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ABSTRACT

Electric propulsion has seen significant development over the years,

resulting in its popularity due to its expanded capabilities in satellite
constellation management and orbital transfer vehicles. Hollow cathodes
have become an extensively utilized source of electrons for propellant
ionization and ion beam neutralization in electric propulsion systems. This
paper reviews the hollow cathode discharge and the recent advancements and
progress in hollow cathode technology to highlight the key areas that require
further research. The classic hollow cathode design, which features an
external heater and has been widely used in flight programs, is discussed,
followed by a focus on heaterless hollow cathodes, which have recently
gained publicity. The critical aspects of low-current and high-current hollow
cathode operation, including the emitter material and self-heating
mechanisms, are highlighted in this review, each facing unique challenges.
Future challenges for hollow cathodes involve creating chemically stable,
long-lasting materials with low work function, optimizing the design to
reduce ion yield and erosion, and ongoing modeling of cathode operation and
plasma instabilities.

Keywords: Electric Propulsion, Hollow cathode, Mode transition,

Instabilities, Emitter

NOMENCLATURE k Boltzmann constant
L average conduction length
A theoretical value P; ion heating to the insert
A, cross-sectional area surface
D material-specific modification P, electron heating to the insert
E electric field surface
EP electric propulsion PPU power processing unit
e charge R resistance of the plasma
H(T) total heat lost by the insert SCCM sta}ndard cubic centimeter per
HC hollow cathode minute
HHC heaterless hollow cathode T temperature
I, discharge current Tey electron temperature
I; Bohm current U ionization potential
I random electron flux a measured constant
IAT ion-acoustic turbulence o vacuum permittivity
J thermionic emission current n resistivity of the plasma
density D, reported work function
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. INTRODUCTION

Electric propulsion (EP) has a rich history dating
back to the early 1900s when Russian scientist Konstantin
Tsiolkovsky first introduced the concept of using
electrically charged particles to propel spacecraft [1].
However, it was not until the 1960s that the first satellite
with EP, the SERT-1, was sent to space [2]. Since then, EP
has developed significantly, branching into various
categories and being widely used in the satellite field [3-
8]. Compared to traditional chemical propulsion systems
[9], EP systems offer several advantages, such as higher

specific impulse, efficiency, and longer operating lifetimes.

From the plasma discharge perspective, EP can be
classified into steady and unsteady categories. Steady EP
involves continuous firing for a specific duration and
includes systems such as the arc jet [10], ion thruster [11-
13], magneto plasma dynamic thruster (MPDT) [14, 15],
Hall thruster [16-19], helicon plasma thruster [20], and
field-emission electric propulsion (FEEP) [21, 22].
Unsteady EP, on the other hand, involves pulsed firings
that accumulate to achieve a desired impulse and includes
systems such as vacuum arc thruster (VAT) [23] and pulsed
plasma thruster (PPT) [24, 25].

EP has gained popularity in satellite constellations
due to its expanded capabilities, including orbital
maneuvering, station keeping, collision avoidance, and de-
orbiting [26-37]. These systems are being used for a range
of services provided by small satellites, such as internet
connectivity and remote sensing. A prominent example is
SpaceX's Starlink constellation, which employs Hall
thrusters for orbital maneuvering and has recently
switched its propellant to argon. EP has also been recently
utilized in an asteroid deflection mission. NASA's Double
Asteroid Redirection Test (DART) mission [38], which
aimed to demonstrate asteroid deflection by a kinetic
impactor, utilized an ion thruster (NEXT-C) with xenon
as the propellant. The impactor satellite collided with
Dimorphos, the target asteroid, in 2022 at a speed of
approximately 6.1 kilometers per second.

Hollow cathodes (HC) have been a fundamental
component of EP systems since the 1960s [39]. These gas
discharge devices are commonly utilized in steady EP
systems as an electron source for propellant ionization and
ion beam neutralization via thermionic emission. The
cylindrical-shaped devices consist of a hollow cylinder
with a cathode electrode at its center. In order to reach the
necessary temperature for thermionic emission, the
cathode is heated using either an external heater (known
as Ohmic heating) or plasma discharge through ion and
electron heating. Following heating, the electrons in the
HC are subsequently extracted from the cathode via the
plasma potential.

The unique characteristics of the HC make it an ideal
choice for EP. It is known for its low power consumption
rate, high ionization efficiency, and ability to operate for
long periods without maintenance [40]. Depending on the
emitter material, HCs can also operate on various
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propellants, such as xenon, krypton, argon, nitrogen, or
iodine [41]. Recently, researchers have focused on
enhancing the performance of the HC by developing new
materials and designs [42], which include the use of
advanced low work function ceramics [43] and heating
methodologies [44, 45] to improve durability and
reliability.

The rapidly growing field of HC technology has
become increasingly important in space applications.
However, despite the active advancements, areas in HC
technology still require a more profound understanding of
plasma behavior and optimal cathode design. Moreover, as
HC technology is applied more widely in real-world
contexts, it is crucial to assess this area's progress and
persisting challenges comprehensively. This paper seeks
to address this need by reviewing the state-of-the-art HC
technology and identifying the areas where future research
efforts should be directed. Building upon the review
conducted by Lev et al. in 2019 [46], this paper aims to
present the advancements and challenges in the field of
HC technology, emphasizing the unique challenges faced
by both low-current and high-current HC operations. In
addition, the paper will discuss the classic HC design with
an external heater, as well as the increasingly popular
heaterless hollow cathodes (HHC), which have gained
attention for their potential in space applications.
Ultimately, this review aims to provide an overview of the
current state of HC technology, highlight the key areas that
require further research, and serve as a guide for future
studies and developments in the field.

II. HOLLOW CATHODE

HCs provide electrons for propellant ionizing and ion
bean neutralizing in the ion and Hall thruster. The core
concept of the HC is to emit electrons through a low work
function material, often called an insert or emitter, through
thermionic emission. The thermionic electrons then ionize
a portion of propellant feeds through the insert region,
usually noble gas or iodine, and are extracted to the plume
region by the plasma potential formulated by the keeper or
anode.

Figure 1 presents the configuration of a classical HC
with an external heater. The HC configuration typically
consists of a cylindrical cathode tube made of refractory
metals or graphite with a hollow center. Low work
function insert within the cathode tube is heated by either
an external heater or plasma to reach the thermionic
emission temperature. The cathode tube is surrounded by
a keeper, which encloses the cathode tube and forms a
narrow annular gap between it.

The keeper is an essential component of the HC that
serves several vital functions [48]. First, it facilitates the
cathode discharge initiation and ensures its stable
operation. Second, it helps maintain the cathode
temperature and operation during temporary interruptions
in the discharge. Last, it protects the cathode orifice plate
and external heater from damage caused by high-energy
ion bombardment, which could otherwise limit the
lifespan of the cathode. The keeper electrode is normally
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biased positively relative to the cathode. This positive bias
helps initiate the discharge during start-up and reduces the
ion bombardment energy during regular operation. The
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life of the keeper electrode is crucial for the overall
lifespan of the cathode and EP system.
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Figure 1 The configuration of hollow cathode [47].

The injecting propellant through the cathode
generates a high-density, cold plasma inside the high
neutral pressure region. The electron temperature is low,
while the plasma and neutral densities are high; this leads
to a low plasma potential in the insert region and a
reduction in ion bombardment energy, increasing the
cathode's life. Additionally, the high-density plasma
eliminates space charge effects, which can limit the
electron emission current density. The cathode insert can
also be heat shielded by the cylindrical geometry, reducing
radiation losses and decreasing the power needed to
maintain the required temperature for electron emission.

THERMIONIC EMISSION

In the HC, electrons are introduced through
thermionic emission from the insert surface. The process
of thermionic emission by cathodes can be roughly
described by the Richardson—Dushman equation, which
describes the relationship between temperature, work
function, and the rate of electron emission from a heated
surface [49, 50]:

] — ATze—ewwf/kT (1)

where ] is the thermionic emission current density, T is
the temperature in kelvins, e is the charge, @, is the
work function, k is the Boltzmann constant, and A is a
theoretical value of 120 A/cm?K?. The theoretical value
of A may be verified due to several factors, such as the
crustal structure of the emitter surface [48]. A temperature
correction has been introduced for the work function of
thermionic electron emitters used in HCs. This correction
was addressed in reference [51]:

By = B, +aT )

where @, is the classically reported work function of the

emitter, and « is the measured constant in the experiment.

Inserting this temperature correction in Eq. (1) can give
[48]:

] — DTZe—eQ)r/kT (3)

where D = Ae™¢*/¥ is a material-specific modification
to the Richardson-Dushman equation.

The Richardson-Dushman equation accounts for the
correlation between the temperature of a heated surface,
the work function of the surface material, and the
thermionic emission current. However, in HC, especially
for the open-ended HC, a strong electric field, i.e., plasma
sheath, will formulate in the insert region. As a result, the
presence of the electric field will extract more electron
current from the inset surface, known as the Schottky
effect [52]. The Schottky effect is a phenomenon in which
the presence of strong electric fields at the surface reduces
the potential barrier that electrons in the conduction band
of the material must overcome, effectively resulting in a
reduced work function and described as [48, 53]:

J =DT?exp (%fr) exp [(kiT) \@] 4

where E is the electric field and ¢, is the vacuum
permittivity. The operating temperature of a HC for a
given emission current depends on the emitter material's
properties and the surface area for thermionic emission.
Different value of @, and D for several commonly-
utilized emitter materials, such as refractory metal [51, 54-
56], barium oxide (BaO) [53, 57, 58], lanthanum
hexaboride (LaBs) [59-61], and calcium aluminate eletride
(C12A7) [62-65] can be found in other research.

EMITTER MATERIALS

The exploration and development of the emitter
material used for HC can date back to the early 20th
century when the first cathode was developed [49]. Early
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HCs used oxide-coated cathodes as the emitter material.
Oxide layers were deposited on metal filaments like
tungsten and nickel [46]. However, it was discovered that
these oxide surface layers could be easily sputtered by ion
bombardment and evaporate, leading to limited lifetimes
in vacuum applications and plasma discharges [46].
Therefore, dispenser cathodes are made to assuage this
problem, which continuously re-supplies the low work
function surface layer to offer higher emission current
densities and longer lifetimes than oxide-coated cathodes
[66]. Figure 2 depicts the configuration of a classical flat
dispenser cathode, a self-regulating thermionic cathode
that uses a porous tungsten reservoir containing a low
work function material, such as barium or thorium, to emit
electrons when heated. It should be noted that the emitter
can also be made in a cylindrical geometry, which is the
same as the HC [67]. The unique features of the dispenser
cathode make it a valuable tool in research areas such as
spacecraft propulsion, plasma physics, and surface science
[68-71].
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Figure 2 Typical dispenser cathode design with
tungsten matrix and impregnants [66].

However, dispenser cathodes are subject to poisoning
due to chemistry's involvement in forming the low work
function surface [72], which can significantly increase the
work function, thereby decreasing the cathode
performance. These contaminants can react with the
emitter material and form compounds that reduce the
emission properties of the cathode [48]. In addition, the
emitted current density can decrease over time due to a
change in the surface morphology caused by the sputtering
of the cathode material [48]. Furthermore, the
manufacturing process of dispenser cathodes can be
complicated and requires precision to achieve the desired
performance. Finally, dispenser cathode can be susceptible
to overheating and can degrade when exposed to high
temperatures, which possess a maximum continuous
current density of about 20 A/cm? corresponding to a
temperature of about 1200 °C [46]. The relationship
between thermionic emission current density and insert
temperature for various materials is illustrated in Figure 3.
It was observed that when the insert temperature exceeded
1200 °C, the surface evaporation of barium surpassed the
supply rate from the tungsten pores, leading to a decrease
in surface coverage and an increase in the work function
[73, 74].
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Figure 3 Thermionic electron emission current
density versus surface temperature of
different materials [46].

Another common thermionic emitter material is
lanthanum hexaboride, hereafter simply LaBs. It is a
refractory compound with a low work function, high
melting point, and high chemical stability, making it an
attractive candidate for cathode applications. First
developed as an electron emitter by Lafferty [59] in the
1950s, the use of LaBs in HC was subsequently
investigated by several researchers [60, 61, 75, 76]. They
found that LaBs-impregnated cathodes performed better
than conventional tungsten-impregnated cathodes. To the
author’s knowledge, the first use case of LaBs HCs in
space was the Russian SPT Hall thrusters in 1971 [77]. The
first reported use case of LaBs HC in the United States was
by Goebel et al. in 1978 [78].

Several points need to be noticed while utilizing
LaBg as an emitter. First, although LaBs has more chemical
stability than BaO-W, it is still quite sensitive to oxygen
and water vapor lead by propellent impurity, which can
cause poisoning to form lanthanum oxide and boron
trioxide, increasing the work function of the emitter [48].
Second, LaBg is susceptible to thermal stress, which can
cause cracking and failure of the cathode; this is especially
problematic in high-power applications where the cathode
experiences significant heating and cooling cycles [45, 79].
Finally, using LaB can also lead to boron diffusion into the
supporting refractory metal components, such as the
cathode tube [80, 81]. Boron diffusion can cause a
reduction in the mechanical properties of these materials,
leading to premature failure of the HC. Selecting materials
that can mitigate boron diffusion from LaBs, such as
graphite, is critical when utilizing LaBs as an emitter [59,
82].

One attractive candidate for future electric
propulsion applications in space is calcium aluminate
electrode (C12A7), first reported by Matsuishi et al. in
2003 [83]. Hosono subsequently researched CI12A7,
significantly emphasizing developing materials for
organic light-emitting diode (OLED) applications [84-86].

The work function of C12A7 has been a subject of
debate. However, the intrinsic value of CI12A7 is
considered 2.4 eV [65]. Molecular dynamics calculations
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by Sushko et al. [87] predicted a remarkably low work
function of 0.6 eV. However, ultraviolet photoelectron
spectroscopy measurements by Toda et al. suggested a
much higher work function of 3.7 eV [88]. Field emission
studies using single-crystal by Toda et al. in the same study
[88] and polycrystalline C12A7 by Kim et al. [89] showed

awork function of 0.6 eV in a vacuum diode configuration.

At about 900 °C, this thermal field emission showed a
higher work function of 2.1 eV [90]. Complicating surface
layer effects have led to significant variations in reported
work functions, with the initial reports from Hosono et al.
and actual HC results varying widely. Figure 4 shows the
span of the different work functions of C12A7 in open
literature regardless of the melting point or material
degradation in high temperatures.
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Figure 4 The thermionic emission current densities
of C12A7, BaO, and LaBs versus surface
temperature [91].

Rand et al. introduced C12A7 as a HC emitter in 2010
and demonstrated its operation at currents up to 3.6 A [92,
93]. Later, Rand and Williams developed a more stable
version by inserting slivers of electrode into a graphite
liner in a tantalum tube, which extended stable operation
to several hours at a time [94]. Rand and Williams also
show that the C12A7 electrode seems to be compatible
with iodine-based on brief tests with no reported signs of
insert degradation [62]. A similar study has been
conducted by Hua et al. [41]. Drobny et al. made the first
tests with tubular C12A7 inserts but encountered
instability and insert overheating [95-97] and
subsequently reported on the stable operation using a disk-
like emitter [43]. McDonald et al. demonstrated the stable
operation of a tubular insert C12A7 cathode using a heat
sink configuration at low currents of 30-100 mA to prevent
insert overheating [98]. Hua et al. presented a stable self-
sustained discharge of the C12A7 cathode in a joint
operation with a classic SPT-type Hall thruster and
reached more than 10 hours without any noticeable
degradation [99].

To date, direct comparison between C12A7 and
conventional LaBs and BaO is still challenging [46].
Although the low operating temperatures of CI12A7
provide more freedom in cathode design and material

selection, the material faces overheating and discharge
voltage instability issues that limit its ability to support
lifetime or poisoning testing. Therefore, there is a need for
the further advancement of CI2A7 HCs to enhance
temperature regulation and voltage stability, prolong the
operational lifespan, and exhibit material endurance and
resistance against plasma contamination for extended
mission durations.

SELF-HEATING MECHANISMS

Researchers have studied the phenomenon of self-
heating in HCs due to its unique characteristics. When the
discharge current exceeds a specific critical value, the
cathode can operate without any external heating source,
and the emission current and cathode temperature become
self-sustained. This paper will review the self-heating
operation of the HC, including the physical mechanisms
that drive the self-heating process and the wvarious
operating parameters that can affect self-heating in HCs.

When operating in a self-heating mode, HC is
primarily heated by plasma bombardments in the insert
and orifice regions. Three primary heating mechanisms
lead to self-heating in HC: electron bombardment, ion
bombardment, orifice heating. The heating mechanisms in
HCs largely depend on the cathode geometry, discharge
current, propellant flow rates, and internal gas pressure.
Following the definition made by Goebel et al. [48], in
summary, there are two types of HC: open-ended HC and
orifice HC, as shown in Figure 5.

(3] Cathode Tube Emtter {Insert)

Propellant Flow
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—
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Figure 5 Hollow cathode schematics: (a) open-
ended hollow cathode and (b) orifice
hollow cathode.

In open-ended HC, i.e., the cathode without orifice,
the heating mechanism is dominated by ion bombardment
heating, where ions in the cathode insert region fall
through the sheath potential at the insert surface, resulting
in surface heating by ion bombardment. Estimated by a
simple 0-D model, which assumes a reasonably
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homogeneous plasma in the insert region, the sheath
potential @, in the insert region can be described as [48]:

H(T)
@5 = I_
e

+2Tyy + By — LR (5)
where H(T) is the total heat lost by the insert through
radiation and conduction, I, is the HC discharge current,
T,y is the electron temperature in volts, and R is the
resistance of the plasma, given by nL/A., where n is the
resistivity of the plasma, L is the average conduction
length, and A, is the cross-sectional area of the plasma.
Eq. (5) is derived by considering the condition (U +
¢s) > T,y /2, which is valid in most cases, U denotes
ionization potential.

Eq. (5) also shows that the sheath potential is
proportional to the electron temperature in the insert
region. In an open-ended cathode, the temperature of the
electron is usually higher than those of the orifice cathode
because of the lower value of neutral gas pressure. The gas
pressure within a HC influences the plasma density and
profile through collisional effects [100]. As a result, the
strong plasma sheath in an open-ended cathode increases
the bombarding ion's kinetic energy and limits the
electron's total energy deposit to the insert surface. The ion
heating P; and electron heating P, to the insert surface
by bombardment can be described through the 0-D model
[48]:

P=1(U+0,+2-0,,) (6)

P, = (2Tuy + @yyp ) I e7%/Tev (7)

were [; is the Bohm current at the sheath edge and I, is
the random electron flux at the sheath edge.

As the diameter of the orifice in an orifice HC
decreases, the gas pressure within the cathode increases
due to the presence of the orifice, leading to a gradual shift
in the heating mechanism towards electron bombardment
and orifice heating. Electron bombardment heating is
enhanced with relatively high internal cathode pressure
and discharge current; this results in decreased electron
temperatures and sheath potentials. As a result, a portion
of energetic electrons that possesses enough energy to
surpass the sheath potential reach the insert surface,
depositing their kinetic energy on the insert surface and
keeping it at the thermionic emission temperature. Ion
bombardment heating in the orifice cathode is mitigated
simultaneously because of the reduced sheath potentials.
Orifice heating is another cathode heating mechanism that
dominates in the orifice cathode, commonly occurring in
neutralizer cathodes. The small orifice creates high
internal pressure in the orifice and insert regions. As the
plasma passes through the orifice, it encounters high
resistance, i.e., increased collisions between charged
particles, producing significant resistive heating in the
orifice plasma. This ohmic power is then convectively
transferred to the orifice plate by plasma bombardment,
where the energy balance is dictated by wall and Coulomb
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collisions [101, 102] and eventually heats the insert
through conduction and radiation.

III. PLASMA INSTABILITIES IN
HOLLOW CATHODE

HCs are a reliable source of high-density plasma for
EP systems. Despite their effectiveness, the operation of
HCs is characterized by the emergence of distinct
oscillatory modes. Among these modes, the plume and
spot modes have been the most extensively investigated
[39, 103, 104]. Additionally, the historical literature has
identified two more modes of HC operation: the diffuse
mode [105-107] and the stream mode [48]. The final mode,
jet mode [108], is defined by introducing neutral gas into
the cathode or plume region to mitigate plasma instability
[109].

The spot mode is a relatively quiescent, stable
discharge mode that produces a ball or "spot" of plasma
downstream of the cathode exit, while the plume mode is
a precarious mode characterized by a widely diverging
plasma cone extending from the cathode that fills the
vacuum chamber with diffuse plasma. The transition from
spot to plume mode is of great interest in studying cathode
physics because it is associated with an ionization-like
instability that can generate energetic ions and enhance
cathode erosion [47]. The properties of this transition were
initially observed during laboratory experiments of the
earliest mercury ion thrusters in the late 1960s. [110],
where It was observed that the luminosity of the "plume of
plasma" intensified, and its characteristic size increased as
the mass flow rate was lowered. [39, 103, 104].

Subsequent  laboratory  investigations  have
demonstrated that the transition is contingent upon various
factors, such as the discharge current ratio to mass flow
rate, the discharge current, cathode orifice size, applied
magnetic field, anode geometry [81], and anode position
[111]. However, because this ratio depends on several
other parameters, including the cathode geometry, the
transition had to be characterized empirically [47]. It is a
well-established fact that in the plume mode, there is an
increase in the keeper voltage oscillation and cathode
orifice plate wear due to the higher production of energetic
ions in the near cathode plume region, which has been
observed through various studies [112, 113]. Severe
degradation in the overall cathode life is caused by the
sputter-erosion of external surfaces such as the keeper face
and orifice plate by energetic ions.

When a HC operates in the diffuse mode, the plasma
generates strong luminescence within the volume between
the electrodes and throughout the entire vacuum chamber
[107]. This phenomenon occurs when the flow rate is
below a certain level, and the neutral gas in the chamber is
excited, possibly through interaction with the wall. The
diffuse mode is characterized by a low-frequency
oscillation similar to the plume mode but with greater
amplitude and coherence [107]. The frequency increases
as the anode current increases during the transition from
the plume to diffuse mode. The diffuse mode exhibits a
larger plasma column radius or length, which increases the
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ion temperature [106]. Figure 6 presents the photographs
of the spot mode, the plume mode, and the diffuse mode.
The stream mode is a phenomenon that occurs at high
gas flows, which is well above the optimal range for the
spot mode in HCs [48]. In this mode, the plasma spot is
pushed far downstream of the keeper orifice, and dark
space is typically observed between the keeper electrode
and the plasma spot. The plasma expands and disperses
more rapidly in this mode than in the usual spot mode.
However, very high cathode flow rates can negatively

Spot Mode

Plume Mode

impact discharge performance in ion thrusters by
suppressing the discharge voltage, which reduces the
ionization rate [48]. The jet mode is a unique operational
mode in HCs, especially in high-current HCs, where
neutral gas is injected into the cathode or plume region to
dampen plasma instability and reduce the number of high-
energy ions [109]. This mode is identified by a highly
collimated and stable plasma jet produced by the cathode
[108], which will be discussed in Section IV.

Diffuse Mode

Figure 6 Photographs of the spot mode, the plume mode, and the diffuse mode [107].

Plasma oscillations in the cathode plume can be
classified into three main groups based on frequency
ranges [46, 47]. The first group includes power supply-
induced oscillations occurring at frequencies below 1 kHz.
The second group consists of coherent, large-scale
oscillations occurring in the near-field plume with
frequencies below 150 kHz. The third group includes
broadband, turbulent fluctuations at frequencies above 200
kHz [46]. Figure 7 presents the Fourier transform of an ion
saturation current probe signal. The signal analysis
showed the presence of low-frequency oscillations with a
peak around 100 kHz and high-frequency broadband
waves above 200 kHz. The low-frequency mode
corresponds to an ionization-like wave observed in plume
mode, characterized by large-scale oscillations [114]. The
higher-frequency modes are linked to ion-acoustic
turbulence (IAT), a form of instability propagating in the
plume of HCs [114]. However, the amplitude of these
waves is typically less than 1% of the background density
and plasma potential, and it strongly depends on the
operating conditions and facility pressure [46].

Investigating IAT and ionization instability is crucial
for the development of hollow cathodes. These
phenomena can impact the performance and lifespan of
hollow cathodes, which shows certain relations to the
high-energy ion production in hollow cathode plumes
[109]. Understanding and mitigating these instabilities can
help optimize cathode design, extend lifespan, and
enhance stability and efficiency. The following section
surveys the observations made on these two oscillations.

—
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Figure 7 Fourier transform of plasma waves in a hollow
cathode plume reveals ionization-like and
broadband ion-acoustic waves. [114].

ION-ACOUSTIC TURBULANCE

The onset of IAT has been linked to the high-
frequency plasma instability observed in HCs for
propulsion [46]. The IAT is a natural phenomenon that
arises in plasmas with a significant electron drift velocity
and a large disparity in ion and electron temperatures. The
low ion temperature and strong electron current in the HC
plume make it an ideal environment for the onset of the
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IAT [115], which is a collisionless process of inverse
electron Landau damping that leads to non-classical ion
heating [116, 117] and non-classical drag on the electron
population in the cathode plume [100, 115, 118].

The IAT has been shown to exhibit low amplitude,
incoherent and broadband fluctuations that can be
characterized by a linear dispersion relation with a group
velocity on the order of the ion sound speed [47]. The
amplitudes of these waves are typically less than 1% of the
background density and plasma potential but strongly
depend on the operating conditions and facility pressure
[119]. An increase in discharge current leads to an increase
in energy of the high-frequency modes, while an increase
in gas flow rate or facility pressure results in the damping
of wave amplitudes through charge exchange collisions.
The power spectrum of the IAT fluctuations is continuous
and ranges from 200 kHz to 10 MHz, exhibiting a power
decrease inversely with frequency and a cutoff at low
frequency [115].

Recent developments in the modeling and
experimentation of HCs have shown that the emergence of
the IAT at a higher discharge current or low mass flow rate
can induce coherent ionization-like instabilities [120-122],
although there is no current evidence to suggest that the
IAT alone can cause sputtering and cathode erosion.
Georgin et al. [122] have established a clear correlation
between IAT and ionization-like instabilities in cathode
plume mode discharge. In the last decade, researchers have
begun to investigate the impact of IAT in HCs for
propulsion in greater detail. The results of experimental
and numerical studies conducted in recent years have
uncovered the importance of IAT in influencing the near-
field plasma properties within HCs.

LARGE-SCALE IONIZATION OSCILLATIONS

Recent observations have revealed the presence of
plume mode oscillations, which display quasi-coherent
and longitudinal behavior at a frequency range of 10 to 150
kHz. These oscillations have three characteristics: they
cause large-scale fluctuations in plasma density, plasma
potential, and discharge current, with amplitudes
approaching 100% of background levels [47]. Additionally,
the modes are slow-moving, with dispersionless
propagation or propagation at the ion drift speed from the
cathode to the anode [46]. Despite the recent prevalent
notion associating the plume mode oscillations with
ionization instabilities [48], earlier studies have proposed
several explanations to elucidate this phenomenon.

An early explanation for plume mode oscillations
involves a current imbalance in the anode sheath, which
occurs when the passive current to the anode is insufficient
to maintain the imposed anode current [123]. A stable
anode potential is formed under high mass flow rates due
to the thermal electron flux generating thin electron-
repelling sheaths, known as the spot mode. However, at
low mass flow rates or high discharge currents, the plume
mode occurs when an electron-attracting sheath forms,
leading to a rise in anode potential and significant
temporal variations because the lower plasma density fails
to produce the necessary current. This regime also has a
higher electron temperature due to the less collisional
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environment. Another possible cause of plume mode
oscillations is ionization waves, i.e., moving striations
[124-126]. These waves usually occur in DC positive
column discharges and are created by a kinetic resonance
between the electron energy distribution function and
spatially periodic electric fields [127]. However, backward
waves are typically observed in striations, which do not
match the wave propagation measurements of the plume
mode [128]. Besides, striations usually happen at higher
pressures than the typical values found in the plume of a
cathode discharge [107].

Recent studies have utilized high-speed imaging
techniques as a non-intrusive diagnostic tool to directly
photograph the plume mode oscillations in the cathode
plume, in addition to probe-based studies [109]. This
technique is commonly used to obtain information on the
overall behavior of low-frequency instabilities in thrusters
and cathodes [129, 130]. Georgin et al. [107, 128] and
Goebel et al. [47] used a high-speed camera to capture the
visual appearance of the low-frequency oscillatory modes.
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Figure 8 High-speed camera images of the plume
mode instability from (a) the cathode side
and (b) the cathode front [107].

Figure 8 presents a complete cycle of the plume
mode instability oscillation at 20 A discharge current and
6 SCCM Xe, as captured by the high-speed camera [107].
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The bright spot at the left-hand side of the image
corresponds to the cathode exit, while the anode is on the
right-hand side. The plume mode oscillations exhibit a
cycle that repeats at the same position after about 20 s,
with a 50 kHz periodicity corresponding to previously
characterized ionization instabilities [109]. The changes in
light intensity observed during these oscillations are likely
associated with the processes that cause the discharge
current to oscillate. The ionization instabilities are known
to grow when the discharge current reaches a certain
threshold and when the input gas flow is reduced; this
leads to a depletion of the neutral gas and a subsequent
drop in the neutral density, reducing the plasma density
that carries the discharge current and inducing oscillations
on the ionization rate time scales [47]. Recent studies
indicate that nonclassical effects such as enhanced
resistivity and ohmic heating from IAT may be responsible
for driving these large-scale oscillations [128, 131].

According to Goebel et al. [47], the axial burst
observed through the high-speed camera resembles the
characteristics of the well-known breathing mode or
predator-prey ionization-instability mode of Hall thruster
plumes [48, 132, 133]. Predator-prey ionization-instability
is characterized as a "feast" and "famine" cycle for the
electrons, in which the ionization rate is high when the
neutral density is high and low when the neutral density is
low. In the predator-prey model, the neutrals act as the prey
and the electrons as predators. The electron density and
ionization fraction increase with increasing current until a
threshold is reached where the electron density becomes
too high and ionizes too many neutrals. As a result, the
neutral density decreases, causing the ionization rate to
decrease, which leads to a subsequent decrease in the
electron density [107]. This cycle of feast and famine for
the electrons is a stable point in the Lotka-Volterra system
of equations that describes this type of oscillation [134].

A recent study by Potrivitu et al. [135] found that the
plume mode instability for the low-current operation of
HCs is similar to that of high-current cathodes. The growth
of IAT in the cathode plume is considered the cause of the
instability. Observations show that despite the lower
energy of the coherent wave and IAT in low-current
cathode operation, both IAT and coherent fluctuations
were present in the plume mode. These fluctuations were
highly correlated, especially at higher currents, suggesting
a current-driven process. During sub-ampere operation,
the electron transport in the cathode plume is driven by
anomalous electron collision, and the study reveals a
correlation between the plume mode instability and the
IAT.

Conversely, several investigations have revealed that
higher field strengths in the presence of an applied
magnetic field, which simulates the thruster environment,
lead to a reduction in the amplitude of the ionization
instability [107]; this suggests that other instabilities can
arise in the plasma under these conditions. For example,
the drift instability can propagate azimuthally across the
magnetic field lines [107, 136, 137], and the kink
instability can occur at large discharge currents [130].

IV. HOLLOW CATHODE WITH EXTERNAL
HEATER

The heating of the insert in a HC is necessary to reach
the thermionic emission temperature, typically
accomplished through an external heater. The heater must
be able to withstand high temperatures and be electrically
isolated in order to heat the cathode tube via Ohmic
heating. Refractory metal wires such as tungsten and
tantalum are commonly used to supply the high
temperatures needed for heating. However, the heater is
susceptible to a range of failures, including melting, short
circuits, and thermal fatigue [138, 139], and must possess
the capability to endure thermal cycles of the order of 10°
[46, 48]. Due to the critical role of the heater for cathode
ignition, several types of heaters have been used, including
alumina flame/plasma sprayed heaters, potted heaters,
sheathed heaters, filament heaters, and radiation heaters
[140-145].

The susceptibility of alumina insulation to cracking,
causing heater failure, led to the supersession of the
alumina flame/plasma sprayed HC heaters by other heater
types. Although these heaters were successfully flight-
tested [142], subsequent investigations in programs
utilizing cathodes with larger diameters uncovered the
propensity of the alumina insulation to develop cracks
following just a few thermal cycles [143]. Additionally, the
fabrication procedures involved were highly skilled and
required more attention to detail than for sheathed heaters
[146]. Alumina is also the material of choice for ceramic
potting, used to make potted heaters. However, high-
temperature exposure leads to sintering and grain growth
in the alumina insulation, which could lead to void
formation and short circuits [46, 145].

A common type of heater used in high-current HCs
is the tantalum-sheathed alumina-insulated heater [147-
149], which has a tantalum core and shield joined to create
the path for the electric current.

Figure 9 Tantalum-sheathed heater on the TDU
cathode [150].

Figure 9 shows the photograph of a tantalum-
sheathed heater. However, this type of heater faces three
problems. First, powdered alumina-insulated heaters are
prone to sintering and grain growth at high temperatures,
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which can cause void formation in the insulator and
eventual short circuits within the heater.
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Figure 10 Heater power and resistance versus heater
current [149].

Figure 10 presents the relationship between heater
power and resistance concerning the heater current in a HC
[149]. The findings reveal that beyond 11 A, the resistance
of the cathode does not increase and even decreases at
higher currents, indicating the occurrence of leakage
between the center conductor and the sheath. Second, the
tantalum-sheathed heater is prone to keeper shorts caused
by radiation shielding or thermal expansion. Third, if the
heater fails, it can be challenging to fabricate a
replacement [145]. Developing higher temperature
insulators to improve this type of heater's durability and
duty cycles is desirable.

(e

(b)

I (o

Figure 11 Filament heater windings for ceramic-
encased heaters: (a) serpentine winding
with the outer sleeve half-removed and (b)
biflar winding with the outer sleeve
completely removed [145].
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Filament heaters have been proposed as a potential
option for high-current HCs, with demonstrated power
capabilities in the hundreds of watts. However, careful
selection of both the filament and insulation material is
necessary to avoid chemical interactions or filament
evaporation, which can limit their lifespan in-space
propulsion applications. For instance, at elevated
temperatures, the infiltration of boron into the interstices
of neighboring metal matrices can cause embrittlement
and fracture, as boron is present in BN. This effect is
similar to the materials compatibility issues observed in
LaB¢. Two examples of filament heater designs [145] are
shown in Figure 11, including serpentine and bifilar
windings wound on a ceramic mandrel with an insulating
ceramic sleeve. Although not explicitly shown in the
figure, these types of heaters have been utilized in flight
ion and Hall thrusters, indicating their potential for use in
higher current HCs in the future [150].

The use of radiation heaters for HCs is limited due to
their low thermal transmission efficiency to the insert and
susceptibility to thermal failure. Radiation heaters heat the
insert primarily through thermal radiation and are
commonly used in flat plate emitters or low-power HCs
[80, 81, 151]. Figure 12 shows a schematic of a radiation
heater in a flat disk emitter HC. While chemical reactions
between the heater and insert can be mitigated, radiation
heaters can only transfer a few watts of power to the insert,
making them insufficient for many high-current HC
applications. Additionally, overheating or thermal fatigue
can cause the heater to degrade or even melt, resulting in
reduced cathode performance or complete cathode failure.
Therefore, radiation heaters are rarely used for HCs in
space applications.
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Figure 12 Schematic of a radiation heater in a flat
disk emitter hollow cathode [80].

Due to the different aspects that need to be considered
when designing low-discharge-current and high-
discharge-current hollow cathodes, there are specific
requirements for each. For example, the thermal resistance
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of low-discharge-current hollow cathodes must be
optimized to achieve self-heating discharge [152], while
high-discharge-current hollow cathodes must avoid
overheating of the emitter [153]. Therefore, the
developments and considerations for these two types of
hollow cathodes will be discussed separately in the
following sections.

LOW-CURRENT HOLLOW CATHODE

The orifice HC with a large aspect ratio, featuring a
small orifice and a large length-to-diameter aspect ratio,
has been identified as an appropriate choice for low-
current operation and relatively high internal gas pressure,
which exploits the orifice self-heating mechanism [154,
155]. However, recent testing of several low-current
cathodes has revealed a significant issue arising from the
absence of a dedicated design for low-current operation.
In particular, maintaining a self-sustained mode becomes
difficult, necessitating an additional heater or keeper
power [152]. This difficulty can be attributed to these
cathodes being oversized for their respective thrusters, and
specific aspects of low-current levels had not been
considered [46]. Studies have suggested that impregnated
barium-based insert is ideal for sub-ampere HCs. A
significant benefit is that they can operate at lower
temperatures than devices using LaBg inserts. The C12A7
electrode is being studied as a novel alternative material
due to its presumed robustness and potential for further
reducing operating temperatures [98, 156-158]. However,
further research is required to understand the
characteristics of C12A7 better and to increase its level of
development to match that of conventional materials used
in HCs.

Designing a low-current HC requires consideration of
several aspects. First, to reduce the heat flux away from
the insert region through conduction, minimizing the
cathode tube's wall thickness is advisable [159].
Meanwhile, structural properties to withstand launch
shock and vibration should be taken into account, in
addition to manufacturing limitations, when considering
the wall thickness of the cathode tube. Moreover, the
cathode tube should be made from a low thermal
conductivity material and be designed with a sufficient
length to minimize contact with other structural
components [160]. Second, low-current HCs usually
possess a narrow orifice aperture to heat the insert through
resistive heating in the cathode orifice [46]. However, a
smaller orifice entails an increased gas pressure within the
insert region, limiting the plasma contact region along the
insert surface and increasing the temperature of the insert
downstream end [48]; this is another aspect that needs to
find a compromise between different aspect ratios and
orifice heating. Lastly, since the operating temperature of
a low-current cathode is typically lower than a high-
current HC, the material selection for the insert must be
considered during designing a low-current HC. Insert
material with a higher work function, such as LaB¢ or
refractory metals compared to BaO-W and C12A7, may
not be able to reach its thermionic emission temperature
enough for nominal low discharge current.

Puchkov et al. [161] have designed and tested a low-
current cathode to minimize heat loss in the cathode body
with a tungsten emitter insert impregnated with barium-
calcium aluminate (BaO-Ca0O-Al203) compounds. Figure
13 presents the low-current HC in the research. The
cathode was tested with varying xenon flow rates and
discharge currents. The study proposed a simple method to
evaluate the power released in the emitter unit and used
this evaluation to develop a scheme for the emitter unit of
the cathode. The cathode demonstrated stable performance
with a keeper current of 0.4 A and a keeper power not
exceeding 10 W.

Figure 13 Photograph of the low-current hollow
cathode [161].

A HC operating at a Xenon flow rate of 0.15-0.20
mg/s and a discharge current of 1.25 A has been developed
by Parakhin et al. [67] at EDB Fakel for use in a 225 W
powered SPT-50 stationary plasma thruster. The cathode
requires no warm-up after starting and is sustained by the
discharge current. However, when switching to high-
voltage modes with a decreased discharge current, using
LaB¢ as an emissive material poses difficulties. Thus, a
new technology was developed to manufacture barium
oxide-based thermionic emitters with improved resistance
to impurities generated in plasma gas. The experiments
confirmed that operating at lower discharge currents and
flow rates provides benefits in using a barium oxide-based
emitter over lanthanum hexaboride. Stable parameters
were obtained in an acceptable range of operating currents
and flow rates, and no degradation was observed during
350 hours of testing.

Another LaB¢ HC, called KE-1R cathode, was
developed at EDB Fakel by Saevets et al. [162], which
intended to increase the specific impulse by reducing the
cathode flow rate. Additional thermal screens were
implemented in the cathode design to reduce heat fluxes
from the emitter, which requires increased cathode time or
power before starting the thruster. The cathode's position
was also changed to prevent erosion of the ceramic cap of
the ignition electrode. Tests were carried out to determine
the optimum position of the cathode, which was mounted
on a movable bracket. Meanwhile, half-caps of titanium
were placed on the cathode to determine the erosion rate,
as shown in Figure 14.
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Erosion Rate. mg/h 1.00 0.30
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| (caleulated), mkm/h 0.35 0.1
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Figure 14 Half-cups erosion at the two positions [162].

A new open-end knife-edge LaBs emitter HC, called
the PSAC-KE cathode, has been developed by Potrivitulet
al. [42] and tested for miniaturized EP systems,
particularly low-power Hall thrusters.

Knife-edge

Orifice plate

Emutter
Emitter

v

Orificed emitter

Opere-end krafe-veedge
Figure 15 Schematic of the open-end knife-edge
LaBs emitter (right) [42].

Figure 15 shows the schematic of the open-end knife-
edge LaBg emitter. Electrostatic simulations have shown
that the new cathode has an enhanced electric field within
the emitter region compared to the orifice emitter PSAC
cathode [152, 163]. The cathode's thermal management
has also been improved based on iterative thermal
simulations driven by different cathode geometries and
material combinations. Tests with xenon in diode mode
and triode mode have shown that the new cathode
achieved ignition at low heating power below 35 W, self-
sustained operation at 1 A when in standalone mode, and
< 1 A when against a low-power Hall thruster. Further
improvements to the cathode's thermal design, such as
orifice geometry while preserving the knife-edge feature
and sub-millimeter keeper orifices, may reduce the
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cathode's mass flow rate and promote self-sustained
operation at lower emission currents.

To address the challenges faced by low-current HCs,
such as discharge instabilities, narrow self-sustaining
margins, and high power consumption, Li et al. [164]
propose a new HC design with an additionally inserted
core. The results showed that this design significantly
improved the cathode's self-sustaining margin, reduced
power and propellant consumption, and minimized
oscillations. The study demonstrated a significant
reduction in flow rate to as low as 0.07 SCCM, a lowered
discharge current to 0.15-0.2A, and a decrease in power
consumption to 5 W. The improved performance was due
to enhanced thermionic emission on the core tip, thermally
insulated from the tantalum tube, and increased thermionic
emission under direct contact with the dense plasma.
However, a significant issue with the core structure is its
limited lifetime. The study recommends exploring
alternative materials that can withstand high temperatures
to address this problem. Additionally, the intrusion depth
of the core into the plasma needs to be optimized to
balance the benefits of the Schottky effect with the
setbacks of plasma-enhanced redeposition. These
optimization efforts could help to increase the longevity
and stability of the proposed core structure, making it a
more viable solution for low-current HC operation.

McDonald and Caruso [98] explore the potential of
calcium aluminate electrode C12A7 as a low-temperature
electron emitter for HC. The authors report on the initial
operating characteristics of tubular C12A7 inserts in two
HC configurations originally designed for a LaBs 20A HC
but operated at reduced currents of 30-150 mA. The
results show that CI2A7 cathodes merit further
investigation and improved thermal and plasma design.
The cathodes were successfully ignited with a gas pulse
and low heater power, but one of the C12A7 inserts
degraded due to overheating and thermal stress. The other
cathode settled in at 30 mA with continuous heater power
of about 30 W and later operated at 100 mA with no heater
power. Although the low operating currents tested to date,
the results suggest that C12A7 may be at least as strong an
electron emitter as LaBes at moderate temperatures <1000
C. Hua et al. [165] investigated the degradation
mechanism of CI2A7 in low-current HC through
microscopic analysis of a degraded emitter after 10 hours
of thermal electron emission. Scanning electron
microscopy (SEM), energy-dispersive spectroscopy
(EDS), and x-ray diffraction (XRD) were used to
characterize the morphology and composition of
overheated electrode emitters, indicating melting and
decomposition of the surface layer. The experimentally
monitored temperature of the electrode emitter during
operation suggests that an average current density of 64
mA/mm? is safe to avoid overheating. The degradation
and depletion mechanisms of electrode emitters during HC
operation are discussed based on experimental results and
microscopic characterization and suggest that electrode
degradation on the emitter surface is the cause of difficulty
in cathode ignition.
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Figure 16 SEM images of the cross-section of the degraded C12A7 emitter. (a) Region A is the layer away from
the insert surface, and region B is the layer close to the insert surface. (b) Ring-shaped discolored

area with a width of about 300 ym [165].

Figure 16 shows the SEM images of the degraded
C12A7 emitter. The results also indicate that electrode
material is temperature-sensitive and easy to overheat,
leading to emitter softening and deformation.
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Figure 17
containing impregnated material (bottom
of image) and the impregnant-free etched
zone near the surface (top of image) [168].

Photomicrograph  showing pores

Figure 17 shows the photomicrograph of barium
depletion of an insert cross-section. The surface
evaporation of barium at temperatures above 1200 °C can
exceed the supply rate from tungsten pores, leading to
decreased surface coverage and increased work function
[73, 74, 169], which is shown in Figure 3. Moreover,
tungstate and tungsten crystal formation also become a
significant issue at the same temperature level [170].
Controlling the temperature becomes challenging with

increasing power deposition on the cathode tip region as
the discharge current rises [46, 166, 171].

The severe insert degradation in the dispenser
cathode makes LaBs an ideal candidate for high-current
HC. As mentioned above, LaBg is a thermionic emission
material with a higher work function than BaO, allowing
it to operate at a higher temperature than BaO and
providing enough emission current density for high-
current HC operation. Meanwhile, the higher emissivity of
LaBs compared to BaO prevents it from overheating
through thermal radiation. LaBs is also known for its high
robustness against poisoning and ability to withstand high-
current densities. Due to the bulk material emission
mechanism, no chemical reaction is necessary to establish
a low work function surface, making LaB¢ cathodes
insensitive to impurities and air exposure, which can
typically destroy BaO dispenser cathodes [46]. Graphite is
a commonly used material to interface with the LaBs insert
due to its similar coefficient of thermal expansion as LaBe,
which inhibits boron diffusion into the cathode tube's
support materials at high temperatures. Graphite sleeves
are commonly used to interface with and contact the LaBs
insert. These properties make LaBg cathodes a promising
candidate for use in high-current HCs in various
applications.

Second, the temperature of the insert and orifice
plate is challenging to control during high-current
operation. Moreover, as the propellant flow rates in high-
current operation are usually higher than in low-current
cathode, the cathode internal pressure increases, and the
plasma-insert contact region is limited in the downstream
end of the cathode tip, resulting in partial utilization of the
insert surface area for electron emission [147, 172]. In this
case, the downstream side of the insert is often overheated
by the significant plasma bombardment, melting the insert
and shortening the cathode lifespan. To investigate the
thermal profile of the insert, Polk et al. [153] employed
three axial thermocouples to three different wells that were
drilled in the wall of the LaBs insert. Figure 18 shows the
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three axial wells in the LaBg insert where thermocouples
are employed.

Figure 18 Three thermocouple wells drills in the LaBs
insert [153].

The three employed thermocouple illuminates the
relationship between insert temperature, discharge current,
and the mass flow rate was presented graphically in Figure
19.

1650

Flow Rate
(scCm)
25
20
1600 40 A 15
12
. 0
o 0
S50+ ) A
"
15004
‘,;
5 L]
£ 1450 o
-t 5
g : 20 A =
o -
- & . -
1400
1350
) A
1300
1250
0.0 0.5 1.0 1.5 20
Distance from Orthce Entrance (cm)
Figure 19 The relationship between insert

temperature, discharge current, and mass
flow rate [153].

The fitted lines in Figure 19 were included to aid in
distinguishing the individual data sets and may not
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necessarily reflect the exact distribution between data
points. The impact of mass flow rate on temperature
distribution was found to depend on the level of current.
Specifically, at high current levels, an increase in mass
flow rate resulted in higher peak temperatures and a shift
in the peak towards the downstream region.

Meanwhile, the temperature of the cathode orifice
plate can exceed its nominal value because of the thermal
transfer from the high-temperature insert tip through
conduction and radiation. In high-current HCs, the
diameter of the orifice plate is constrained due to the
cathode tube and orifice being contained inside the keeper
electrode, resulting in a significant issue. This constraint
limits the radiated power by creating a radiation boundary.
Enlarging the keeper diameter and opening the keeper
orifice to the maximum extent possible without disrupting
the keeper's ignition or sputter-shielding function are
standard techniques to address this issue.

Last, ionization instability and IAT in the cathode
plume at high discharge currents can affect the
performance and lifetime of the cathode [46, 62, 79, 108,
109, 173]. Therefore, high-current HCs require additional
design criteria, and instability mitigation techniques are
not required for low-current HCs. In order to mitigate the
ionization and current-driven instabilities observed in
high-current HCs, it is necessary to develop techniques to
dampen oscillations. To date, one method that has proven
successful is injecting extra neutral gas in the near-cathode
plume [108].

Figure 20 Photographs of the NSTAR cathode [177-
179] discharge for the (a) spot-mode and
(b) jet-mode case [108].

Early development of higher-current HCs was
performed by Goebel et al. [78] and Tsai et al. [174] in the
1970s to achieve discharge currents of up to 800 A through
a high-current HC. The main application of these devices
is for non-thruster purposes, such as hydrogen ion sources
for neutral beam injection heating in fusion experiments.
Rawlin et al. [175] and Brophy et al. [166] developed the
high-current HC for EP in the 1980s; both groups utilized
the BaO dispenser cathode in high-current operation and
reported insert and cathode orifice plate degradations.
Friedly et al. [176] discuss the mechanism behind high
erosion rates observed on downstream structures of high-
current HCs in the 1990s. They postulated that a divergent
jet of high-energy ions is responsible for the erosion,



Review of Hollow Cathode Discharge: Exploring Advanced Design and Optimization 399

which originates downstream of the cathode orifice. The
mean energy and energy-spread of the jet ions both
increase with the electron discharge current and cathode
orifice diameter, while reductions in propellant flow rate
below a threshold level also increase the jet ion energies.
Goebel et al. [108] found that the plasma potential
oscillation in the HC discharge caused by ionization
instabilities or IAT in the near-cathode plume region can
be quenched by injecting neutral gas directly into the
cathode plume region near the keeper by an external gas
feed and subsequently reduce the number of high energy
ions [109], thereby named this the jet-mode, as shown in
Figure 20.

This mode reduces the total gas flow required for the
HC to run stably without plume-mode issues, which could
increase the efficiency of ion and Hall thrusters by
reducing neutralizer gas flow rates. The jet-mode
operation can be attained by injecting gas into the plume
through the keeper, but this method usually requires
double the flow rate of exterior gas injection and may be
influenced by the operation temperature of the cathode.
Coletti et al. [180] employed several thermocouples to
monitor the temperature along the insert and tested with
three different orifice sizes. During operation, temperature
peaks were observed at the upstream end of the dispenser
and the most downstream thermocouple. The cathode
lifetime was analyzed using measured data and three
different criteria, showing that the cathode meets the
lifetime requirement of 17,000 hours at 150A. The model
used during the design phase was fitted to the data to
determine necessary design changes, indicating that
increasing the insert radius from 5 mm to 6 mm and the
orifice radius from 4 to 4.8 mm would meet the lifetime
requirement at 180A. To prevent orifice plate over-heating
in the high-current cathode, in Figure 21, Becatti et al. [79]
designed a S00A HC with an enlarged orifice plate with
sufficient view factor to allow for radiation of deposited
power in order to control the orifice plate temperature at
high discharge currents.

Figure 21 The enlarged orifice plate in the 500A
hollow cathode [47, 79].

A similar study has been conducted by Kamhawe et
al. [181], in which three high-current cathode assemblies

were tested to determine the optimal cathode configuration
for meeting and surpassing the necessary discharge current
and lifetime requirements of high power Hall thrusters.
Plasma penetration into the insert region is vital to
provide a high contact area with the emitter and improve
cathode life. The larger diameter insert was found to have
significantly lower internal pressure, resulting in a longer
attachment length. Plasek et al. [182] report on the
experimental investigation of a large-diameter lanthanum
hexaboride HC used to develop the RF-controlled HC. The
effects of RF power input in the HC were simulated using
a simplified two-dimensional numerical model [183, 184].
The model suggested that increasing the RF power would
substantially increase the plasma density in the upstream
portion of the emitter region, enhancing thermionic
emission from a greater emitter area. The cathode was
tested at discharge currents ranging from 20 to 225 A, and
measurements were taken of cathode current-voltage
characteristics and temperature profiles with varying mass
flow rates and gas species. The study also identified design
and operational challenges, such as high-temperature
tungsten wire heaters that frequently failed due to arcing
and material interactions, which led the researchers to
propose using carbon wire beads as a solution. Figure 22
presents the photographs of damaged cathode components.

Figure 22 Photographs of the damaged boron nitride
rings (left) and tungsten heater wire (right)
[182].

Larger HCs require higher heater powers to ignite,
and traditional heater designs are unsuitable for high-
power operations due to material interactions and
increased failure rates at high temperatures. Wordingham
et al. [144] have developed a graphite heater design that
can operate in the multiple-kilowatt power range and last
for over 40 years of continuous operation to mitigate
heater failure in high-current HC. Figure 23 shows the
graphite heater utilized in the research. The team used two
models, a simplified circuit model, and a finite-element
model, to predict the operating temperature and resistance
of the graphite heater design. The graphite heater design
achieved cathode ignition and has been tested at up to 4.5
kW of heater power. The predicted 1% material loss life of
the heater is over 40 years of continuous operation at 1500
°C, suggesting that the operational life provided by the
graphite heater might be the candidate for high-power EP.
Overall, developing high-current HCs requires a deep
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understanding of the complex plasma collective behavior
involved in cathode operation and careful design and
optimization to achieve stable and reliable performance at
high discharge currents.

Figure 23 The graphite heater with 4 pseudo-coils
[144].

V. HEATERLESS HOLLOW CATHODE

HHC:s are a novel type of HC that has gained interest
in recent years. In this design, the cathode insert is heated
to its thermionic temperature through plasma discharge
without needing an external heater, which is required for
conventional cathodes [185]; this is achieved through
plasma discharge breakdown between the keeper and
cathode tube, directly heating the insert and cathode tube
tip. Once the insert has reached its thermionic emission
temperature, it can sustain the primary discharge with the
anode. At this point, the HHC can function similarly to a
classic HC that utilizes an external heater [46, 186].
Figure 24 presents the photograph and schematic of a low-
current HHC. Since HHCs do not utilize an external heater,
they offer several advantages and are a promising
alternative to conventional external heated cathodes. One
of the main benefits is the elimination of cathode heaters,
which can be prone to failure due to thermal fatigue [139,
187]. By removing this potential single-point failure,
HHCs increase the reliability of electrical propulsion
systems.

Another advantage of HHCs is the reduced time
required for ignition. In conventional HCs, the heating
process is indirect and can take minutes or even hours to
reach steady-state operation [189-191]. In contrast, the
plasma discharge generated in heaterless ignition directly
heats the cathode tube and insert, allowing the operating
temperature to reach in seconds [192, 193]. Some HHCs
have even demonstrated an immediate ignition process
called an instant start [94]. Eliminating external heating
elements also resulted in lower mass and reduced keeper
diameter for HHCs. Additionally, the heater module in the
power processing unit (PPU) for conventional HCs can be
eliminated, reducing the volume, mass, and complexity of
the PPU [46]. However, it should be noted that higher
voltage isolation is required in the keeper supply for HHCs

Yueh-Heng Li

due to the higher voltages needed to start the Paschen
discharge used for ignition [194].

Insulator
’

Keeper Module

Emitter Module

— X OO0

Figure 24 Photograph (top) and Schematic (bottom)
of the ARC-1A low current heaterless
hollow cathode [188].

HHCs are considered advantageous for EP but have
limitations restricting their use in flight programs. Firstly,
plasma discharge initiation at room temperature or below
requires high voltages of several hundred to thousands of
volts, and a high propellant mass flow rate is necessary to
increase the pressure in the cathode-keeper gap [195, 196].
Consequently, the bulky nature of high-voltage ignition
power modules and mass flow controllers presents a
challenge to the utilization of HHCs. The ignition power
supplies must contain insulating material to prevent
internal breakdown, which can increase their size and
mass, and the mass flow controllers must be capable of
handling higher flow rates.

Secondly, conventional dispenser cathodes that use a
heater are gradually conditioned by increasing the
temperature, allowing impurities to diffuse out of the
cathode surfaces slowly. Since heaterless cathodes lack a
heater, non-conventional cathode conditioning procedures,
such as using a low-power plasma discharge, must be
employed to condition dispenser cathodes [197]. Thirdly,
it is essential to ensure that the plasma heating of the
thermionic insert achieves its operating temperature while
minimizing the heat flux to other internal components of
the cathode [198, 199]. Finally, the potential transition of
heaterless ignitions into cathode arcing can result in
significant damage to the cathode electrodes, ultimately
limiting the number of ignitions and reducing the overall
lifespan of the cathode, as shown in Figure 25.
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Figure 25 Discharge activity near an electrical
isolator could be attributed to triple junction
effects [200].

PLASMA IGNITION PROCESS

The ignition process of HHC is generally divided into
three phases: initial breakdown, heating phase, and
transition to primary discharge [46, 192].

In the first phase, the plasma breakdown [201] occurs
between the cathode tube and the keeper. This stage aims
to generate plasma to heat the insert, and ignition is usually
initiated by flowing a relatively large amount of propellant
gas compared to steady-state operation through the
cathode, which increases the local pressure between the
cathode and keeper electrode. Subsequently, a high
voltage is applied between the two electrodes to initiate a
plasma breakdown [195]. Many studies on HHCs have
identified the optimal breakdown as the minimum point of
the Paschen curve for the relevant gas. Paschen's law [202]
states that the pressure between the ignition electrodes
determines the breakdown voltage in a planar electrode
configuration, the distance between them, and the
materials used for the electrodes. Although a Paschen-like
breakdown voltage behavior was present in many studies,
several researchers have shown that gas breakdown may

(a)

(c)

150

10 30

occur under voltage below the minimum predicted by the
Paschen mode [203-206]. This phenomenon can be
explained by the "breakdown pendulum effect" due to the
axisymmetry of the HC, where high-energy electrons
bounce between the electrode walls while enhancing the
ionization avalanche effect [195].

The sensitivity of the breakdown voltage to specific
geometry alterations, particularly sharp edges in the
electrodes, has been extensively studied. In a recent
investigation, Daykin-Iliopoulos et al. [196] explored the
effect of detailed geometry modifications on the
breakdown voltage of the HHC, as shown in Figure 26.
The radius of curvature on the keeper orifice was reduced
to increase the electric field strength, resulting in a sharp
keeper orifice. The sharp keeper orifice was tested with the
sharp edge facing the cathode and then reversed so that the
sharp edge faced away from the cathode. The results
showed that the modification significantly influenced the
breakdown voltage at lower flow rates. For a flow rate of
2 SCCM, the sharp keeper orifice reduce the mean
breakdown voltage by 20 percent compared to the original
keeper orifice. Three different cathode orifices were also
designed and manufactured, with varying inner diameters
and geometries. The breakdown voltage was found to be
lowest for the 1.5 mm cathode orifice at each flow rate,
while the sharp geometry orifice yielded a 20 to 30 V
lower breakdown voltage for flow rates above 3 SCCM.
However, the impact of sharp electrodes was noted in the
regime of low pressure-distance, which is considerably far
from the Paschen minimum. This ignition regime has
limited relevance as HHCs are generally intended to
initiate near the minimum voltage required, where the
impact of electrode sharpness is insignificant [46].
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Figure 26 Schematic and geometry of the (a) keepers and (c) cathode orifices used by Daykin-lliopoulos et al.,
dimensions in mm. Breakdown voltage variation with (b) keeper orifice modification and (d) cathode

orifice [196].
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The fix-volume release technique, also known as the
pulse flow technique, is commonly used to achieve high
pressure for initial plasma breakdown in a HHC [200, 206-
208]. This method involves injecting propellant into the
cathode gas supply tube while keeping the valve at the
cathode inlet closed. The pressure within the gas supply
tube increases until it reaches a sufficiently high level, at
which point the valve is opened, allowing gas to flow into
the cathode cavity and between the ignition electrodes that
are already under voltage. The local pressure in the
ignition electrodes' gap peaks within milliseconds and
quickly decreases until an equilibrium pressure is reached.
This decrease in pressure in the inner electrode gap
effectively sweeps across different pressure values,
facilitating breakdown at relatively low voltage [185].

The second phase of plasma discharge in a cathode
ends when the emitter is heated sufficiently to reach
thermionic emission temperatures for the primary
discharge. Figure 27 presents the photograph of the

(a)

Emitter

—

(b) (c) (d)
. -
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discharge between the emitter and keeper during the
cathode heating. The images from Figure 27 (a) to (d) are
presented chronologically. After plasma breakdown, two
types of discharge may occur, arc discharge or glow
discharge, depending on the current limitation. In general,
arc discharges are characterized by currents in several to
tens of amperes and voltages in the tens of volts, while
glow discharges are characterized by currents in the
milliampere range and voltages in the few hundred volts
[209]. During the arc discharge process, a small portion of
the surface experiences a localized discharge that can
result in extremely high temperatures. The high current arc
discharge process provides the advantage of quickly
heating the cathode. However, since the insert remains
cold after breakdown, the generated arc may attach to any
conductive material at the cathode potential, including the
cathode structure or emitter [ 185]. Moreover, over-heating
or extreme heating at a single point may lead to high
thermal stress and fast cathode degradation [97, 98, 210].

Figure 27 Photographs of (a) the beginning of the heating phase, (b) the discharge redistributes and becomes
symmetrical with channel spreading towards the orifice plate, (c) the luminosity decreases and
becomes diffuse with wider plasma channel diameter near the orifice plate, and (d) the thermionic
emission current increase because of the heated insert [192].

Several studies have achieved Cathode heating
through glow discharge [192, 195, 203, 206], which is
sustained by field and secondary electron emissions [198,
207]. Compared to arc discharge, glow discharge usually
results in longer heating durations, typically tens of
seconds [192, 195, 206]. After the heating process,
whether through arc or glow discharge, the discharge
transitions to the third phase consisting of thermionic
emission and steady-state plasma discharge operation.
During this phase, the emitter can supply the required
discharge current through a relatively large area. At this
point, the gas mass flow can be reduced to the nominal
value, and the discharge current can be increased by
applying the main discharge power [185, 194].

LOW-CURRENT
CATHODE

The development of HHCs has become increasingly
attractive for low-power EP systems due to their small size,
lack of a heater, and associated power supply. However,
the durability of HHCs requires further investigation. Lev
et al. [211] conducted an endurance test for the Rafael
Heaterless Hollow Cathode (RHHC), a low-current HC
designed for operation with low-power Hall and ion

HEATERLESS HOLLOW

thrusters. The cathode was operated in diode mode at a
discharge current of 0.8 A and xenon mass flow rate of 2.5
SCCM for over 5,000 hours, during which floating keeper
voltage, ignition voltage, and cathode body temperatures
were monitored. The ignition voltage was consistently
below 400 V throughout the experiment, and the cathode
body temperature was up to 300°C initially but decreased
slowly to about 250°C after 5,000 h. The results showed
that the floating keeper voltage gradually decreased from
14 V to 8.5 V, which could be attributed to either improved
cathode cleanliness or erosion of the keeper orifice.
Gradual expansion of the keeper orifice diameter may
result in lower plasma power losses in the orifice channel,
which is supported by the fact that the cathode pressure
also gradually decreased during the endurance test.
However, post-test examination shows that the keeper
orifice shape and diameter remained unchanged and
revealed that the orifice plate texture became grainy-like,
typical behavior of heated refractory metal parts, as shown
in Figure 28. Nonetheless, Lev et al. speculated that the
erosion might have occurred at the internal orifice despite
the absence of external erosion, which required further
examination.
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Figure 28 Microfocus photograph of the keeper
orifice (a) before and (b) after the
endurance test [211].

To investigate cathode degradation during ignition,
Becatti et al. [194] developed a low-current LaBs HHC, a
part of JPL’s Ascendant Sub-kW Transcelestial Electric
Propulsion System (ASTRAEUS). In order to understand
the life and performance implications of repeated

heaterless ignitions, an ignition cycling test was conducted.

The cathode demonstrated more than 25,000 heaterless
ignitions with no significant degradation in the steady-
state operation performance. Although the time required to
reach steady-state discharge increased by 2 to 3 sec after
approximately 18,000 ignitions, the post-test analysis
revealed slight modifications of the cathode interior and
exterior surface. Figure 29 presents the post-test
photograph of the cathode orifice plate with radiation
shielding. The shielding elements remain pristine, and the
graphite deposits at the periphery of the orifice from the
keeper's surface. The achievement of more than 25,000
heaterless ignitions was attributed by Becatti et al. to three
key elements: highly effective thermal isolation, a high
aspect ratio keeper orifice, and a novel emitter geometry
localized much of the Paschen/glow discharge heating
directly to the insert.

Figure 29 Post-test photograph of the cathode after
keeper removal [194].

The long-duration wear test of the ASTRAEUS
cathode was conducted by Conversano et al. [40].
Throughout the test, the cathode was operated using xenon
propellant at a discharge current of 4 A for 13,011 hours,

during which a total of 1653 ignitions were performed.
The discharge voltage had a mean value of 23.3 V with a
variation of +1 V. The peak-to-peak variation was
measured at 4.19 V, corresponding to 18% of the mean
value. Additionally, the discharge voltage varied by a
maximum of +1.61 V/— 1.39 V from the mean value. A
keeper-to-cathode short occurred during the test, which
caused the keeper potential to be nearly 0 V, but it was
cleared by applying a 3 A current on the keeper, and the
keeper-to-cathode short did not affect the cathode
discharge voltage. The cause of the short was traced to a
failed weld on the tantalum radiation shielding.

(il)I
I

(b)

Figure 30 Post-test photograph of the ASTRAEUS
cathode cross-section showed (a) the
damage caused during the resin-setting
and cross-sectioning process and (b) the
reconstruction to better visualize the
cathode's configuration [40].

Figure 30 shows the photograph of the cross-section
cathode in the post-test examination. The estimated
lifetime was >26,000 hours based on the evaporation of
the thermionic emitter, exceeding the initial modeling
predictions of 18,000 hours, which indicated that the
cathode is no longer a life-limiting factor for deep-space
missions using ASTRAEUS.

HIGH-CURRENT
CATHODE

The increasing demand for higher power in-space
propulsion systems due to increased mission demands and
payload requirements has led to the development and
utilizing higher current cathodes. However, high-current
HCs have not been able to demonstrate reliable heaterless
ignition due to the severe erosion of the cathode orifice
plate or insert caused by the formation of anchored arc
spots [194].

The development and testing of a high-current HHC
have been reported by Daykin-Iliopoulos et al. [212, 213],

HEATERLESS HOLLOW
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demonstrating successful operation up to 30 A. Figure 31
presents the schematic of the UoS 30 A LaBs HHC. The
cathode design eliminates the need for excessive ignition
voltages or propellant pulsing by utilizing a reduced
keeper orifice that allows ignition with voltages below 400
V and nominal flow rates below 15 SCCM. After the
cathode was ignited and thermionically emitting with the
keeper discharge between 1-2 A, the discharge was
maintained for a stabilization period of 1-3 minutes before
applying the anode potential, with the anode current
initially limited to 0.5 A and gradually ramped up to the
required setpoints to support discharge stability. Once the
anode discharge exceeds 1 A, the keeper discharge is
switched off and left floating.

The UoS cathode shows a negative-impedance I-V
discharge profile during the steady-state discharge from 1-
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30 A, indicating a decrease in discharge resistance while
the discharge current increases. This behavior is believed
to be due to sufficient insert heating through ion
bombardment. The discharge [-V curve of the UoS
cathode is similar to that of conventional HCs with
external heaters, indicating that the UoS cathode design
modifications do not significantly impact performance.
Due to the thermal balance, the discharge voltage slightly
varies with increasing current from 20 to 30 A. The
performance of the UoS cathode has been characterized
with xenon, krypton, and argon. The emitter tip
temperature of an UoS cathode has been measured for the
first time using optical pyrometry, and optical emission
spectroscopy has been used to investigate the internal
cathode-keeper plasma and determine plasma electron
density.
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Figure 31 The schematic of the UoS LaBe

A higher discharge current level of 100 A has been
achieved by Kojima et al. [214], which investigated the
operation characteristics and plasma diagnostics of a 100
A class HHC. The study suggested that the observed
unstable cathode plume was caused by forced electron
extraction by the anode due to the high discharge current
and ionization voltage.

To address the limitation of heaterless ignition of the
high-current cathode, Goebel and Payman [44, 45]
proposed a new HHC design, which utilized the tendency
of lower pressure, long-path-length Paschen discharge to
couple directly to the gas feed line without arcing, and
named this novel design High Emission Current Cathode
with Tube-Radiator (HECCTR), as shown in Figure 32.

heaterless hollow cathode [212, 213].

This cathode configuration features a tantalum gas
feed tube, i.e., tube radiator, at cathode potential that
extends partway into the emitting insert region of the
cathode. Tantalum is selected for gas feed tube material
with a low evaporation rate at high temperatures. A high-
voltage Paschen discharge is struck from the tube to the
keeper, which heats the tube tip and efficiently radiates
heat to the insert surface. The HECCTR design offers
multiple advantages over traditional HHC designs. Firstly,
using tantalum in the HECCTR is more robust than the
LaBg¢ insert, enabling it to sustain micro arcing during
conditioning without damage. Secondly, the direct heating
of the inner surface responsible for thermionic emission
minimizes power losses to the keeper electrode and other
cathode components. Finally, experimental results indicate
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that the discharge spends minimal time in the Paschen
regime [215], reducing the significance of the high voltage
discharge's sputtering and arcing erosion mechanisms.
These findings suggest that the HECCTR design offers
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significant benefits over traditional heaterless designs,
improving the performance and reliability of high-power
EP systems [44].
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Figure 32 Schematic of HECCTR design [44, 45].

Since the extended gas supply tube in the insert
region may alter the plasma structure and plasma sheath,
Payman and Goebel [44] compared the anode discharge
voltage versus current of the 50 A HECCTR cathode and
the original TDU cathode [147, 216], where the 50 A
HECCTR cathode was developed by removing the
external heater element of the TDU cathode and installing
a tantalum tube. The I-V curves substantiate that the
plasma structure in the cathode or the emission properties
of the inset did not significantly alter by the presence of
the tube radiator at the insert region. Meanwhile, the
calculated sheath thickness at the insert region of the
HECCTR cathode (0.86 um) is significantly less than the
distance between the inner insert surface and the tube (1.6
mm). Furthermore, the steady-state discharge properties of
the HECCTR cathode were found to be unaffected by its
startup method, as demonstrated by the results of re-
installing the TDU heater on the cathode. Finally, the
results of the study revealed that the refractory metal tube's
evaporation and sputtering during the heating phase were
negligible and did not affect the thermionic insert's
emission capabilities or properties.

Extending the 50 A HECCTR cathode design,
Goebel and Payman [45] demonstrated a 300 A class
version of tube-radiator heaterless cathode by modifying
the X3 cathode [217, 218] into a heaterless design.
However, a significant issue has been identified in the
pursuit of scaling the HECCTR design to larger, high-
current cathodes. It has been observed that the keeper
ignition and heating power are inadequate in sustaining the
cathode in a self-heating mode before initiating the anode
discharge. This issue has been addressed by increasing the
keeper discharge current from 6 A to 10 A with the help of

an additional power supply. The lifetime prediction of the
tantalum tube radiator, using the same methodology as in
their previous work [44], indicates that the HECCTR
design scales effectively to very high current cathodes,
with the potential for many thousands of ignition cycles.

VI. CONCLUSIONS

This paper reviews plasma discharge in HC and
recent advancements in HC technology. The discussion
begins with thermionic emission theory and the materials
used as emitters, followed by an examination of HC's self-
heating mechanisms determined by various factors such as
cathode geometry and internal gas pressure. Plasma
instabilities in HC plumes, including the transition from
spot to plume mode and ionization-like instabilities, are
also discussed. This review introduces two types of HCs:
the classic configuration with an external heater and the
heaterless hollow cathode (HHC). For low-current HCs,
the orifice HC with a large aspect ratio has been identified
as suitable, but maintaining a self-sustained mode has
proven challenging. Meanwhile, high-current HCs face
difficulties in temperature control and ionization
instability, which can affect performance and lifetime,
highlighting the need for further research into these areas
to address the existing challenges.

HC technology is rapidly advancing, with numerous
novel developments immediately applied in industrial and
space applications. Future challenges for HCs include
developing a low work function material that is chemically
stable to sustain propellant impurities and has a low
evaporation rate with a longer lifespan. Optimizing the HC
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design and further investigating plume mode oscillation to
minimize high energy ion yield and mitigate cathode
erosion are also necessary. Additionally, until fully
predictive design codes are available, it is necessary to

continue

modeling  cathode  operation, thermal

performance, and plasma discharge instabilities.
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