2 T.
Again, this might partially be attributed to the particle
momentum loss to the walls and the skewing of the thrust
vector. Additionally, the magnetic field measurement in
Fig. 15 showed a significantly lower magnetic flux density
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in the front of the discharge channel of 120-150 mT. As
the cathode is moved to the front of the channel, a larger
part of the current will thus experience a lower magnetic
flux density. The measured thrust corresponds to a Lor-
entz force of approximately 0.11 T, which is closer to the
measured magnetic field near the channel exit. Moving
the magnet assembly further downstream to increase the
peak flux density in the front part of the channel was not
successful, because the overlapping part of the magnets
experienced high levels of plasma exposure and spark dis-
charges on the magnet surfaces. Furthermore, the anode
discharge could not be stably achieved. The most promis-
ing option of increasing the magnetic field at the channel
front is thus to implement stronger magnets.

The test data presented up to now were obtained with a
fixed cathode mass flow rate of 5 sccm krypton (approxi-
mately 0.3 mg/s). However, the discharge behavior of hollow
cathodes is tightly connected to the mass flow rate that is led
through the cathode. Consequently, the influence of different
cathode to total mass flow rate proportions was investigated.
Figure 26 summarizes the discharge voltage and thrust for
different cathode mass flow rate proportions at an operating
point of 2 A with a total mass flow rate of 0.8 mg/s. While

the thrust is relatively unaffected by changes in the mass
flow rate proportion, the keeper and discharge voltages dif-
fer depending on the ratio. Below 50% cathode proportion,
both keeper and discharge voltage are approximately con-
stant. At higher ratios, the keeper voltage slightly decreases,
likely due to an increased cathode interior pressure which
facilitates cathode operation. In contrast, the anode voltage
slightly increases. Thruster operation at higher cathode mass
flow rate ratios than 80% was not possible. To avoid the
increase in discharge voltage and improve discharge stabil-
ity, it is preferable to lead a majority of the gas through the
main gas supply and minimize the cathode mass flow rate.
As thruster operation highly depends on the reliability
of the hollow cathode, an investigation of different addi-
tives to the C12A7:e- emitter was conducted. As shown in
Sect. 2.4, a higher molybdenum content in the emitter can
alter the discharge properties of the insert. A comparison of
the thruster performance for a 10 and 20% molybdenum con-
tent in the C12A7:e- emitters is shown in Fig. 27. Increas-
ing the molybdenum content allowed to stably operate the
thruster at discharge currents as low as 1 A. For currents
between 2 and 3 A, the thrust and [, do not significantly
vary with molybdenum content. The discharge voltage on
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Fig. 27 Influence of emitter
molybdenum content on thrust
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the other hand is notably increased using the higher molyb-
denum content, resulting in lowered overall efficiencies. This
increase in discharge voltage could not be seen in the elec-
trothermal thruster and might be attributed to other factors
like the electrical connection using the silver adhesive. In
general, operating the thruster over a wider current range is
very advantageous for thruster scaling and to increase the
span of achievable operating points.

The test series highlighted a distinct drawback of the pro-
totype. Operating the thruster at currents of 2 A and above
resulted in the visible glowing of the front anode segment,
implying thermal problems. The temperature of the magnets
during the test series was measured using a K-type ther-
mocouple and did not show temperatures exceeding 50 °C,
since the discharge for the individual operating points was
only engaged for a maximum of 10 s to avoid overheating.
Similarly, Ichihara et al. [27] also limited the maximum
operational time of the thruster to a few seconds due to the
lack of cooling. The thrust measurement signal did not show
signs of a thermal drift, indicating that the high tempera-
tures were concentrated at the anode segments. A long-term
operation with the presented prototype without damaging
individual components is nevertheless improbable and was
not tested. The high anode temperatures clearly indicate high
power losses from the plasma to the anode.

4 Conclusion

The presented electrothermal thruster concept is the most
straightforward approach of using a hollow cathode as a
stand-alone thruster. The tests proved the capability of the
thruster to operate at a high micronewton to low millinew-
ton thrust range. The maximum achievable [, was limited
to sub-200 s in spot mode operation of the hollow cath-
ode and the comparatively high discharge power resulted in
sub—1% efficiencies. To increase the attractiveness of the
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concept, a significant increase in discharge current and a
decrease in discharge voltage would be necessary. A further
increase in discharge current with the current emitter con-
figuration likely poses a problem to the thermal constraints
of C12A7:e-. The test results overall show that the use of
C12A7:e- hollow cathodes in electrothermal devices cannot
be recommended to date.

The MPDT concept showed the capability to operate in a
low millinewton thrust range, an I, between 400 and 1191 s,
and efficiencies up to 5.6%. The main problem with this
concept is the high heat load on the anode, which likely
limits the discharge current range to milliamps or low amps.
The thruster performance shows a large discrepancy from
the ideal electromagnetic thrust, which implies high power
and particle momentum losses. The magnetic field in the
presented prototype requires improvement to reduce the
gradient towards the channel exit and increase the magnetic
field in front of the orifice. The use of a multi-orifice keeper
could be identified as an improvement in terms of thrust and
I, compared to a single orifice keeper. The segmentation of
the anode in the context of the presented test series is rudi-
mentary and could not be investigated in detail due to test
infrastructure constraints. Concluding from known MHD
systems and the concept by Ichihara et al. [27], operating
the thruster by taking advantage of the anode segmentation
is beneficial and can increase the efficiency.
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