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Abstract: Hollow cathodes are essential electron sources for electric propulsion systems
and spacecraft neutralization. Recent work has focused on eliminating heaters conventionally
used in hollow cathodes based on BaO-W and LaBs. The Compact Heaterless Hollow Cathode
(CHHC) developed at TU Dresden employs a disc-shaped emitter with a C12A7:e- electride.
The CHHC relies on Paschen discharge ignition, thereby eliminating the external heaters. In
this work, we present an initial performance evaluation of CHHCs for two distinct use cases:
neutralizers in Electrodynamic Tether (EDT) systems and Hall Effect Thrusters (HET).
Ignition and operating behaviour were assessed at emission currents between 0.3 - 2.5 A with
krypton mass flow rates of 18 sccm, 10 sccm, and 5 sccm. A suitable ignition setup for low
current operation was found, but it leaves room for improvement. Ignition and operation at
higher currents is reliable, but degradation was observed.

I. Introduction

OLLOW cathodes can play an important role on many satellites as they are commonly used for space charge
neutralization or as electron emitters in electric propulsion systems (i.e. Hall Effect Thruster (HET)) or in
Electrodynamic Tether (EDT) systems. With a rising number of deployed micro and small satellites, more stringent
requirements are posed on hollow cathodes and further improvement of the system is needed. While maintaining a
low power and propellant consumption, reliable electron emission over a wide range of currents is required. *
Common hollow cathodes based on barium oxide (BaO-W) or lanthanum hexaboride (LaBs) require additional
heaters to start thermionic emission from the emitter material, resulting in added complexity, higher power
consumption and an additional potential failure point in the electric propulsion system. Recent research therefore
focuses on heaterless ignition, often based on a Paschen discharge to ignite a plasma with the propellant gas, which
then in turn starts heating the emitter material to emitting temperatures.?>
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The Compact Heaterless Hollow Cathode (CHHC) is a hollow cathode based on C12A7 electride (C12A7:e-) as
emitter material. It was originally developed for low-current operation (0.3 A to 2 A) within the E.T.PACK-Fly
project, an FET-Transition project funded by the European Innovation Council.® Previous work demonstrated > 950 h
of operation at 2 A” at high mass flow rates of 20 sccm of krypton and more than 500 cycles of successful ignition
cycles®. Recent work has concentrated on decreasing the required mass flow rate down to 4 sccm for stable operation
at emission currents between 0.3 A and 2 A% and highlighted the material degradation due to a low melting
temperature of the C12A7:e-, which has also been reported by other work groups.® 1t

To broaden applicability, this work addresses both the ignition at low emission currents (0.5 A) with limited
available power for EDT application and the operation at higher emission currents (i.e. 2.5 A) for HET application
while maintaining a low propellant consumption, for increased competitiveness with other hollow cathodes. 0 3 12 13
Therefore, we present a performance evaluation of CHHCs for low power ignition with 0.5 A emission current for an
EDT mission, with a focus on optimizing the ignition setup. We also evaluate the ignition and operation performance
at 2.5 A emission current for HET application, with krypton flow down to 5 sccm.

The following sections present the current design of the hollow cathode and the emitter material (Section 1), and
the experimental setups for both EDT and HET operation (Section I11). The subsequent sections present and discuss
the test results, first for EDT operation (Section 1V) and then for the HET operation (Section V). Section VI analyses
the condition of the emitter after the tests. This work is concluded with the main findings in Section VII.

I1. C12A7:e- Compact Heaterless Hollow Cathode

The hollow cathode used for this work is the Compact Heaterless Hollow Cathode (CHHC) developed at the
Institute of Aerospace Engineering (ILR) at TUD Dresden University of Technology. The design and functionality of
the hollow cathode have been presented in several previous publications.® ** Figure 1 shows a cross-section view of
the hollow cathode.

The cathode is based on C12A7 electride (C12A7:e-) as emitter material, an electrically conductive ceramic where
free-moving electrons are trapped inside a sub-nanometre-sized cage, leading to a relatively low work function.*®
Different values have been reported in literature depending on material composition and measurement setup, but most
commonly ranges from 2.4 eV to 2.8 eV8. Following the low work function, the electride can be used as a thermionic
emitter with an operating temperature at around 1100 °C*° and a melting temperature reported at 1230 °C*° or higher
values depending on composition (i.e., 1410 °CY).

The manufacturing process of the electride material used in the CHHC can be found in the literature.'® To improve
the discharge characteristics of the CHHC, the electride is doped with a refractory metal to increase heat conduction
(to prevent overheating, melting, and degradation) and electrical conductivity inside the emitter material. For ease of
manufacturing, the emitter samples are disc-shaped. Despite the clear difference between the disk-shaped and
cylindrical emitter, the CHHC will still be referred to as hollow cathode as the development is based on the hollow
cylinder design.

Electric I/F Screw Keeper Plate with
(Keeper) / Orifice
C12A7 Electride ' O—Ring

Disk Emitter

| a
Copper Base ————
IT Electric I/F Screw
(Emitter)

Porous Gas Filter

Ceramic Insulator

O-Ring — |

Welded Gas
Supply Plate

Figure 1. Cross-section view of the Compact Heaterless Hollow Cathode (CHHC)
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The CHHC can be ignited by applying a high potential difference between the emitter and the keeper, leading to a
Paschen discharge igniting a plasma with the propellant gas, which then, in turn, heats the emitter surface and enables
thermionic emission after achieving emitting temperature. The applied potential for ignition must be > 350 V. Once
stable operation is established, the discharge potential of the cathode drops significantly. The modular and simple
design of the CHHC is less complex compared to typical hollow cathodes and omits the need for thermal management
due to the heaterless ignition process.

I11. Experiment Setups and Methods

A. Testing facility

All tests reported in this work were conducted in a vacuum chamber at ILR. The cylindrical chamber has a volume
of approximately 0.8 m3. Vacuum is achieved with a cryogenic pump with a nominal pumping speed of
10.000 L s N2. The base pressure is in the range of 10 mbar, where the background pressure can increase to
approximately 10 mbar with the highest set mass flow rate of krypton. The mass flow rate is controlled by a Brooks
Instrument mass flow controller, GF40 series.

B. Experiment setup

The CHHC is tested in triode mode, emitting towards the keeper and an external anode, see Fig. 2. The setup is
placed inside the vacuum chamber on a PTFE plate with ceramic mounting bars for the cathode and the anode to
electrically separate them. A copper hollow cylinder with a diameter of g 10 cm is used as the anode. The outside of
the anode is coated with a graphite spray to enhance the surface’s emissivity and therefore increase thermal radiation.

The anode is mounted 2 cm in front of the cathode with both of them centrally aligned. The gas inlet from the
cathode is connected to the chamber ground. All connecting cables from the anode, keeper, and emitter are led out of
the vacuum chamber via SHV bushings. The propellant is fed through the chamber walls with a Swagelok bushing
and PTFE tubing.

Fiaure 2.  CHHC mounted inside experiment setup.

C. Electrical setup and test procedure for EDT application
1. Electrical setup

The CHHC was developed for use as an electron emitter in the E.T.PACK-Fly project, to complete the electrical
circuit of the EDT system. The mission imposes several requirements on the hollow cathode, including low power
consumption (< 30 W), a discharge current range between 0.3 — 0.5 A, and a negative bias of the emitter relative to
the surrounding LEO plasma.

To reproduce the EDT circuit in the laboratory, a dedicated electrical setup was developed.” An updated version
of the setup used for this work is shown in Fig. 3. In this configuration, the anode representing the LEO plasma is
directly connected to a fixed bias potential and cannot be controlled. The emitter is negatively biased against the
anode, while the keeper is positively biased to the emitter to enable ignition and to prevent emitter degradation due to
ion back sputtering.

The emitter control is divided into two branches: the ignition and operation branch. During the EDT mission, the
operation branch will be connected to the tether, which provides the electrons. In the laboratory setup, a power supply
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substitutes this current source. Due to the low power budget of the mission, ignition is realized via capacitor discharge.
Instead of uncontrolled capacitor charging and discharging, the dedicated Prototype Ignition Circuit (PIC) provided
by Sener Aerospace is employed. Treated as a black box, the PIC enables controlled single discharge events directly
analogous to the mission scenario. In the PIC, 200 uF capacitors charged to ~ 430 V provide the ignition pulse,
discharging through the series resistor on the ignition branch, and the goal is to determine the resistor value that yields
the optimal discharge duration and current limitation for effective emitter heating until the operation branch takes
over. The ignition probability with the PIC is tested for different resistor values to identify the most suitable
configuration for the flight model electronics.

All additional power supplies used in the laboratory setup are Delta Elektronika SM 660-AR-11. On each branch,
1 Q shunt resistors are implemented to measure current. Additionally, diodes are included on both emitter branches
to prevent undesired current flow between ignition and operation branch. This configuration enables systematic
investigation of resistor values and their impact on ignition probability under mission-like conditions.

2. Test procedure
Emitter

[ 1
Ol

U 00€ - 0S

40V
@03 A

S50V
@2A

Figure 3. Electrical setup with Prototype Ignition Circuit (PIC); ignition resistance varies between 50 Q and 300 Q
during testing.

The first test was carried out under the following conditions: operation branch power supply limited to 50 V /
0.5 A, krypton mass flow rate of 18 sccm, 200 pF capacitors in the PIC, and an ignition potential of 400 — 430 V with
an assumed charging time of ~2 minutes. The test emulated the mission profile of the E.T.PACK-Fly mission in a
600 km sun-synchronous (SSO) orbit. Accordingly, each cycle consisted of a 10-minute emission window, during
which the hollow cathode could be operated with sufficient tether current, followed by a 20-minute waiting period
without tether current and with emitter cool-down. Each 30-minute mission cycle began with one capacitor discharge
through the ignition branch resistor and up to five capacitor discharges were possible within the 10-minute operation
window.

The goal was to determine the optimal resistor value for a controlled capacitor discharge with the PIC and a reliable
ignition and hand-over to the emitter operation branch. Resistor values between 50 Q and 300 Q were tested in three
mission-profile cycles each, allowing up to 15 ignition attempts per resistor. An ignition was considered successful if
the cathode operated stably for at least two minutes after the capacitor was discharged. If successful, the cathode was
kept running until the operation window ended; if the cathode self-extinguished earlier, ignition attempts were
resumed. The operational behaviour of the hollow cathode at low emission currents has already been reported in
previous studies and was therefore not investigated in this test.® The key output parameters of this test are the ignition
probability per resistor value.

Discharge potential, capacitor charge, emitter current, and anode current are recorded with a digital oscilloscope
(PicoScope, model 444 with PicoConnect 442 Differential Probes).
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D. Electrical setup and test procedure for HET application
1. Electrical setup

To further extend the field of application for the CHHC, operation as a neutralizer for HET is investigated. A
dedicated laboratory configuration mimicking the operation of the hollow cathode with a HET is shown in Fig. 4.
Unlike the EDT setup, the anode is actively controlled by an external power supply to represent the thruster anode,
while the emitter is connected to ground. A 450 V ignition pulse is applied to the keeper. After ignition, the keeper
potential drops and is further reduced to ~ 50 V for stable operation. A 100 Q resistor on the keeper branch limits
current peaks during ignition.

The objective of this work is reliable ignition and stable operation of the hollow cathode at 2.5 A emission current
with krypton flow rates of <10 sccm. Shunt resistors on each branch allow precise current monitoring during both
ignition and steady-state operation. The same laboratory power supplies are used.

Emitter
1Q 100 Q 1o I
450V @2A " )
50V@0.3A BV@zsA

Figure 4. Electrical setup for Hall Effect Thruster (HET) operation

2, Test procedure

In contrast to the first test focusing on the ignition behaviour under mission-like EDT conditions with limited
current availability, the second test investigated the ignition and operation of the CHHC as a neutralizer for HETS,
where higher emission currents and continuous operation are required.

For the second test, the mass flow rate for ignition was set to 10 sccm of krypton. The emission current limit was
2.5 A, and a keeper ignition pulse of 450 V at 2 A was applied. After five seconds, the keeper potential was reduced
to 50 V for each ignition. The hollow cathode was then operated for 20 minutes before being manually shut off,
followed by a 20-minute waiting period for emitter cool-down.

The procedure was repeated five times at 10 sccm, and five times with the mass flow reduced to 5 sccm
immediately after successful ignition. At the end of the campaign, the cathode was again ignited at 10 sccm, reduced
to 5 sccm, and operated continuously for one hour to assess long-term stability.

The goal of this test was to investigate ignition behaviour and stable operation of the CHHC as a neutralizer for
Hall Effect Thrusters, and to compare discharge performance at krypton mass flow rates of 10 sccm and 5 sccm.

The keeper and anode voltages, as well as the voltage drop across the shunt resistors on each branch, are recorded
with the PicoScope. The key output parameters of this test were the ignition success rate, the discharge stability during
20-minute cycles, and the long-term stability over one hour of continuous operation.

V. Experiment Results & Discussion (EDT Setup)

For the tests investigating the ignition probability of the CHHC at low emission currents and low available power,
the electrical setup described in Section 111, C was used. The results of the ignition test are summarized in Table 1.
Each row represents one 30-minute mission profile with the number of ignition attempts and successful ignitions per
set. The total success rate for each resistor value was calculated from all three test sets. Testing started with a resistor
value of 50 Q. The resistor value was increased in 50 Q-increments until a decline in cathode ignition with a maximum
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resistor value of 300 Q was reached. All successful ignitions met the stability criterion of at least two minutes of
operation. Occasional self-extinguishing was observed during the 10-minute emission window, after which ignition
attempts were resumed. In total, 78 ignition attempts were performed across all resistor values, with a total of 11
successful ignitions.

Table 1.  Overview of ignition attempts and successful ignitions for varying resistors.
Resistor Set  Ign. Attempts  Successful Ign.  Total Attempts/ Ign.  Total Success Rate

50 Q 1 3 1 13/1 7.69 %
2 5 -
3 5 -

100 Q 1 3 1 13/1 15.38 %
2 5 -
3 5 1

150 Q 1 5 - 14/2 14.29 %
2 4 1
3 5 1

200 Q 1 2 1 12/4 33.33%
2 6 1
3 4 2

250 Q 1 5 - 11/2 18.18 %
2 1 1
3 5 1

300 Q 1 5 - 15/1 6.67 %
2 5 1
3 5 -

The ignition probability increased with a resistor value up to 200 Q, where the highest success rate of 33.3 % was
achieved. For lower resistor values (50 Q — 150 Q), the ignition probability was significantly lower (< 16 %),
suggesting that the discharge time was too short for sufficient heating of the emitter to emitting temperatures. For
higher resistor values (250 Q — 300 Q), the probability decreased again, indicating that the resistor limited the
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Figure 5. Discharge potential and anode current over time for ignition over a 100 Q resistor (top, unsuccessful

ignition) and 250 Q resistor (bottom, successful ignition)
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discharge current so it was insufficient for reliable ignition. A comparison of the capacitor discharge and the anode
current over time for two ignition attempts at 100 Q and 250 Q is shown in Fig. 5.

The ignition attempt over a 100 Q resistor resulted in high current oscillations with peaks up to 5 A, while the
maximum current peaks in an ignition at 250 Q were limited by the resistor to approximately 3 A. The high current
peaks at the lower resistance likely imposed high local stress on the emitter, concentrating the thermal load in small
spots instead of a more uniform and even heating of the material. At higher resistance values, the capacitor discharge
ended more smoothly, indicating a more uniform heating profile and ignition process.

Testing of the CHHC with the PIC provided by Sener Aerospace showed that the highest ignition probability with
reduced available power for ignition was achieved with an inline resistor value of 200 Q. The value allowed for a
suitable compromise: sufficient discharge energy while limiting the current peak during Paschen breakdown. The
200 Q resistor likely promoted a more even distribution of the stored energy from the capacitors in the emitter material,
while avoiding damaging current spikes.

The maximum success rate of ~ 33 % is comparatively low and could only be achieved with repeated ignition
attempts during the operation window, gradually heating the emitter to thermionic temperatures. A 33 % ignition rate
is enough to demonstrate the general functionality of the EDT system, but will not be sufficient for a marketable
system. To increase the hollow cathode’s ignition probability, the flight electronics for ignition should be improved
further either by increasing the capacitor size or by raising the maximum discharge voltage to increase the stored
energy available for ignition.

V. Experiment Results & Discussion (HET Setup)

A. 20-minute CHHC operation at 10 sccm and 5 sccm krypton

The electrical setup described in Section IlI, D was used to investigating the CHHC performance at an emission
current of 2.5 A, in a representative setup for HET neutralization. Two operating conditions were tested: five ignition
and operation cycles at 10 sccm krypton (Fig. 6) and five cycles at 5 sccm krypton (Fig. 7).

At 10 sccm krypton, all five ignition attempts were successful, and stable operation was maintained for the full
20-minute duration in each case (Fig. 6). The discharge potential remained between 35 V and 50 V. After ignition,
stabilization of both discharge potential and keeper current with less frequent oscillations typically required less than
100 s. This value was used to define a window of steady state discharge for calculation of the average discharge
potential across all runs, with 43.10 V £ 0.61 V across all runs. Early runs (Ignitions #1 and #2) exhibited stronger
initial fluctuations and higher oscillations throughout the cycle, whereas later runs settled more smoothly.

At 5 sccm krypton, ignition was again consistently successful and all cycles completed the full test duration (Fig.
7). Short spikes in the discharge potential—most prominently in Ignitions #9 and #10—suggest momentary self-
extinguishing events followed by immediate re-establishment of electron emission at a lower discharge potential. The
calculated average potential is 49.16 V + 2.47 V across all five runs (again starting 100 s after ignition for better
comparison to measurements at 10 sccm krypton). All five runs exhibit a slow rise of discharge potential during the
20-minute dwell. The trend is most pronounced in Ignition 10, where the time-averaged discharge potential increases
from 47.33 V £ 1.59 V (first 5 min of operation) to 55.05V £ 2.02 V (last 5 min of operation). Simultaneously, the
keeper current decays throughout the run.

The difference in performance drift between 10 sccm and 5 sccm krypton is shown in Fig. 8, which compares the
total power consumption over time for Ignition #5 and #10, respectively. Operation at 10 sccm of krypton for short
operation durations appears to be more stable than compared to operation with 5 sccm. Operation at the lower krypton
mass flow rates is marked by frequent self-extinguishing and reignition events that point to a degradation of the
material.
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B. 1-hour CHHC operation at 5 sccm krypton

The electrical setup described in Section 111, D was used to investigating the CHHC performance over 1-hour in a
representative setup for HET neutralization The results of the test at 2.5 A emission current and 5 sccm krypton are
shown in Fig. 9. The graph indicates the mean discharge potential and keeper current over time with corresponding
1 ¢ error bands. During the first 25 minutes, the discharge potential increases from approximately 49 V to 52 V, until
the potential drops over the next 15 minutes, and an average potential of 44.36 V + 2.36 V for the last 10 minutes is
established. In the same way, the keeper current increases from approximately 0.2 A at the beginning of the test to
0.23 A at the end, with a peak current of 0.26 A at 27 minutes.
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Figure 9. Discharge potential and keeper current over time for 1-hour operation of CHHC at 2.5 A emission current,
50 V keeper potential and 5 sccm krypton.
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Overall, the operation continued without further incidents. During the first 20 minutes, the cathode showed a
similar drift compared to the 20-minutes runs but it becomes more stable after longer operation at the same mass flow
rate (5 sccm).

A continuous operation of the hollow cathode for longer periods of time appears to be more suitable for the
material, as a stable operating temperature seems to be established, and a decrease in discharge potential has been seen
during the 1-hour operation. This should be verified with longer duration tests with the same test conditions. Generally,
the CHHC is compatible for operation in a HET with a good efficiency, but has room for improvement for ignition
stability at low flow rates.

V1. Material Analysis

The emitter surface was examined under a Leica M80 microscope (Fig. 10). Before testing, the surface appeared
uniformly black (Fig. 10a). After the ignition experiments in the EDT setup, distinct circular molten spots were visible
on the surface (Fig. 10b), indicating localized electron emission and surface heating beyond the material’s melting
point of 1230 °C. A layer of non-conductive black material had formed along the top edge, At the same time, large
areas of the surface, particularly near the bottom right, remained unaffected, showing that plasma ignition was not
uniform and that heat distribution across the emitter was uneven.

Following the CHHC test campaign in the HET setup, the emitter displayed severe degradation (Fig. 10c). The
component detached easily from its copper base and fractured into two halves during disassembly. A large emission
spot at the top right edge exhibited greenish-white discoloration, consistent with partial decomposition of the electride
into its base materials. Electrical measurements confirmed that this area was no longer conductive. These findings
suggest that operation at 2.5 A emission current led to significant overheating and accelerated material breakdown.

\ N

(@) | (b)

Figure 10. Microscope images of the C12A7:e- emitter before testing (a), after testing with the EDT test setup (b), and
after testing with the HET test setup (c).

The emitter material C12A7:e- is known to have a low melting point and low thermal conductivity. These
properties result in accelerated surface degradation under high thermal loads. The findings from the tests conducted
at higher emission currents (2.5 A) indicate that frequent self-extinguishing events may be related to a degradation of
the material. It is possible that the emission is initiated at regions with the lowest electrical resistance or at surface
irregularities that enable localized field emission. Once the emission spots degrade and their resistance increases,
electron emission ceases, causing the discharge potential to rise until the cathode self-extinguishes. In the event of
sustained plasma exposure, new emission spots could form elsewhere on the surface. The varied colours observed
after testing correspond to regions of different electrical resistance, particularly where the electride reverted to its
original constituents.

The results show that the limited thermal conductivity of C12A7:e” prevents uniform heat dissipation across the
emitter, leading to localised overheating, degradation, and unstable operation at higher emission currents. Improving
heat conduction within the emitter material or enabling simultaneous emission from the emitter surface will be
essential for achieving reliable performance at 2.5 A and beyond. Scaling of the emitter surface for higher current
applications should also be considered.
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VII. Conclusion

This paper presented the latest results of the continuous development of the Compact Heaterless Hollow Cathode
(CHHC) based on a C12A7:e- emitter. The hollow cathode has been tested for two different application scenarios:
low-current operation for EDT systems and high-current operation for HET neutralization. An ignition probability of
33 % was achieved using a prototype ignition circuit featuring 200 pF capacitors and a 200 Q discharge resistor for
the EDT system.

At higher emission currents of 2.5 A, stable operation of the hollow cathode was maintained for an hour with
krypton mass flow rates down to 5 sccm. High material wear due to high thermal loads on the material were observed
after several ignitions. The results confirm the potential of the CHHC for propellant-efficient operation without heaters
but also highlights the need for improved ignition electronics and increased thermal conductivity of the emitter to
ensure long-term reliability.
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