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Abstract

A promising thermionic hollow cathode concept is investigated through both nu-

merical modeling and experiment for application to high-power, long-lifetime electric

thrusters. This new RF-Controlled Cathode concept adds radio-frequency power to a

large-diameter cathode to benefit the internal plasma structure. Finite-element anal-

ysis was performed on a simplified two-dimensional model to find that with increasing

RF power, the axial plasma density profile increased and its peak shifted upstream,

resulting in improved emitter utilization and maximum discharge current. A mode

transition which sharply pronounces these effects was found to occur due to a reso-

nant cavity condition and a resulting increase to the reduced electric field E/n0 (the

ratio of field to gas densities). Experimentally, a large-diameter cathode was tested

at discharge currents of 20 to 225 A on the developmental path to RF power addition.

Current-voltage characteristics and axial temperature profiles were measured across

discharge currents, mass flow rates, and gas species. Measured current-voltage char-

acteristics follow expected trends, though orifice-plate temperatures measured during

operation are found to be approximately 1000 ◦C lower than the next-largest cath-

odes in the literature. Finally, both thermal and cathode heater design are identified

as key challenges for large-diameter cathodes and relevant experimental findings are

discussed.
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Chapter 1

Introduction

1.1 Motivation and Background

1.1.1 Why do cathodes matter?

Since electric rockets were first space-tested in the 1960’s [1], thermionic hollow cath-

odes have been a critical component of both Hall and gridded ion thrusters. Indeed,

cathode performance strongly dictates the performance and life of both Hall and ion

thrusters [2].

Today there are over 230 active spacecraft with masses greater than 100 kg using

electric propulsion. About 30% of these spacecraft rely on Hall and ion thrusters

using thermionic hollow cathodes [3]. Applications for Hall and ion thrusters range

from station keeping to orbit raising for Earth-orbiting satellites and interplanetary

travel for science missions.

The use of electric propulsion (EP) on commercial satellites is continually expand-

ing in order to realize either greater payloads or dramatic weight savings, the latter

potentially leading to a significant reduction of launch costs. Originally only used

for station keeping, electric propulsion for orbit raising became a commercial option

after unintentionally being proven viable when EP was used to help recover a satellite
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from an inadequate orbit insertion [4]. In 2012 the Boeing Company started offering

“all-electric” ion thruster-based spacecraft using only electric propulsion [5] (versus

chemical-only or a hybrid of chemical and EP) and was followed by other spacecraft

manufacturers soon after.1 Although taking longer to start on-orbit operations, this

greater utilization of EP allows for lower-mass satellites that can be launched on

smaller but attractive low-cost launch vehicles, like the SpaceX Falcon 9.

For interplanetary spacecraft, the use of Hall and ion thrusters are popular and we

expect this trend to continue based on the capability of these thrusters to efficiently

deliver a large change in velocity (∆V), recent successful science missions (Deep Space

1 [6], Smart-1 [7], Hayabusa [8], and Dawn [9,10]), as well as mission-planning trends,

e.g., the Asteroid Redirect Mission [11]. Due to the continued and expanding appli-

cation of these electric thrusters, we expect thermionic hollow cathodes to remain a

key subsystem technology the foreseeable future of space travel.

1.1.2 Why do we need better cathodes?2

State-of-the-art hollow cathodes used in Hall and ion thrusters have met most near-

term solar electric propulsion and commercial satellite lifetime requirements through

extended operational life tests and in-space operation near 50,000 hours (50 kh or

about 6 years) [10,13,14]. However, previously proposed electric propulsion missions

[15–17] to interplanetary destinations required lifetimes from about 60 kh to 120 kh

(7 to 14 years). Any future missions proposing to reach to the outer planets of our

solar system or other distant bodies will require similar EP thruster lifetimes.

In addition to the future need for extended lifetimes, power levels available for

propulsion are expected to increase by an order of magnitude in the next few decades
1Full disclosure: The author worked for the Boeing Company in 2011 and was involved in these

all-electric efforts.
2This section has been adapted from Ref. 12: M. L. Plasek, C. J. Wordingham, S. R. Mata, N.

Luzarraga, E. Y. Choueiri, and J. E. Polk. Experimental Investigation of a Large-Diameter Cathode.
In 50th AIAA/ASME/SAE/ASEE Joint Propulsion Conference, 2014.
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as extrapolated from recent trends in space power generation [18]. The U.S. Air

Force Research Laboratory (AFRL) projects that next-generation electric thrusters

will need to be capable of processing 100-200 kW of power, dwarfing the 0.5 to 12 kW

range of focus of the previous decade [19]. At the specific impulse levels relevant to

Air Force missions (between 2000-6000 seconds), this translates to roughly 300-700 A

of discharge current–at least one order of magnitude higher than currents commonly

used in electric thrusters today, e.g., the nominal 20 A for a 6 kW laboratory Hall

thruster [20].

The National Aeronautics and Space Administration (NASA) continues to show

strong interest in higher thruster powers. As summarized in Ref. 21, recent mission

studies require spacecraft powers of 300-700 kW for human exploration using solar-

powered electric propulsion. Above 500 kW of spacecraft power, individual thrusters

utilizing greater than 50 kW are necessary.

Hall thrusters are being developed in the 20-100 kW power range which can require

discharge currents up to 400 A [22]. For example, a 50 kW class Hall thruster has

been developed at NASA and was tested up to 100 A of discharge current as reported

in 2012 [23]. Both the AFRL and NASA supported the design and development of a

100 kW class nested-channel Hall thruster undergoing testing currently [18, 24]. We

suggest referring to the 2014 doctoral dissertation of Florenz [18] for further argument

on the need for high power EP thrusters (Florenz focuses specifically on the near-

term use of nested-channel Hall thrusters). Other examples of high-power thrusters in

different stages of development and testing include the ELF, a field-reversed configura-

tion fusion thruster (potential for 10-100 kW) [25], magnetoplasmadynamic thrusters

(tested up to 185 kW) [26], and the VASIMR VX-200 (tested up to 200 kW) [27].

A need that has become more prominent is the requirement of not only long

lifetimes or high-current capability but a cathode that can offer both high-current

capability and significant lifetime simultaneously. In 2014, NASA cited work towards

3



the goal of designing and testing cathode assemblies with current capabilities greater

than 100 A while maintaining lifetimes longer than 20 kh [28]. In early 2015, a cited

NASA goal was building a 250 A cathode with at least 15 kh of operational life [29].

The 100 kW class X3 Nested-Channel Hall Thruster previously mentioned exemplifies

the need for higher performance cathodes explicitly designed to handle high discharge

currents while simultaneously providing long operational lifetimes.

Progress towards high-current, long-lifetime hollow cathodes has been made by

Goebel and Chu [30, 31] in testing a lanathanum hexaboride (LaB6) bulk-emitting

hollow cathode at up to 300 A of discharge current, with that same cathode providing

an expected life of 10-20 kh at 200 A. Van Noord, et al. [32], at NASA Glenn describe

the design and testing of a dispenser cathode operating at 50 A of discharge current

with a predicted life of 100 kh. More recently, Kamhawi and Van Noord [33] tested

a dispenser cathode with a new emitter configuration allowing for a predicted life of

30 kh operating at 100 A of discharge current. Even with these selected advances,

the expected improvement needed over the next few decades demands novel cathode

concepts that can feasibly approach both lifetimes up to 100 kh and discharge currents

up to 700 A. Further discussion of the current state of cathode research will follow in

Section 1.2.

The RF-Controlled Hollow Cathode is a proof-of-concept experiment that at-

tempts to address these requirements by adding radio-frequency (RF) power to a

high-current thermionic hollow cathode. In the context of the literature, the dif-

ference between the RF-Controlled Cathode (referenced in this thesis as the RFC

Cathode) and other cathodes referred to as RF cathodes [34,35] is that we are adding

RF power to a high-current thermionic hollow cathode as opposed to only using the

RF waves for ionization without an electron-emitting insert. Combining a thermionic

hollow cathode [2] with the RF cathode concept [34] allows for a high-current source

with the potential for a significant performance enhancement from the added RF

4



power, as discussed further Chapter 2. This unifying design has the potential to

be attractive for high-power, long-lifetime electric propulsion applications by max-

imizing insert utilization while helping to minimize erosion from high-energy ions.

Before fully introducing the RFC Cathode, let us start with the context of such a

proof-of-concept experiment.

1.1.3 A glimpse inside hollow cathode fundamentals3

Hall and ion thrusters need an electron source or sources in order to ionize neutral

gas and create plasma as well as to neutralize the exhausted ion beam. Thermionic

hollow cathodes fulfill this need. By using a low work function electron-emitting insert

exposed to a current-carrying plasma, thermionic hollow cathodes can sustain high

discharge currents over 300 A, high electron current densities greater than 20 A/cm2,

and do so at relatively low voltages compared to vacuum electron sources. Indeed,

this helps hollow cathodes operate for relatively long lifetimes at high currents. For

an in-depth discussion on hollow cathode fundamentals, please refer to Goebel and

Katz’s Fundamentals of Electric Propulsion [2].

Here we will briefly discuss the relevant, governing equation for thermionic electron

emission from the insert, or emitting material, within a hollow cathode. The current

density due to thermionic emission from a hollow cathode insert is given by the

Richardson-Dushman Equation [37]:

Jte = A0T
2 exp

(
−eφwf

kT

)
. (1.1)

Due to significant experimental variations from the theoretical constant A=120 A/cm2·K2,

an experimentally-found temperature dependence (Eq. 1.2) can be substituted into
3This section has been adapted from Ref. 36 and expanded: M. L. Plasek, B. Jorns, E. Y. Choueiri,

and J. E. Polk. Exploration of RF-Controled High Current Density Hollow Cathode Concepts. In
48th AIAA/ASME/SAE/ASEE Joint Propulsion Conference, 2012.

5



the Richardson-Dushman equation (Eq. 1.1) to form the modified current density

equation (Eq. 1.3) where D0 is material-specific [37].

φwf = φ0 + αT, (1.2)

Jte = A0 exp
(−eα

k

)
T 2 exp

(
−eφ0

kT

)
= D0T

2 exp
(
−eφ0

kT

)
. (1.3)

A hollow cathode insert emits electrons via thermionic emission under the effect

of an electric field. This electric field is generated by the internal plasma sheath

and the external positively-biased cathode keeper, with the latter helping to ignite

the cathode plasma during the startup sequence. Plasma outside the cathode also

affects the electric field since the external plasma potential is higher than the internal

plasma potential [2]. The applied electric field effectively lowers the material work

function that emitted electrons must overcome as first described by Schottky [38].

The addition of the Schottky effect or field-enhanced thermionic emission can be

incorporated into Eq. 1.3, resulting in Eq. 1.4:

Jte = D0T
2 exp

(
−eφ0

kT

)
exp

(
−e
kT

√
eE

4πε0

)
. (1.4)

A hollow cathode uses an insert of a specific material composition to act as a low-

work function emitter in order to achieve the lowest temperature possible for a given

current density as seen from Eq. 1.4.

Hollow cathode performance is derived predominantly from the properties of the

electron emitter material, the physical configuration of the cathode, and structure of

the cathode plasma, the latter two of which are the primary concerns of this thesis.

For state-of-the-art hollow cathodes used on spacecraft today a sharp peak in the

axial profile of the plasma density within the internal cavity corresponds to a small

current “attachment” area or a current-carrying plasma “contact” area with the emit-
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ter surface. This restricted current attachment area leads to high current densities

and high temperatures within a limited axial depth inside the cathode [2,39,40]. Up-

stream of this dense-plasma region, the plasma density is not high enough to support

significant thermionic emission and so the emission is space-charge limited [20], as

shown schematically in Fig. 1.1. Emitting significant electron emission from the full

axial length of the emitter (e.g., 20 A/cm2 for LaB6) [37] requires that the profiles of

both the plasma density and emitter temperature be “flatter” and uniformly greater

than minimum values (for the above example, about 2× 1019 m−3 and 1700 ◦C) [41]

along the axial length of the emitter. When relatively uniform profiles are not possible,

undesirable peaks in these axial profiles create regions that emit at higher tempera-

tures and current densities, reducing the life of the emitter due to evaporation, while

the remaining regions lack significant current density due to space-charge-limiting

effects [20].

Figure 1.1: Side cutaway views of a basic hollow cathode showing the typical limited
current attachment area along the length of the LaB6 emitter (left) compared to the
goal of current attachment to the full emitter area (right). The red arrow depicts the
axial extent of the current attachment.

Approaching the ideally flat, uniform profiles of emitter temperature and internal

plasma density allows the operator to choose some optimal balance between increasing

the operational lifetime and increasing the discharge current to desired levels. This is

the goal of adding RF power to a thermionic hollow cathode: to control or alter the

axial profiles of plasma density and emitter temperature such that there is significant

current attachment along the entire length of the emitter. In other words, we want to

use RF power to alter the internal plasma structure so as to utilize the entire insert.
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1.2 A Brief Review of the Recent Literature4

1.2.1 Methods to Increase Life and Discharge Current

There has been significant effort to date, documented in the recent literature, towards

improving the operational lifetime and maximum discharge current of thermionic hol-

low cathodes. We provide a limited overview, focused on relatively recent develop-

ments, to explain the context of the RFC Cathode concept and design.

Figure 1.2: Side cutaway view of a typical thermionic hollow cathode setup.

In 2005, Van Noord, et al. [32] discussed the results of increasing the thickness

of the hollow cathode walls in the emitter region in order to increase thermal con-

duction and decrease the temperature variation along the hollow cathode’s major

axis. Less temperature variation along the emitter insert leads to a more uniform

emission and corresponding “flatter” plasma density profile. Although increasing the

thermal conduction along the emitter region showed improvement in the length of

the current attachment area [32], this can lead to a trade-off with required heater

power. Generally, thinner walls and longer cathode tubes have minimal thermal con-

duction upstream of the emitter and therefore are desired for lower required heater

power [22,42].

Van Noord, et al. [32] proposed a second method to lower the peak current den-

sity and hence to allow an increase in the maximum discharge current. This method
4This section has been updated and adapted from Ref. 36: M. L. Plasek, B. Jorns, E. Y. Choueiri,

and J. E. Polk. Exploration of RF-Controlled High Current Density Hollow Cathode Concepts. In
48th AIAA/ASME/SAE/ASEE Joint Propulsion Conference, 2012.
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relies on increasing the emission area by increasing the insert inner-diameter. A cath-

ode designed following these methods reached a predicted lifetime of 100 kh at 50 A

of discharge current [32]. Goebel, Watkins, and Jameson [37] showed in 2007 that

hollow cathodes of larger sizes can generally achieve longer lifetimes. These authors

compared three different sizes of similar lanthanum hexaboride hollow cathodes (dif-

ferentiated by their insert outer-diameters of 0.8, 1.5, and 2.0 cm) and predicted a

lifetime of 100 kh at 75 A for their 2.0 cm diameter cathode [37].

In 2010, Goebel and Watkins [42] found that as the orifice diameter (or open-

ing at the downstream end in Fig. 1.2) is increased the axial plasma density profile

broadens and the area of the current attachment increases. The authors noted [42]

that increases in discharge current and gas flow rate push the peak plasma density

towards the orifice. In a small-diameter orifice cathode such as the NSTAR discharge

cathode [43], pushing the plasma density peak towards the orifice leads to a narrow-

ing of the plasma density profile and decreased current attachment to the emitter. In

comparison, current attachment to the full emitter area was maintained by the large-

diameter orifice cathode tested in Ref. 42. The predicted lifetime of the large-diameter

orifice cathode was 100 kh at 20 A of discharge current or 10 kh at 45 A [42].

Goebel and Watkins [42] also noted that an increase in LaB6 insert thickness

could lead to a longer lifetime with lifetime roughly estimated from the bulk emitter

evaporation rate. Assuming electron emission is not hindered over the life of the

emitter, a bulk emitter has the advantage of a larger possible reservoir of emitting

material compared to typical dispenser cathodes.

We note that both the beginning-of-life and the predicted end-of-life insert inner-

diameters must be considered when selecting an insert thickness. To a rough, first-

order estimate, insert thickness is a trade-off between cathode lifetime limited by

emitter evaporation and the emitter area available to reach a desired discharge cur-

rent.
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In 2011, Goebel and Chu [22] developed and tested high-current LaB6 cathodes

having 1.5 and 2.0 cm insert outer-diameters and cathode tube lengths between 6

and 15 cm, depending on the application. In their case, the orifice was sized to

80% of the inner insert-diameter and significant plasma density extended beyond

the upstream end of the insert [22]. Hence, increasing the length of the insert and

selecting a relatively large-diameter orifice would decrease the current density and

increase expected lifetime. For even longer lifetimes, Goebel and Chu [22] suggested

a larger diameter cathode, as noted previously [32].

The 1.5 cm insert outer-diameter cathode from Ref. 22 had a predicted lifetime of

12 kh at 100 A discharge current, whereas the 2.0 cm cathode’s lifetime was predicted

to be 20 kh at 200 A based on the assumption of evaporation-limited lifetimes [22].

These cathodes were constructed from graphite tubes for testing. As reported in

2014 [31], a more durable version of the 2.0 cm cathode was made from a molybdenum

tube and has been tested up to 300 A of discharge current. This cathode was later

integrated into the X3 Nested-Channel Hall Thruster and successfully operated at

up to about 200 A of total discharge current demonstrating that LaB6 cathodes can

reach high currents in operating conditions [18].

The authors cited in this review [22,31,32,37,42] have proposed changing the phys-

ical dimensions and properties of the typical hollow cathode tube design to achieve

longer lifetimes and lower current densities at a given discharge current. These de-

sign improvements include: increasing thermal conduction along the emitter while

minimizing conduction away from the emitter region, increasing the thickness of a

bulk-emitting insert, increasing the insert inner-diameter and length, and increasing

the orifice diameter. In addition to these lifetime-improving design recommendations,

to raise the maximum discharge current, again the insert dimensions must increase to

provide a larger emission area, assuming a fixed utilization percentage of the emitter
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area. In summary, following these recommendations for achieving longer lifetimes

and larger maximum discharge currents requires increasing the size of the cathode.

Increasing the cathode and insert size can be difficult for geometry-constrained

thrusters and impact already tight configurations. An example of a geometry-

constrained application is the internally-mounted (or centrally-mounted) hollow

cathode for Hall thrusters. The internally-mounted cathode configuration has been

shown to increase total Hall thruster efficiency, lower thruster plume divergence

and increase plume symmetry [15, 44, 45]. Two high-power examples of internally-

mounted cathodes are the NASA 457Mv2 [28] and the X3 Nested-Channel Hall

Thrusters [18, 24].

Since an internally-mounted cathode is located in the center of a Hall thruster

annulus, the cathode length is the only relatively unconstrained dimension. A high-

current cathode constrained in the nested-channel Hall thruster case would need a

larger length-to-diameter ratio to provide enough emitter surface area for high dis-

charge currents of greater than 300 A. Such a cathode is likely to be space-charge

limited at some upstream depth even with the aforementioned design recommenda-

tions followed as possible within constraints. Controllable RF power absorption near

the upstream emitter region could prove to be a method of flattening the plasma

density profile so that no part of the longer insert is space-charge limited assuming

the insert inner-diameter is not sufficient to reach the maximum discharge current.

1.2.2 Energetic Ion Mitigation and RFC Cathode Relevance

With an increased orifice diameter to extend current attachment, the internal neutral

gas pressure is lowered and the axial plasma density profile benefits by becoming

broader and more uniform. However, the combination of a low cathode gas flow

rate and a large-diameter orifice can reduce the cathode neutral pressure enough to

induce a transition from quiescent “spot” mode to a large voltage-oscillation “plume”
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mode [46, 47]. Plume mode occurs when the neutral pressure is too low for a given

current and is defined by significant supply voltage or plasma potential oscillations.

Plume mode is linked to the production of high-energy ions that can critically erode

the cathode keeper end plate and cathode orifice region by ion sputtering, causing

off-design operation and eventual failure as shown in life testing. The literature also

has shown that energetic ions become more prevalent at higher discharge currents in

what is called “jet” mode [46–50].

Further study is underway to understand the fundamental mechanisms behind

high-energy ion production [29, 51]. Whether in concert with plume mode or high

discharge-current operation, reducing the number and energy of these damaging ions

can be done by increasing the gas flow rate for a given cathode design [47, 49, 51,

52]. Unfortunately an increased gas flow rate can decrease the overall efficiency of a

thruster by a few percentage points [49]. Increasing the gas flow rate is an undesirable

solution related to our long-lifetime discussion in particular as increasing the gas flow

rate pushes the plasma density peak towards the orifice, thus decreasing the current

attachment area and cathode life.

In 2007, Goebel, et al. [47], introduced a new method for reducing energetic ions

by injecting cold gas into the cathode plume immediately outside of the cathode

assembly. The external gas injection allows the internal cathode gas flow rate to

be reduced without entering plume mode. Since the internal gas flow rate can be

decreased, internal neutral pressure is lower and the current attachment is broader.

From this result, the authors noted that a majority of the gas flow through a cathode

is not necessary for processes inside the cathode but is actually required for the

production of sufficient current-carrying plasma outside the cathode [46,47].

In 2012, Goebel, et al. [20], demonstrated that the gas flow fraction for the cathode

(typically 7-10% of the total thruster gas flow rate), can be reduced to lower levels

(5% or lower) without entering plume mode. This lower internal gas flow rate resulted
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in current attachment broadening. The authors [20] showed that without this broad-

ening, a drop-off in plasma density can cause the electron emission along the insert

to become space-charge limited at some distance from the orifice. For example, if

their insert length is increased and the gas flow rate is decreased as suggested, plume

mode could be avoided while the predicted life their insert would be increased by four

times [20].

External gas injection and the effects on high-energy ion production were studied

in more detail by Chu, et al. [52], in 2013. They found that at a high discharge current

of 250 A even a significant external gas flow rate of 20 SCCM5 (at 16 SCCM internally)

did not reduce the high-energy ion production enough to extend the predicted keeper

life beyond 2000 h. Even with higher internal and external gas flow rates, another

method to greatly reduce or eliminate high-energy ion erosion is needed for discharge

currents greater than 300 A. Goebel, et al. [49], noted that judicious use of materials

with low sputtering yields helps to treat the symptom of energetic ions, however does

not address the source of high-energy ion bombardment. High currents greater than

300 A will require further study to reduce energetic-ion erosion as a lifetime limiting

factor.

In summary, increased gas flow rates both internal to the cathode and externally

reduce energetic ion production in all cases. The highest reduction of eroding ions has

been shown to result from the highest gas flows tested to date. Of course, although

higher internal gas flows reduce energetic ion erosion, they also restrict the current

attachment area and reduce the life of the emitter. The RFC Cathode is a possible

answer to extend the current attachment area even at higher internal gas flow rates,

thereby giving the best solution for long life both in terms of increasing emitter

lifetime and minimizing erosion due to energetic ions.
5SCCM is Standard Cubic Centimeters per Minute, meaning mass flow rate of a neutral gas at

standard temperature and pressure.
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1.3 Thesis Objectives and Organization

There has been significant advancement in the field of thermionic hollow cathodes for

EP thrusters in the last two decades. Although many practical improvements and

fundamental insights have been gained, cathodes are still a limiting component of

many EP thrusters in terms of maximum discharge current and operational lifetime.

We look towards the requirements of the next generation of EP thrusters as cathode

performance has historically been outpaced by thruster development needs.

Our current cathode research effort aims to discover novel cathode concepts that

can demonstrate the potential to achieve order-of-magnitude improvements in lifetime

and maximum current over the current state of the art. One of these novel concepts

selected for consideration is the RF-Controlled Hollow Cathode, a thermionic hollow

cathode in which RF power is added.

The driving purpose of this ongoing research is based on the following primary

question:

Can we control the internal plasma structure of a thermionic hollow

cathode by adding RF power in such a way so as to increase the cath-

ode’s operational lifetime and maximum discharge current?

This thesis documents the research we have done in pursuing this question and

leads us up to the initial operation of the RFC Cathode experiment. Although we

have not yet arrived at a conclusive answer the above question, a valuable subset of

inquiry germane to this thesis is the following:

What are the challenges of scaling the inner diameter of a thermionic

hollow cathode significantly larger?

We proceed to consider these questions in Chapter 2, where we start by identifying

potential configurations of the RFC Cathode concept and select a configuration for

experimentation based on discussed parameters. Next we support the viability of
14



the concept with computational numerical modeling in Chapter 3. Then we lay out

the details of the RFC Cathode Experiment, including relevant design decisions, the

experimental setup, methods, and diagnostics, before to reporting our experimental

results of operating a large-diameter cathode in Chapter 4. Finally, in Chapter 5 we

identify critical areas of development and recommend next steps for both the RFC

Cathode and large-diameter cathodes in general.
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Chapter 2

Concept Exploration and Design

2.1 Conceptual Design1

The appeal of the RF-Controlled Cathode is that the concept has the potential to

be an attractive solution for high-power, long-lifetime electric propulsion applications

by maximizing insert utilization while helping to minimize erosion from high-energy

ions. The potential benefit of maximizing insert utilization and lifetime is achieved

by maintaining a lower maximum current density than without RF power while main-

taining the same discharge current. We hypothesize that by adding energy via RF

waves to the upstream insert region, the axial plasma density profile and correspond-

ing plasma attachment area can be controlled or manipulated. If the RF power

absorption instigates a change in plasma properties over a significant distance (on

the order of centimeters), the absorption could broaden the plasma attachment area

and increase the corresponding flattening of the plasma density profile by adding en-

ergy to produce a similar plasma upstream, as described in Chapter 1. For cathodes

operating in a regime where the plasma density falls off and emission becomes space-

charge limited at some upstream location along the emitter insert, broadening the
1This section has been adapted from Ref. 36: M. L. Plasek, B. Jorns, E. Y. Choueiri, and J.

E. Polk. Exploration of RF-Controlled High Current Density Hollow Cathode Concepts. In 48th
AIAA/ASME/SAE/ASEE Joint Propulsion Conference, 2012.
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plasma attachment will enlarge the emission area and thus reduce current density at

a constant discharge current [20].

2.1.1 Selection of an Emitter Insert Composition

High current density hollow cathodes can be broadly separated into two types: dis-

penser and bulk emitter cathodes [2]. Of dispenser cathodes, the most common “Type

S” is composed of barium calcium aluminate impregnated into a porous tungsten ma-

trix with a work function of 2.06 eV. These barium-oxide dispenser cathodes some-

times contain other refractory metals to further reduce the work function (“mixed

metal matrix” cathodes). Adding scandium to produce a scandate-barium oxide-

tungsten emitter results in even lower work functions as small as 1.7 eV. Dispenser

cathodes require chemical reactions to enable a low work function. This dependence

means dispenser cathodes are easily poisoned by impurities such as oxygen and water

in the propellant or the environment that can drastically raise the effective work func-

tion. Despite this drawback, dispenser cathodes have lower work functions than bulk

emitters and thus require lower temperatures to sustain a given current density [2].

Due to these low work functions, dispenser cathodes have been the primary emit-

ter of choice for ion thrusters manufactured in the Unites States [53]. In contrast,

Russian-made SPT Hall thrusters have used lanathanum hexaboride (LaB6) bulk

emitter cathodes, with hundreds flown since 1971 [22]. The first U.S. reported use of

LaB6 for hollow cathodes was by Goebel, et al. [2], in 1978. More recently, NASA’s

Jet Propulsion Laboratory has developed high current LaB6 cathodes for high power

Hall thrusters [2, 22]. Since 2004 LaB6 cathodes have also seen commercial use by

U.S.-based Space Systems/Loral c© in SPT-100 Hall thrusters [54].

The use of LaB6 bulk emitter has spread to the U.S. due to the emitter’s ability

to strongly resist poisoning in comparison to dispenser cathodes, despite the higher

2.67 eV work function of polycrystalline LaB6 [2]. LaB6 is the emitter material itself
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and does not require any chemical reactions to maintain its low work function. LaB6

also resists other forms of failure affecting dispenser cathodes [2]. In spite of the higher

temperatures required of LaB6 to achieve the same current density as a dispenser

cathode, simulations using lifetime models have shown that LaB6 actually achieves

a longer life due to a lower evaporation rate below around 15 A/cm2 and more bulk

emitting material available for the same size as compared to dispenser cathodes [22,

37]. For comparison, tungsten has an order of magnitude higher evaporation rate than

both dispenser and bulk emitter cathodes up to current densities of 30 A/cm2 [37].

Due to strong resistance to poisoning, longer simulated life, and demonstrated

ability to reach high current densities above 20 A/cm2 (at ∼ 1700 ◦C) and high

currents up to 300 A [20], we chose LaB6 as the emitter for testing our cathode

concept.

2.1.2 Two-Stage Configuration

One implementation of the RFC Cathode concept relies on adding an RF power

transfer pre-stage to a typical LaB6 cathode, shown in Figure 2.1. An RF antenna

would be embedded in, or encircle, a pre-stage section made of a dielectric like a

refractory ceramic. A pre-stage with a dielectric wall would allow the RF waves to

pass through ceramic cylinder while maintaining a high temperature barrier between

the internal plasma and the antenna. Refractory metals or graphite are commonly

used [2] for the cathode cylinder and are opaque to electromagnetic waves due to

their significant electrical conductivity. RF power would be added in the pre-stage

immediately upstream of the second stage emitter insert as shown schematically in

Figure 2.1.
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Figure 2.1: Two-stage configuration of the RFC Cathode LaB6 hollow cathode with
the dielectric pre-stage on the left, encircled by a RF antenna. RF power is deposited
near the upstream insert region, inside the pre-stage. The red arrow depicts the axial
extent of the current attachment.

Figure 2.2: Single-stage configuration of the RFC-Cathode LaB6 hollow cathode with
the upstream end mated to a circular waveguide. RF power is deposited in the plasma
near the upstream insert end after traveling through the microwave window.

2.1.3 Single-Stage Configuration

Another configuration of the RFC Cathode, depicted in Figure 2.2, is a single-stage

device where a subset of RF waves at higher frequencies (1-40 GHz range), or mi-

crowaves, are injected upstream of the cathode and intended to propagate down-

stream, along the cathode major axis to the plasma attachment region. This configu-

ration mates the upstream end of the cathode to a microwave source via a waveguide

and effectively treats the conductive cathode cylinder as a cylindrical waveguide. Gas

enters the cathode after a dielectric gas break in the waveguide which prevents back

flow. The major difference between the two-stage and single-stage configurations is

that the single stage is named such because RF power is deposited within the in-
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sert region or stage, as opposed to a farther upstream region as in the two-stage

configuration.

A waveguide mating can be used if the microwave frequency is above the cylindrical

waveguide cutoff frequency, fco,wg. A cylindrical wave guide allows prediction of

the location of greatest magnitude electric field from a Tranverse Electric (TE) or

Tranverse Magnetic (TM) wave mode and can be impedance matched with common

tuning mechanisms, e.g., a triple stub tuner [55,56].

Electron Cyclotron Resonance (ECR) heating was considered but the high fre-

quency required to meet the TE11 mode cutoff in the baseline cathode geometry

also requires a magnetic field approaching 0.5 T for resonance. This magnetic field

strength is well above common magnetic fields used in ECR and is difficult to reach

with the thermal characteristics of the system (e.g. Curie temperature of permanent

magnets). For our analysis, we are interested in the location of strongest electric field

as this is where most of the RF energy is expected to be absorbed by the plasma

through heating, and where breakdown would occur if RF is used as an ignition

source [55].

Figure 2.3: Single-stage configuration of the RFC-Cathode LaB6 hollow cathode with
the upstream end on the left, mated with a coaxial cable. RF power arrives from the
left where power is deposited in the plasma near the upstream insert end.

If a lower frequency source is preferred due to expense or availability, it is possi-

ble to use a coaxial cable mating to propagate a Transverse ElectroMagnetic (TEM)

wave into the cathode cylinder as depicted in Figure 2.3, a variation on the waveguide
20



single-stage configuration. A wave frequency below the cylindrical waveguide cutoff

frequency, fco,wg, will not propagate in the cathode once two conductors are no longer

present (where the inner conductor ends), but this configuration will still allow the

energy to be absorbed into the a region cathode plasma at low microwave frequen-

cies. A coaxial cable can also be used at wave frequencies higher than fco,wg for a

flexible connection between the source and cathode. Staying below the coaxial cutoff

frequency (fco,coax) allows only a TEM mode to propagate without interference from

TE or TM modes. Coaxial cable dimensions can be selected to carry a microwave

source frequency, fsource, able to meet the needs of a given microwave source and

desired cathode mating [55]. In order to propagate a TEM wave mode with minimal

interference in a coaxial line and transition into propagating a TE or TM mode in a

cylindrical cathode waveguide, it is required that:

fco,wg < fsource < fco,coax. (2.1)

Ideally, we want the microwave energy to be so fully absorbed in the emitter region

as to produce no reflections. To achieve this, the cathode must be seen as a dummy

load by the incident microwaves. A dummy load would be perfectly impedance

matched and would absorb all of the transmitted wave power from the microwave

source. In practice, impedance matching can be difficult with an impedance-varying

plasma and so a manual tuning device is appropriate [56].

We also note that a microwave source requires a potentially life-limiting cath-

ode for electron emission. Various space-qualified microwave sources (e.g. Traveling

Wave Tube Amplifiers or TWTAs) use cathodes that have lifetimes which extend

beyond the stated hollow cathode lifetime goal of 100 kh as tested [57,58] Microwave

source thermionic cathodes with lifetimes >100 kh are usually mixed metal matrix
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cathodes and can achieve such lifetimes due to relatively low operating temperatures

(<1000 ◦C) and low current densities (1-2 A/cm2) [57].

2.1.4 Comparison of Configurations

For a proof-of-concept experiment, the RF power efficiency is not a primary concern,

though a high enough percentage of power needs to be absorbed by the plasma in

order to warrant the additional system complexity of an RF source. A challenge of

the two-stage configuration is ensuring that enough power from the RF antenna is

transferred to the cathode without requiring an unreasonable amount of antenna input

power. The mismatch between the characteristic RF antenna wavelength, which is on

the order of 10 m for a source frequency in the MHz range, and the dimensions of the

pre-stage cylinder (around 1-10 cm) would lead to low expected energy coupling [55].

Another related challenge is material thermal limitations. An embedded antenna

would give the greatest amount of radiated power to the pre-stage as the distance

between the pre-stage and the antenna is minimized. However, if the antenna is in

thermal contact with the pre-stage, high temperatures and a resulting high impedance

should be expected. In contrast, the antenna could be thermally isolated and actively

cooled. Thermal isolation and cooling would allow for greater antenna input power,

but at the cost of increased distance from the target which would lower the amount

of radiated power available to the pre-stage. As a thermal advantage, a dielectric

pre-stage would likely be less thermally conductive than the typical refractory metal

or graphite, and would allow for less heat loss and a decreased heater power level to

reach cathode ignition temperature.

The single-stage configuration solves the challenges related to having the RF waves

introduced from outside of the cathode by directly mating a waveguide or coaxial ca-

ble from a microwave source to the upstream end of the cathode cylinder. This

results in a minimal loss of wave energy before the high-frequency RF waves (mi-
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crowaves) are introduced into the cathode. However, the single-stage comes with its

own set of complexities. The mating of the cathode and waveguide or coaxial cable

requires matching diameters and materials in such a way as to minimize impedance

mismatches. For the coaxial mating variation, a DC break must be incorporated

into the inner conductor of the coaxial line to separate RF and DC circuits since the

cathode will be kept at a voltage bias. A gas break of appropriate thickness that can

manage plasma contact and is transparent to microwaves (e.g., boron nitride) must

be fitted into the waveguide or coaxial cable at an appropriate depth.

Sputtering of the inner and outer conductors of the coaxial line, or of the waveguide

after the gas break, may need to be addressed. At microwave frequencies (1-40 GHz)

the ions are too massive to have much response in the short time scale before the

electric field switches orientation, so even for coaxial potential differences in the hun-

dreds of volts, significant ion sputtering of the antenna is not expected to be dramatic.

We also note that LaB6 cathodes have insignificant internal ion sputtering due to an

internal plasma potential of less than 15 V [22]. If noticeable erosion does occur,

the conductors of the waveguide or coaxial cable could be insulated with a ceramic,

like alumina, which is a common insulation for RF antennas that are exposed to ion

sputtering [2]. However, if the conductor or gas break material is redeposited on

the insert, than this would be a critical drawback negating any life extension if the

problem could not be remedied.

The single-stage configuration has the key advantage of minimal input-power loss

compared to the two-stage configuration. Similarly, using a waveguide to transfer

microwave energy over the distances considered (>2 m in our experimental setup)

will transfer much more of the initial power to the actual cathode than with coaxial

cable losses at high frequencies. Therefore, we have selected a single-stage waveguide

configuration (Fig. 2.2) for further study in both numerical modeling and for our RFC

Cathode experiment.
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In the interest of unambiguous continuity and relying on the broad definition of

radio frequency, we refer to this configuration as an RF-Controlled Cathode (or RFC

Cathode) and use “microwave” and “RF” interchangeably though we refer to the

same incident frequency.

2.2 Selected Design Considerations2

The goal of the RF-Controlled Hollow Cathode is to expand the axial extent of the

current attachment such that the emitter area operating in a thermally-limited regime

is maximized, and, consequently, space charge-limited emission is minimized. In high

current density hollow cathodes, space charge-limiting prevents the full utilization of

the emitter which directly limits the cathode operational lifetime and the maximum

discharge current [2].

A minimum plasma density is needed to support a given electron emission current

density. The maximum electron current density that a plasma can accept due to

space charge-limiting effects at the emitter wall [2] is given by

Je = κ

2nie

√
kTe

me

≈ 1
4nee

√
kTe

me

. (2.2)

Equation 2.2 tells us that space charge-limiting effects require that plasma densi-

ties greater than 1018 m−3 must exist in the cathode in order to reach an appreciable

current density of around 2 A/cm2 at the emitter as shown in Figure 2.4. Plasma

densities on the order of 1019 m−3 are required to reach more substantial current

densities that are no longer space charge limited and instead have transitioned into

the thermally-limited regime. However, upstream plasma densities on the order of

1018 m−3 will still result in increased emission compared to a typical cathode config-
2This section has been adapted from Ref. 41: M. L. Plasek, C. J. Wordingham, and E. Y.

Choueiri. Modeling and Development of the RF-Controlled Hollow Cathode Concept. In 49th
AIAA/ASME/SAE/ASEE Joint Propulsion Conference, 2013.
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uration with insignificant upstream plasma densities (e.g., the NSTAR cathode [13]).

For a lanthanum hexaboride (LaB6) bulk-emitting hollow cathode, thermally-limited

current densities are typically greater than 20 A/cm2 corresponding to an emitter

temperature of about 1700 ◦C [2].

Figure 2.4: Maximum electron current density at the emitter wall as a function of
plasma density. Argon gas and an electron temperature of 1 eV are assumed.

2.2.1 Adding RF Power to a Thermionic Hollow Cathode

Achieving the necessary plasma densities in an upstream, RF-generated plasma de-

pends on the frequency of the RF source. Typically, the maximum plasma density

generated is related to the incident RF excitation frequency; at a critical plasma den-

sity, the corresponding plasma frequency is equal to the excitation frequency and the

RF waves begin to be reflected. Due to this reflection, the maximum plasma density

generated generally does not greatly exceed the incident excitation frequency [35].

The RF frequency is also a major driver of the cathode design, and trade-offs

between higher- and lower-frequency sources include waveguide size, source cost, and

source availability. The RFC Cathode configuration we analyze in this thesis mates a
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waveguide to the upstream end of the cathode, effectively treating the cathode tube

as a cavity or a continuation of the waveguide. Since the cathode is treated as a

waveguide, the cathode diameter is determined by the waveguide cutoff frequencies,

which describe the ability of the RF waves to propagate inside the waveguide with-

out being reflected or converted into modes outside the dominant transverse electric

(TE11) mode. The lower cutoff frequency for a TE11 mode in a circular waveguide [59]

is given by

fco = X ′11
2πa√µε, (2.3)

where X ′11 = 1.841 and a is the cathode inner radius in meters. From Equation 2.3

we see that a larger cathode radius a gives a lower cutoff frequency fco. Applied to

reasonable cathode diameters, the waveguide cutoff frequencies constrain the source

frequency to the microwave portion of the RF spectrum.

Cost, mass, and availability of microwave sources differ widely, both for lab ex-

perimentation and for use in a space environment. Higher frequencies at the output

powers of interest generally correlate with higher system costs and lower availability

for a lab use. We selected a microwave frequency of 8 GHz as a compromise between

the cathode/waveguide diameter, the RF source cost, and the effect on plasma den-

sity. As seen in Figure 2.5, a source frequency of 8 GHz corresponds to a critical

plasma density of about 8× 1017 m−3, near our minimum goal of the 1018 m−3.

The input power also presents a compromise between minimizing the spacecraft

power required to operate the additional RF subsystem and applying adequate RF

power to achieve the desired result. Our incident RF power range of interest is

ten to several hundred watts while the discharge power from thermionic emission is

in the hundreds to thousands of watts assuming a discharge voltage of around 20

volts. Clearly, the added RF power is marginal relative to the power output from the

thermionic emission current. The major contribution expected from the added RF
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Figure 2.5: Electron plasma frequency corresponding to plasma density. A plasma
density of about 8× 1017 m−3 will reflect incident microwaves of 8 GHz.

power is to change the upstream cathode conditions in such a way that the overall

thermionic emission is increased. The main processes by which this can occur are:

1. Increasing the plasma density in the upstream cathode to prevent space charge

limitation, and

2. Increasing the upstream cathode emitter temperature via higher ion and elec-

tron bombardment rates, resulting in increased thermionic emission.

2.2.2 Cathode Size

Besides the addition of RF power, another unique feature of the RFC Cathode and its

waveguide configuration is its inner diameter of 2.7 cm, which is approximately twice

as large as any other cathode developed to date. The next largest hollow cathode we

are aware of is Goebel and Chu’s LaB6 hollow cathode [20, 22] with an insert inner

diameter of approximately 1.27 cm. For comparison, Goebel and Chu’s [20] cathode

can theoretically obtain approximately 400 A of discharge current from 20 cm2 of
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emitter area assuming a uniform emitter current density of 20 A/cm2, while at the

same uniform current density the RFC Cathode could achieve approximately 1360 A

from its 68 cm2 of emitter area.

The large diameter of the RFC Cathode is driven by the need for the diameter to

contain the circular waveguide cutoff wavelength for an 8 GHz microwave frequency

including a margin. In addition to analyzing the feasibility and behavior of the added

RF power to a hollow cathode, we can also analyze the behavior of a significantly

larger hollow cathode than those tested to date. A larger-diameter cathode is directly

relevant to our stated goals and is a strategy suggested by many authors [32,37,42,60].

By using a larger diameter, and therefore a larger emitter area, we create the potential

to achieve higher maximum discharge currents and lower current densities.

Other effects of a larger-diameter hollow cathode include lower operating pres-

sures, less sensitivity to changes in neutral gas flow rate, and the need for higher flow

rates to reach modest pressures. For example, using a one-dimensional Poiseuille flow

model [2] the RFC Cathode is found to reach approximately 2 Torr along most of

the axial emitter length from 70 SCCM of argon input assuming an orifice diameter

that is 25% of the cathode inner diameter. In 2010, Goebel and Watkins [42] found

that as the internal neutral gas pressure is reduced, the upstream depth of current

attachment increases and the axial plasma density profile along the emitter length is

flattened.

Another predicted effect is that a larger cathode will operate at lower temperatures

[60] due to a shift in the power balance due to charged particle bombardment and

microwave power deposition balanced with losses from thermionic cooling, thermal

conduction along the cathode tube, and radiation from the surface. Lower emitter

temperatures and decreased axial temperature gradients benefit the expected lifetime

of the cathode. Assuming plume mode and the production of eroding ions can be

avoided by using the appropriate orifice diameter, mass flow, and external injection
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of neutral gas into the plume [30, 52], both a larger cathode diameter and added RF

power are expected to increase the maximum discharge current while the lowering

current density.
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Chapter 3

Numerical Modeling1

Before creating a time-intensive physical experiment, we used finite-element analysis

to explore the RFC Cathode concept’s feasibility and qualitative behavior. Numerical

simulations were performed with a simplified two-dimensional model which captures

the internal cathode plasma, the LaB6 thermionic emission, and the added RF power

via upstream waveguide. In order to capture the upstream physical drivers but still

maintain an approachable model, the orifice and related effects are not simulated.

Due to these and other simplifications, we do not expect the simulation results to

give quantitative agreement with experimental results. However, we do expect the

key physical drivers in the upstream cathode region have been captured, giving an

actionable indication of qualitative behavior.

3.1 Schematic and Computational Grid

The computational model we developed relies on a simplified version of the RFC

Cathode, shown in Figure 3.1 below. The model used is two dimensional rather than
1This chapter has been adapted from both Ref. 41: M. L. Plasek, C. J. Wordingham, and E.

Y. Choueiri. Modeling and Development of the RF-Controlled Hollow Cathode Concept. In 49th
AIAA/ASME/SAE/ASEE Joint Propulsion Conference, 2013.
and Ref. 61: M. L. Plasek, C. J. Wordingham, and E. Y. Choueiri. Resonant Mode Transition in
the RF-Controlled Hollow Cathode. In 33rd International Electric Propulsion Conference, 2013.
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axisymmetric because of a known issue present in the microwave plasma model of

COMSOL at the time of modeling.

Figure 3.1: RFC Cathode Schematic Representation

We used the finite element method (with COMSOL software) and created a struc-

tured quadrilateral mesh with approximately 7000 domain elements as shown in Fig-

ure 3.2; this mesh was used for all simulations. After performing a grid sensitivity

study by refining the grid by a factor of two in each node distribution, we determined

that the grid shown offered the best balance of computation time and simulation ac-

curacy. Simulation variables of interest, e.g. plasma density, varied by less than 2%

when the grid density was increased.

3.2 Computational Model

The use of commercial software encapsulates functionality, reducing the time and

effort required to create a working model, but also reduces the degree of customization
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Figure 3.2: RFC Cathode Computational Grid, refined near regions of expected sharp
transition, such as the plasma-surface boundaries and the microwave window.

available to the user. As such, the boundary conditions chosen are modified versions

of those given in previous computational cathode studies [2, 62].

Flow and Neutral Pressure

In the computational model, argon gas is assumed to enter via the microwave window,

which was found to be a good approximation because the simulation results were

insensitive to the velocity field within the cathode (likely due to orifice exclusion).

Having made this observation, we did not solve for the fluid velocity field. Instead, we

model the effect of increasing argon mass flow by the dominant pressure determined

using a Poiseuille flow model [2,63] for an orifice diameter that is 25% of the cathode

emitter inner diameter. The orifice itself is not contained in the model, and the

plasma region modeled ignores effects due to the presence of an orifice, excluding its

effect on the average neutral pressure.

Heat Transfer

Heat transfer within the cathode walls is solved for a stationary solution at each time

step of the transient microwave plasma simulation (the heavy species temperature is

assumed constant throughout the plasma). This solution method significantly reduces

the total simulation time required for a steady-state solution. The outer boundaries

of the emitter material are treated as radiative surfaces, approximating poor ther-
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mal contact between the emitter and the cathode tube, and thermal conduction is

restricted to within the emitter material. The inner boundaries of the emitter are in

contact with the cathode plasma, and the heat flux into the emitter is determined

using the plasma model detailed below. The combined heating and cooling due to

the plasma fluxes and thermionic emission at the emitter wall is given by

q′′wall = q′′i + q′′e + q′′ex − q′′te, (3.1)

where the heat flux due to de-excitation at the wall, q′′ex, was found to be negligible,

and is excluded from further calculation. In addition to the plasma heat flux into the

emitter, heating due to electrical conduction of the emitted current is modeled using

a volumetric heat source,

q̇′′′ = J2
teρe, (3.2)

where the electrical conductivity of LaB6 is taken from a linear approximation of

the temperature-dependent data given by Lafferty [64]. Finally, as shown in the

schematic, the orifice region is ignored, but given the size of the RFC Cathode (limited

by the waveguide properties required for the target RF source), the most prominent

means of insert heating will likely not be orifice heating [2], but rather electron and

ion impacts with the emitter.

Microwave Propagation

In our model, an input rectangular waveguide excited at the TE01 mode provides RF

power to the cathode via the microwave window. For a rectangular waveguide, the

fundamental transverse electric (TE) mode is the TE01 mode, but had we used an

axisymmetric model we would have used the corresponding fundamental mode for

a circular waveguide, the TE11 mode. The inner cathode walls (including those of

the emitter material) are considered to act as perfectly conducting surfaces for the
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purposes of microwave propagation, but this assumption should have little impact on

the results as microwave reflection and absorption within the plasma is the expected

dominant means of attenuation. An exit waveguide is also included for the purposes

of calculating microwave absorption in the cathode plasma.

Plasma Model and Wall Fluxes

Much of the plasma model, including the microwave power absorption, is encapsulated

in COMSOL’s microwave plasma model. In addition to the wall boundary conditions

for the thermal model mentioned earlier, the plasma-contacting walls are set to a

constant electric potential. The primary modifications to COMSOL’s built-in model

are comprised by the plasma heat flux coupling to the wall. The driving mechanism

behind hollow cathode current generation is thermionic emission. Richardson’s orig-

inal work on the subject and its re-visitation by several other authors [65] eventually

resulted in the Richardson-Dushman equation [2, 65]:

Jte = A0kBT
2
wexp

(
−eφwf

kBTw

)
, (3.3)

where the universal constant A0 = 120.17 A
cm2K2 is typically replaced by an experi-

mentally determined constant, D0 = 29 A
cm2K2 , where the value shown is that found

by Lafferty [64] for lanthanum hexaboride. Because the thermionic emission from

the insert is driven by the temperature of the emitter, the wall heat fluxes due to

the plasma are of critical importance to our model. The fluxes used in our analysis

are modified from previous modeling studies and expressed in the equations below.

Equation 3.4 gives the heat flux to the emitter wall due to the ion flux [2],

q′′i = Ji

(
εi + φs + 1

2
kBTe

e
− φwf

)
, (3.4)
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which is comprised by the energy released during recombination (assumed to occur

for all ions striking the wall), the thermal energy gained by the ions during their

acceleration in the pre-sheath, the energy gained by the ions as they are accelerated

through the sheath potential (whose approximation is discussed later), and the energy

removed from the wall by the recombination electron. Ions are assumed to strike the

wall at the Bohm velocity for the purposes of calculating the flux to the wall, and the

number density is computed by COMSOL. The wall heating due to the electron flux

is given by [2]

q′′e = (2Te + φwf) Jrexp

(
−φs

Te

)
, (3.5)

where Jr is the random thermal electron current density to the wall [2],

Jr = 1
4enec̄e, (3.6)

and the electron density, ne is evaluated in the plasma at the sheath edge. Since

COMSOL already computes the electron density at the wall, this value is simply

used instead and the exponential term that accounts for the sheath variation of the

electron density in Equation 3.5 is dropped. Finally, the heat flux removed from the

wall due to thermionic emission cooling is

q′′te = Jte

(
φwf + 2kBTw

e
− φs

)
, (3.7)

which accounts for the energy removed from the emitter due to the work function

and the average thermal energy of the electrons that escape the wall, which is twice

the wall temperature in eV [65]. Equation 3.7 also adds the heat produced by the

emission electrons being accelerated through the sheath, as the sheath is too small to

be captured by our computational grid in COMSOL.
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Sheath Model

In order to evaluate the expressions in the plasma model, we need an estimate of the

sheath potential. Due to the cold electron emission at the wall, the sheath potential is

reduced and possibly spatially non-monotonic. This is especially true in the limiting

case of space charge-limited emission, which is likely to occur for the lower plasma

densities in the range of consideration for the RFC Cathode. Our model for the

sheath potential is from Hobbs [66], and is formulated for a floating wall, but the

same effect applies for a fixed-potential wall (the reduction of the sheath potential

due to the cold emission electrons emanating from the emitter wall). If we assume

that the ratio of emission to primary plasma electrons is low (Γ << 1), the sheath

potential would be approximated by

φs = −kBTe

e
ln

 1− Γ√
2πme/Mi

 , (3.8)

where Γ is the ratio of emission to primary electrons. This is unlikely to be the

case at the thermionic temperatures considered, and therefore we make the opposite

assumption. We assume that the wall emission is space charge limited, and that the

ratio of emission to primary electrons takes on the following critical value [66],

Γc = 1− 8.3
(
me

Mi

)1/2
, (3.9)

which is approximately 0.97 for argon. This emission-to-primary-electron ratio results

in a sheath potential given simply in terms of the electron temperature (extracted

from the model’s output):

φc = −1.02kBTe

e
. (3.10)

Using this approximation for the sheath potential, we can calculate the heat fluxes to

the emitter wall for the RFC Cathode. Given that the grid element size is too large
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to effectively capture the sheath, the average energy of the emitted electrons is set

higher than that given by twice the wall temperature, as the sheath acceleration must

also be considered. The value chosen for the thermionic electron energy was fixed at

3 V because a variable energy based on the sheath potential caused the simulation to

become unstable. This effectively lumps the cold-electron sheath effects into the wall

boundary itself. Finally, we note that the effect of the RF electric field on the sheath

near the microwave window and the modification of the work function [38] due to the

Schottky Effect, ∆φSH, are ignored.

3.3 Results and Discussion

The first goal of our modeling is to gauge the feasibility of creating a substantial

effect on the internal cathode plasma by adding RF power. The second goal is to

gain insight into the trends that emerge from the modeled physics by comparing the

results of different simulated cases. We are concerned primarily with the relationships

between parameters and to a lesser extent with the quantitative accuracy, which we

approach from an order-of-magnitude perspective as we are using a simplified model

without an orifice or external plasma coupling.

The feasibility of the RFC Cathode depends on whether the added RF power can

significantly affect the internal cathode plasma. From our modeling we found three

major effects that result from the addition of RF power:

1. With increasing RF power the plasma density increases over most of the emitter

length,

2. Increasing the RF power causes the axial location of densest plasma region to

shift upstream on the order of millimeters to centimeters, and

3. A nonlinear transition occurs in the plasma density, upstream electron temper-

ature, emitted current, and RF power absorption which is dependent on the
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neutral gas pressure, the phase of the incident electric field, and the incident

RF power.

Figure 3.3: Plasma density profiles versus distance from the microwave window for a
uniform pressure of 1.5 Torr (corresponding to an argon flow rate of 40 SCCM). As
the RF power increases, a significant plasma density extends further upstream (shown
by the bold arrow). The upstream microwave window edge is on the left (Distance
From Window = 0 cm), while the downstream orifice is on the right (Distance From
Window = 9.0 cm).

Let us start by examining our first two findings of the increasing plasma density

and of the plasma density profile shifting upstream with increasing RF power in-

put. Figure 3.3 shows the centerline plasma density profile along the emitter length

for a uniform pressure of 1.5 Torr (200 Pa) corresponding to an argon flow rate of

40 SCCM (or 1.2 mg/s of argon). In Figure 3.3 we can see that the plasma density

profile increases gradually for less than 100 W of RF power and shifts upstream with

increasing RF power input. For example, at 3 cm from the microwave window with

no RF power added the plasma density is 1.6×1018 m−3 and with 125 W of RF power

input, the same plasma density shifts 2 cm upstream along the bold arrow to 1 cm

from the window. Continuing the example, the original location at 3 cm increased in

plasma density from 1.6×1018 m−3 at zero RF power to 2.2×1018 m−3 at 125 W RF
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power while the location 1 cm from the window increased from about 0.7×1018 m−3 at

zero RF power to about 1.7×1018 m−3 at 125 W. However, in the downstream region

between 8 and 9 cm from the microwave window we can see there is little change in

the plasma density profile due to the addition of RF power.

Although Figure 3.3 shows a beneficial increase and upstream shift in the plasma

density profile, the figure does not include the aforementioned drastic transition be-

havior. This nonlinear transition in plasma density occurs at higher RF powers and

is captured in Figure 3.4. We can see in Figure 3.4 that the plasma density preferen-

tially increases about a peak at approximately 2.5 cm from the microwave window,

corresponding to a peak in emitter temperature. The maximum plasma density in-

creases by an order of magnitude to 4.7×1019 m−3 from an RF power increase from

125 to 150 W and the density continues to increase with RF power although only by

about 30% over the next 200 W increase in RF input power. Even the region from

8 to 9 cm downstream of the window shows change, doubling in plasma density over

the transition, although this is small compared to the maximum increase.

Figures 3.5 and 3.6 show similar plasma density profiles for a higher uniform

pressure of 2.5 Torr (333 Pa), corresponding to an argon flow rate of 110 SCCM (or

3.3 mg/s). Similar behavior results, but we note that the transition is dependent on

pressure; at this higher pressure the transition occurs between 20 and 30 W of RF

power, much lower than the 125 to 150 W for a pressure of 1.5 Torr. This tells us that

increasing RF power can decrease the cathode flow rate required to cause a nonlinear

transition into a high-density operating regime. This high-density mode is beneficial

as it significantly raises the space charge emission limit over most of the emitter area.

A two-dimensional representation of the same data from the 2.5 Torr cases without

the transition can be seen in Figure 3.7 and a post-transition case at 2.5 Torr is seen in

Figure 3.8. We note that the high-plasma-density region (for example, the region with

plasma densities greater than 0.8×1019 m−3 colored in red) shifts markedly upstream
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Figure 3.4: Plasma density profiles versus distance from the microwave window for a
uniform pressure of 1.5 Torr (corresponding to an argon flow rate of 40 SCCM). As
the RF power increases further, plasma density increases preferentially at the axial
depth of the maximum plasma density and peak emitter temperature. The upstream
microwave window edge is on the left (Distance From Window = 0 cm), while the
downstream orifice is on the right (Distance From Window = 9.0 cm).

with increasing RF power from Figure 3.7a at zero RF power to 3.7c at 20 W of

RF power. The centerline average and maximum plasma densities visibly increase as

well.

We observed that the RF power absorption takes place over 1 cm or less from the

microwave window before the RF power is reflected by the overdense plasma, under-

goes further absorption in the 1 cm region, and then the remainder of the RF power

travels back upstream creating a standing wave interference pattern. This power ab-

sorption increases the electron temperature in the same region but affects the entire

plasma and the cathode’s total thermionic emission. Therefore we suggest that the

assumption that the greatest enhancement of thermionic emission and plasma density

will occur in the region where the majority of the RF power absorption takes place,

or the location of the highest incident electric field, is not an accurate assumption in

a hollow cathode environment.
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Figure 3.5: Plasma density profiles versus distance from the microwave window for
a uniform pressure of 2.5 Torr (corresponding to an argon flow rate of 110 SCCM).
As the RF power increases, a significant density extends further upstream (shown
by the bold arrow). The upstream microwave window edge is on the left (Distance
From Window = 0 cm), while the downstream orifice is on the right (Distance From
Window = 9.0 cm).

We can qualitatively compare the zero RF power case in Figure 3.7a to other

LaB6 hollow cathodes [30] and find that the emitter temperature profile in our model

also starts at a minimum temperature upstream and increases to the maximum value

at the downstream end. Our modeling shows a slight temperature gradient in the

LaB6 emitter material at steady-state with the highest temperature corresponding

to the location of the peak plasma density along the centerline. This behavior is

expected due to greater thermionic emission rates from higher emitter temperatures

as per Equation 3.3. Although effectively an estimation, the 1700 to 1800 K emitter

temperatures from our modeling of the RFC Cathode are lower than those in other

LaB6 cathodes. Goebel and Chu’s [30] largest hollow cathode operates with an orifice

(and assumed emitter) temperature greater than about 1800 K at its lowest measured

discharge current (around 25 A). This temperature discrepancy is likely due to a

combination of a simplified model that does not include orifice effects, the radiative

thermal boundary conditions that can be varied substantially in our model and in an
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Figure 3.6: Plasma density profiles versus distance from the microwave window for
a uniform pressure of 2.5 Torr (corresponding to an argon flow rate of 110 SCCM).
As the RF power increases further, plasma density increases preferentially near the
depth of the maximum plasma density. The upstream microwave window edge is on
the left (Distance From Window = 0 cm), while the downstream orifice is on the right
(Distance From Window = 9.0 cm).

actual experiment, and the RFC Cathode’s large diameter, which we expect to result

in comparatively lower operating temperatures [60]. We also expect the peak plasma

density to penetrate a significant depth upstream due to the large diameter and lower

gas pressures present [2], and this behavior is seen in Figure 3.7a. The lower operating

temperatures and the significant upstream penetration of a dense plasma are beneficial

in reducing the peak emitted current density at a given discharge current.

Figure 3.8 is a continuation of the increasing RF power at 2.5 Torr from Fig-

ure 3.7. Figure 3.8 shows an order-of-magnitude increase in the maximum plasma

density (using a different color scale than Figure 3.7) and a significant upstream shift

in the peak of the density profile at an RF power input of 30 W. The emitter tem-

perature has increased only marginally but shows a new trend in the temperature

gradient; the temperature no longer peaks at the downstream end but more centrally,

corresponding to the peak plasma density. The higher plasma densities that occur

42



Figure 3.7: A two-dimensional representation of the plasma density profile versus
distance from the microwave window corresponding to the curves in Figure 3.5. The
three plots are using the same color scaling to compare increasing RF powers moving
down with (a) 0 W, (b) 10 W, and (c) 20 W. Note that the centerline plasma density is
increasing and the densest region moves upstream with increasing RF power. Surface
plots of the emitter temperature are shown in grayscale above and below the plasma
density surface plots.

after the transition, on the order of 1019 m−3 in Figure 3.8, meet our stated goal and

allow current densities of 20 A/cm2.

We note that there is a peak in the plasma density’s axial profile in the high density

operating regime with the maximum density at least double that of the downstream

minimum. This peak may result in a premature depletion of the emitter material at

the location of the maximum plasma density, similar to the barium depletion observed

near the downstream end in dispenser cathodes [43]. Considering that the simulated

plasma density peak is much less sharp than that of the typical dispenser cathode [43],

and that the current densities are much lower overall, we do not expect this to be

a limiting factor in the lifetime of the RFC Cathode. With no added RF power the

plasma density profile does not exhibit this peak and is relatively flat until it drops

off upstream. This uniformity is nearly ideal, but does not take into account orifice
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Figure 3.8: Continuing the increase in RF power from Figure 3.7, this two dimensional
plot has an incident RF power of 30 W and has made a significant, sharp increase in
plasma density. This figure has a different color scaling than the pre-transition plots
in Figure 3.7. Surface plots of the emitter temperature are shown in grayscale above
and below the plasma density plot.

effects. However, it is a reasonable approximation of an upstream cathode section for

a large-diameter cathode.

3.3.1 Explanation of Nonlinear Transition Behavior

In the literature, we found both experimentally and theoretically observed phenomena

similar to those uncovered in our modeling such as spatial shifts in plasma density [67,

68], abrupt jumps and increases in plasma density [68,69], and overdense microwave-

generated plasmas with power absorption taking place over a small skin depth [34,67,

70]. Overall, our modeling results and simulated behaviors are qualitatively similar

to experimental and numerical studies of microwave plasmas found in the literature

[34,67,68,70,71].

Ganachev et al. [70], have shown that these behaviors can result from “surface

waves” or microwave fields propagating along a dielectric-plasma boundary in thin

tubes and in large-area plasma sources. Similar to surface wave behavior, our modeled

plasma varies rapidly along the cathode’s major axis near the microwave window.

Electron temperature spikes near the window from heating due to the incident RF

waves, although only by a few tenths of eV over the insert-plasma averaged electron
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temperature around 1.2 eV. We also observe an inhomogenous plasma that is sharply

increasing in density downstream from the window boundary. After the transition, our

plasma typically meets the plasma density criterion for surface waves nsw = nc(1 + ε)

[70], where nc is the cutoff plasma density corresponding to a plasma frequency equal

to the incident RF frequency (ωp = ω). In the RFC Cathode, using a boron nitride

window, the surface wave criterion density is 4.0 × 1018 m−3. Although there is

evidence that surface waves may contribute to a sharp transition under experimental

conditions, we have ruled out surface waves as causing the observed transition as our

two-dimensional numerical model (using COMSOL v4.3) does not account for fields

propagating normal to the cathode major axis. We expect RFC Cathode behavior

may vary in experimental testing from our numerical modeling due to the potential

for surface waves to be present.

Figure 3.9: Emitted current versus RF power for five different flow rates corresponding
to pressures used in our simulations. Note the clear increase in emitted current and
the critical transition point’s dependence on RF power and flow rate.

The nonlinear transition is shown for a variety of argon flow rates in Figure 3.9,

where we plot integrated current emitted from the walls as a function of RF power.

The emitted currents are seemingly low, but the operating temperatures we observed
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are also notably low and correspond to the appropriate discharge currents. As noted

above, the radiative thermal boundary conditions applied to the emitter may not

correspond to experimental values and could offset the steady-state simulated tem-

perature significantly.

The transition’s dependence on the gas pressure (therefore on flow rate and orifice

size) and on RF power can be seen in Figure 3.9. We explored the behavior of the

critical transition point and found that the transition is distinctly sharp and occurs

over less than 1 W of RF power increase. However, we do not believe the transition is

due to numerical instabilities as the model’s convergence near the transition is stable

and predictable. Our model does not capture orifice effects or coupling to the external

plasma, so we also do not expect the transition to be related to a plume-to-spot mode

transition typically found in hollow cathodes.

Next in our analysis of the transition, we consider the location of the critical

plasma density that reflects the incident microwaves. For 8 GHz this critical density

is about 8 × 1017 m−3. Figure 3.10 shows an expanding plasma density contour of

8× 1017 m−3 with increasing incident power. We can see that the contour expands to

nearly the entire insert region and contacts the microwave window at the upstream

end as the transition occurs. This corresponds to the RF power being reflected near

the window-plasma boundary and RF power absorption taking place mostly within

a skin depth (∼ c/ωp), which is a few millimeters from the window in our case.

Having observed the changes that the plasma undergoes during the transition, and

a dependence of the critical transition RF power on waveguide length, we attribute the

onset of the transition condition to a microwave cavity resonance that occurs within

the cathode. As described previously, we observe that increasing the RF power added

to a hollow cathode shifts the maximum plasma density upstream. Hence, the critical

plasma density at which the incident RF waves are reflected also shifts upstream.

This axially-moving critical plasma density effectively acts as a conducting wall of
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Figure 3.10: Progression of the critical electron density (8× 1017 m−3) contour with
increasing RF power, showing the transition occurring as the critical density reaches
the upstream window.

a microwave cavity and is “tuning” the cavity as the critical plasma density moves.

The effective microwave cavity length formed by the critical plasma density depth

and the RF input boundary decreases as the plasma density shifts upstream with

increasing RF power. Given a sufficient phase shift of the RF electric field due to this

decreasing cavity length and the appropriate input waveguide length (or appropriate

input RF electric field phase), the cavity abruptly becomes resonant as the reflected

and incident RF waves interfere in a solely constructive manner as seen in both

Figure 3.10 and Figure 3.11. This resonance causes the RF electric field amplitude

to abruptly increase significantly.

Moving to Fig. 3.12 let us first focus on the low reflection coefficient at very low

RF powers (< 20 W). This low reflection occurs at low powers because at lower
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Figure 3.11: RF electric field amplitude curves for different RF powers as a function
of waveguide position. At a critical RF power the electric field amplitude sharply
increases in magnitude due to a cavity resonance condition. Note that the structure
of the electric field amplitude changes significantly after the transition.

pressures (e.g., 1.5 Torr), the plasma is not dense enough to reflect a majority of the

incident RF, i.e., ωp < ω. For higher RF powers after the marked transition points,

the plasma density increases, the skin depth decreases, and higher reflection results.

As we turn our attention to the clear transition points we see significant, sharp

dips in the reflection coefficient Γr where Γr = Pr/Pin. For higher pressures these

drops in Γr occur at lower incident RF powers and are more extreme. This behavior

of the reflection coefficient at the transition signals a nonlinearly increasing “reduced

electric field,” defined as E/n0, the ratio of field to neutral gas densities, correspond-

ing to efficient RF power absorption [71]. Due to the resonant cavity effects at the

transition, the electric field amplitude sharply increases as seen in Fig. 3.11. In addi-

tion, as more power is absorbed, the neutral gas density decreases due to ionization

near the window, causing a pronounced increase in the reduced electric field as seen

in Fig. 3.13 leading to a local spike in electron temperature [71] and an increase in
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Figure 3.12: The reflection coefficient as a function of input RF power and pressure.
Note the larger dip at the transition for higher pressures, corresponding to more
efficient power absorption. At low RF powers and low pressure (1.5 Torr), the plasma
density is below the critical density for RF reflection.

the plasma potential. The combination of the increased plasma density and par-

ticle thermal energies subsequently cause an increased heating of the emitter from

enhanced electron and ion fluxes to the walls. The higher-temperature emitter emits

increased electron current and the effect cascades downstream through the cathode.

It is this described physical mechanism, starting with the resonant cavity mode and

a nonlinear increase of the reduced electric field, that causes the abrupt transition we

have observed in our numerical modeling.

3.3.2 Hysteresis and Post-Transition Stability

Microwave plasma sources have been shown to exhibit hysteresis [70], or plasma

behavior dependent on a “memory” of its operational past. This means that the

plasma can have multiple operating modes even at the same operating parameters

depending on the source’s recent operating history. In the case of the RFC Cathode,

we also found evidence of strong hysteresis, as shown in Fig. 3.14. The hysteresis in
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Figure 3.13: The reduced electric field amplitude E/n0 for different input RF powers,
with these four cases matching those in Fig. 3.10. The reduced electric field increases
with RF power as the skin depth decreases.

Fig. 3.14 is expected to be indicative of experimental operation due to the slow change

in RF power in our numerical simulation. However, for lower RF powers we anticipate

some discrepancy with future experimental measurements as the simulation may not

have reached steady state. Any significant amount of hysteresis in RFC Cathode

operation will decrease the power budget requirement for increased lifetime and high-

current operation.

The dependence of the transition on waveguide length (therefore on RF electric

field phase) is shown in Figure 3.15. We note that the resonance repeats itself as the

waveguide length is arbitrarily increased because of the repeating electric field phase

and therefore a repeating resonance condition. Evidence of the repeating is shown in

Figure 3.15, although, only one resonance is shown for simplicity.

After the transition, the upstream plasma density has reached a magnitude such

that the incident RF wave is reflected at a minimum distance within the cathode,

and further increases in RF power cause relatively small increases in peak plasma

density, emission current, etc. We observe that further increasing the RF power does
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Figure 3.14: The average electron number density over the simulated emitter area is
shown as a function of input RF power as the RF power is increased from 0 to 100
W and then slowly reduced to 0 W. The nonlinear transition behavior as the input
power is increased and the hysteresis in the plasma density as the power is decreased
are both evident. The low RF power range (< 20 W) of the upper branch may not
have reached a steady-state solution.

not transition the cathode operation away from the cavity resonance as the resonance

is maintained for all of the post-critical RF powers considered.

Therefore, according to these results, we would expect that once the transition has

been made the cathode will operate in this post-transition regime for a wide range of

RF powers, both higher and lower than the critical transition RF power.

3.4 Chapter Summary

From our numerical modeling we found that adding RF power to a cathode cavity

does affect the internal plasma in several notable ways. Increasing the RF power leads

to higher plasma densities over most of the emitter length and shifts the maximum

plasma density location upstream along the cathode major axis. This behavior in-
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Figure 3.15: RF electric field amplitude curves for different waveguide lengths. At
a critical waveguide length (4.0 cm in this case) for a fixed RF power (100 W), the
electric field amplitude sharply increases in magnitude due to a cavity resonance
condition. Note that the structure of the electric field amplitude repeats itself as the
waveguide length continues to be increased.

creases the extent of dense plasma contact with the emitter and broadens the plasma

density profile.

Our modeling results support that a large-diameter cathode, such as the RFC

Cathode, improves expected operational lifetime by operating at lower emitter tem-

peratures and increasing the upstream penetration of dense plasma contact. We

expect that the RFC Cathode will reach plasma densities on the order of 1018 to

1019 m−3 along the entire length of the emitter resulting in desired thermally-limited

emission for most of the emitter area.

We also found that a sharp nonlinear transition from a low- to a high-plasma-

density mode occurs which is dependent on the internal neutral gas pressure (and

therefore on flow rate and orifice size), the input RF power, and the incident RF

electric field phase (or waveguide length). This transition results in a substantial

increase in the incident RF electric field magnitude, absorbed RF power, and plasma
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density. We found that an increase in the RF power can be used to reduce the required

flow rate to reach the transition condition.

We have shown that the onset of the nonlinear transition is due to a microwave

cavity resonance that occurs with the added RF waves. The critical plasma density

at which incident RF waves are reflected is shifted with varying RF power, effectively

creating a conducting cavity wall that moves axially to “tune” the RF electric field

phase within the cavity. With the appropriate axial location of the critical plasma

density, the incident and reflected RF waves constructively interfere to cause a sharp

increase in the RF electric field amplitude. With an increased electric field ampli-

tude, the ionization fraction increases and the reduced electric field increases sharply,

signaling more efficient power absorption. With more power absorbed, this leads to a

local increase in electron temperature and an increase in the plasma potential. These

factors cause increased electron and ion fluxes to the walls further heating the emit-

ter. The higher-temperature emitter emits increased electron current and the effect

appears to cascade downstream through the cathode.

Numerically-modeled evidence informed by the literature support this physical

interpretation of the transition and point towards significant beneficial hysteresis

effects which suggest stable post-transition operation. In addition, surface waves

may affect the experimental mode-transition behavior although their existence is not

represented in our model.

The overall performance of the RFC Cathode is significantly improved both be-

fore and particularly after the observed nonlinear transition when evaluated against

our stated goals of decreasing peak current density for a given discharge current and

broadening the axial plasma density profile. The abrupt transition results in an in-

crease of the maximum plasma density by an order of magnitude with a relatively low

level of added RF power, which benefits the cathode’s operational lifetime and dis-

charge current capability. In addition, we have substantiated the benefits expected
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from a large-diameter cathode. In this chapter we have verified the feasibility of

the RFC Cathode configuration from a first-order approach using numerical simula-

tions and uncovered beneficial behaviors that merited an experimental investigation

described in Chapter 4.
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Chapter 4

Experiment1

4.1 Design Features of the RFC Cathode

The large inner diameter of the RFC Cathode was driven by the need for the insert

inner diameter to contain the circular-waveguide cutoff-wavelength of the selected

8 GHz microwave input frequency. The selection of an 8 GHz microwave frequency

in the RF spectrum was derived from a trade-off study between the cathode inner

diameter (acting as a waveguide), attainable RF plasma densities, RF coupling meth-

ods, and the cost and availability of an RF generator and amplifier. The resulting

inner diameter of the RFC Cathode is 2.7 cm, which is approximately twice the inner

diameter of any other LaB6 hollow cathode developed to date. In addition to ease of

selected microwave frequency input, the size of the RFC Cathode presents a unique

opportunity to study the behavior of large-scale thermionic hollow cathodes.

In general, both a larger cathode inner-diameter [32, 42, 47, 60] and added RF

power [61] are expected to increase the maximum discharge current while lowering

current densities as detailed in Chapter 1. Next, we detail specific elements of the
1This chapter has been adapted from Ref. 12: M. L. Plasek, C. J. Wordingham, S. R. Mata, N.

Luzarraga, E. Y. Choueiri, and J. E. Polk. Experimental Investigation of a Large-Diameter Cathode.
In 50th AIAA/ASME/SAE/ASEE Joint Propulsion Conference, 2014.
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RFC Cathode design which impact the operation of a large-diameter bulk-emitting

hollow cathode.

4.1.1 Novel Cathode Design

Figure 4.1 shows side-cutaway views of our RFC Cathode design that balances both

RF and gas input in a high temperature environment. The press-sintered LaB6 that

comprises the emitter region, where the insert plasma is generated, is shown in purple.

Depicted by the orange arrows in the second image in Figure 4.1, microwaves travel

into the cathode tube (which is effectively a waveguide) and through a white disk

made of hexagonal boron nitride. The disk serves both as a low-loss microwave

window and a gas barrier in the cathode waveguide tube. We chose an axial disk

thickness to be half of the incident wavelength (1.0 cm thick at 8 GHz) in order to

maximize the transmittance.

Neutral gas is injected through the gray stainless steel base plate into an annular

region between the two dark-gray graphite cylinders, where it travels downstream and

then moves radially inward into the emitter region immediately after the microwave

window. A two-dimensional view of this path is depicted by the light blue arrows in

Figure 4.1. This novel gas injection scheme was used to prevent gas leakage into the

waveguide portion of the cathode (potentially creating an unwanted plasma in the

upstream waveguide) and to remove the need for costly and potentially problematic

high-temperature brazes or welds on the downstream portion of the cathode.

We selected lanthanum hexaboride as an insert material due to its significantly

higher poisoning resistance than typical dispenser cathode emitters, which allows

for simplified handling and startup procedures [37]. LaB6 as an emitter material also

shows longer simulated lifetimes than dispenser cathode emitters [22,37], the ability to

emit current densities above 20 A/cm2 [37], and has demonstrated discharge currents

up to 300 A [20]. In the RFC Cathode design, we selected an emitter insert length
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Figure 4.1: Side cutaway views of the RFC Cathode created in CAD software. The
purple region in the top image is the LaB6 emitter tube insert. In the bottom im-
age, the orange arrows depict microwave propagation in waveguide, light blue arrows
depict the neutral gas injection path, and the red overlay is the emitter region and
internal cavity. Plasma exits downstream through the orifice to the right. The heater
and heater radiation shielding are not pictured.

of 8 cm, significantly longer than seen in other large hollow cathode experiments

(e.g., 5 cm) [52], so that we can more easily measure and discern the effect of RF

input power on the axial profiles of plasma density and emitter temperature.

The RFC Cathode is significantly larger than previous large-cathode experiments

and, as the cathode is a proof-of-concept experimental lab article only, we limited

the keeper to a graphite disk suspended between the cathode and anode by stain-

less steel rods and ceramic stand-offs. By not entirely enclosing the cathode in a

graphite keeper, we gained access to the outside tube surface of the emitter region
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to place thermocouples and heater leads. This results in the RFC Cathode suffering

greater radiative losses due to incomplete shielding. However, most of the radiation

is reflected by three slotted molybdenum heat shields that are separated from one

another to prevent thermal conduction. We electrically isolated the heat shields from

one another to eliminate one significant source of arcing during operation, which was

exacerbated by the sharp edges of the foil shields.

Heater

The heater is a critical element of a thermionic hollow cathode [72]. The heater is

used to preheat the cathode’s emitter material to a temperature at which significant

thermionic emission can take place and a cathode plasma can be ignited. For a

large-diameter hollow cathode, losses increase substantially with the radius and the

power input required to get to nominal operating temperatures is significant. For

comparison, the typical heater power required to reach a peak axial temperature of

1450 ◦C for the RFC Cathode experiment is around 4 kW, versus 0.4 kW for the

largest cathode reported by Goebel and Chu [30]. We expect that the heater input

power could be lowered with better shielding, although retaining access to the cathode

for measurements makes further shielding difficult. This power requirement could also

be reduced by improving the heater design to increase thermal contact between the

heater and cathode tube.

Due to the relatively high radiative thermal losses derived from the scale and

shielding of the RFC Cathode as well as unoptimized thermal contact between the

heater and cathode, depositing high power results in heater temperatures exceeding

1800 ◦C. This precludes the use of many high-temperature materials for heater in-

sulation that are electrically insulating but retain significant thermal conductivity or

degrade at these temperatures. As a first approach, we have used a bare tungsten wire

as a resistive heater, but we have experienced problems including arcing, stable but
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undesirable current attachment to the heater, embrittlement due to recrystallization,

and undesirable chemical reactions with insulators at high temperatures. Specific

electrical and physical heater details can be found in Section 4.2 with the results and

operational description of our evolving heater design in Section 4.5.

4.2 Experimental Setup

Vacuum Facility

The RF-Controlled Cathode experiment was fabricated and tested in a fiberglass

tank, 2 m in diameter and 5 m in length, which was evacuated to 6 × 10−5 Torr

by two 0.0708 m3/s mechanical roughing pumps, a 0.632 m3/s roots blower and two

95 m3/s diffusion pumps. During cathode operation, the background pressure stayed

in the high 10−5 to low 10−4 Torr range, and during measurements did not exceed

3× 10−4 Torr, as measured by ionization gauges.

Cathode Configuration

An enlarged view of the emitter region of the cathode assembly is presented in Figure

4.2. The cathode components were all housed inside an 8.45 cm long graphite tube

(grade AXM-5Q from Entegris/Poco Graphite). A lip on the downstream end of the

tube held a tungsten orifice plate with a 0.56 cm diameter orifice. To prevent boron

diffusion, a graphite foil “washer” (grade GTB Grafoil) separated this tungsten plate

from the thermionically-emitting lanthanum hexaboride inserts (99.5% pure press-

sintered from Materion). These inserts consisted of two 4 cm long, 2.7 cm inner

diameter, 3.2 cm outer diameter tubes in contact with each other. Upstream of

the inserts, we placed a boron nitride ring (all boron nitride is grade AX05 from

Saint Gobain) in contact with the LaB6. Six evenly-spaced radial holes were drilled

into the boron nitride ring for gas input. Further upstream we placed a 1 cm thick
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boron nitride disk (acting as a microwave window and gas break) and a second boron

nitride ring to distribute spring pressure along the disk’s edge, all separated with more

graphite foil “washers.” The flexible graphite foil was cut into washer shapes that can

compress and recoil. These properties allowed us to use the graphite foil as a seal

to prevent gas flow upstream of the microwave window (or gas break). A tungsten

spring wound in-house and placed upstream of the boron nitride pieces provided a

force to keep all interior cathode components in place and in contact. Surrounding

the outside of the graphite tube were six boron nitride insulating rings, three of which

had 0.76 cm wide slots to allow thermocouple access to the cathode tube surface.

Figure 4.2: A side cutaway view of emitter region of the RFC Cathode.

A picture of the experimental setup installed in the tank is shown in Figure 4.3.

We used a 2.5 turn bare tungsten wire for the heater which is wrapped around boron

nitride rings for electrical insulation from the cathode. We also added graphite wire

beads to stand off the heater wire from the boron nitride insulators, as will be dis-

cussed further in Section 4.5.2. The heater leads consisted of the heater wire along

with many other similar-diameter tungsten wires tightly packed into an alumina tube
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Figure 4.3: The RF-Controlled Hollow Cathode experiment installed in the tank.

for each of the two leads. This setup allowed for lowering both the electrical resistance

and temperature of the leads due a larger effective cross-sectional area. Without the

capability to weld tungsten wires together on-site, this heater lead design was a sim-

ple way to maintain a high-temperature electrical connection between the tungsten

wires that could be disassembled easily. A copper wire lug was used to clamp the

tungsten wires of each heater lead to an AWG 00 (2/0) copper welding cable.

Surrounding the heater were three electrically- and thermally-isolated 0.01 cm

thick molybdenum sheet heat shields, with slots for thermocouples and heater leads.

The graphite keeper plate, 15 cm in diameter and 0.79 cm thick, was placed in front

of the cathode. The keeper orifice diameter was 0.96 cm with a 82 ◦ chamfer to a final

downstream diameter of 2 cm. Four supports held the keeper about 0.13 cm from the

downstream graphite edge of the cathode. Each support was a 12 cm long stainless

steel rod connected to a 7.6 cm long ceramic stand-off. The steel end of each support

was attached to the keeper while the ceramic portion was attached to the cathode

baseplate for electrical isolation of the keeper.
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The upstream edge of the anode was placed 3.8 cm downstream of the keeper

plate. The anode was a 0.08 cm thick copper sheet rolled into a 15 cm diameter,

30 cm long cylinder with ten turns of a 0.95 cm inner diameter water cooling tube

wrapped around the outside. A flexible mastic initially provided good thermal contact

between the cooling line and the copper sheet. However, at higher anode currents,

plasma interactions and localized anode spot heating rendered parts of the mastic

inflexible and the cooling line lost full contact to the cylinder. Due to this reduced

thermal contact, initial testing was limited to below 250 A as localized anode melting

was witnessed at this high current level. Simply brazing the water line to the anode

cylinder is expected to yield a more robust water-cooled anode capable of much higher

currents.

Electrical Configuration

Figure 4.4: An electrical diagram for the RFC

Cathode experiment.

As depicted in Figure 4.4, the exper-

iment was set up in a triode config-

uration. The heater was connected

to an Amrel 32 V, 400 A power sup-

ply. The keeper plate was powered

by a Sorensen 150 V, 20 A supply.

A 50 Ω resistor was placed between

the keeper and the Sorensen supply

to make it a less attractive pathway

for current compared to the anode

circuit. The anode was connected to

this Sorensen supply and to a Rapid

DC 35 V, 650 A supply through diodes; the cathode was grounded.
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This diode-based electrical circuit allows the keeper power supply’s voltage (150 V)

to bias both the anode and keeper plate until the lower voltage (35 V) primary anode

supply can draw sufficient current to further lower the discharge voltage. At this point

the configuration of the diodes causes the keeper to become electrically isolated from

the anode. This allows the keeper and anode to be run simultaneously, in parallel,

even if their respective power supplies are providing disparate voltages (allowing the

anode to bias to the higher of the two supply voltages).

Neutral Gas Input

Argon or krypton gas was injected internally through the cathode as seen in Figure 4.1

and described previously in Section 4.1.1. The input mass flow rate was monitored

using a variable-area flow meter (also known as a rotometer) capable of processing

0-120 SCCM (0.0-3.6 mg/s) of argon or 0-80 SCCM (0.0-5.0 mg/s) of krypton.

4.3 Diagnostics

Data have been collected to assess the performance of the RFC Cathode including

current-voltage traces and axial temperature profiles along the length of the emitter

region. The dependence of these data on neutral gas type as well as the adjustable

parameters of mass flow rate and anode discharge current forms the basis of our

initial characterization. For the temperature measurements, the higher heater powers

required due to incomplete heat shielding was accepted in exchange for thermocouple

access to the emitter region.

We assume that a profile of the temperature along the length of the emitter region

can serve as a proxy for current density along the length. Therefore, variation in the

current density inside the cathode is shown as variation of the temperature profile

on the cathode surface. Measurement of the cathode temperature profile at different
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operating points (varying the parameters listed above) allows for a relative comparison

of profiles and a qualitative understanding of the trends. As noted by Polk, et al.

[73], we do not expect our measurements of the outside surface of the cathode to

match or have a constant offset from the temperature of the inside surface of the

emitter. However, a temperature profile, even of the outside surface, is a relatively

straightforward method that could provide evidence of the extent and uniformity of

the plasma attachment when compared relative to different operating conditions.

The temperature profile along the length of the emitter region was measured at the

outer surface of the graphite tube at four different locations (7.9 cm, 5.4 cm, 3.2 cm

and 0.64 cm from the inner surface of the orifice plate) using 36-gauge, tungsten-

rhenium C-type thermocouples. These thermocouples were insulated by the man-

ufacturer in hafnia which was then coated with molybdenum to an outer diameter

of 0.16 cm. These thermocouples were further insulated by a high-temperature zir-

conia paste and high temperature ceramic tubes (Omega PTRA). This secondary

layer of zirconia and ceramic tube was applied as a precaution due to operating in

a carbon environment and due to damage observed in one instance, possibly from

direct contact with the tungsten heater wire during operation. The temperature of

the input and output water of the anode cooling lines was also monitored using two

K-type thermocouples to provide another measure of the power flowing to the anode.

T-type thermocouples were placed on two vacuum tank windows as the heater can

partially radiate to the tank interior, warranting thermal monitoring of these com-

ponents. All thermocouple readings were independently transmitted wirelessly (via

Omega UWTC-1’s) to a receiver outside the tank to be recorded by a computer.

Additionally, we measured the temperatures of the tungsten wire heater near the

center of the LaB6 emitter length, the tungsten orifice plate, and the boron nitride mi-

crowave window using a disappearing-filament optical pyrometer (Leeds & Northrup

Model 8622-C) [74]. We calibrated the pyrometer against a cavity blackbody source
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(Infrared Systems Development Corporation) to establish a maximum calibration er-

ror of 4% from the reference temperature. The pyrometer measures radiance at a

single wavelength of 650 nm. We made emissivity corrections using the emissivity

values at this wavelength for tungsten (0.44 with an estimated error of ±0.05) and

boron nitride (0.31±0.10) [75–77]. The transmissivity of poly(methyl methacrylate),

or acrylic, at 650 nm [78, 79] was also incorporated into the final emissivity correc-

tion since the measurements had to be made through acrylic vacuum tank windows.

The estimated error of the emissivity values was added to the known error of the

pyrometer measurement for the results reported.

Three shunt resistors with an error of 0.01% of the full scale were used to measure

the cathode, anode, and keeper currents. Anode, keeper, and heater voltages were

measured using voltage dividers connected between those components and ground.

Sampling was done at 4 kHz, averaging 2000 samples per data point, with one set

of samples being taken each second. These diagnostics were read using a National

Instruments DAQ and monitored with LabView software on a computer.

4.4 Operational Ignition Procedure

After installation in the facility, the system was evacuated to the base pressure of

6× 10−5 Torr and the heating cycle started. The heater current was gradually in-

creased to 120-130 A over twenty minutes, delivering up to 4 kW of power at maximum

current and voltage (132 A, 31.8 V). The neutral gas flow was initiated and set to

various values depending on gas species. The cathode supply was set to 35 V while

the keeper supply was turned on but limited to zero current. Once the maximum

thermocouple temperature reached around 1400 ◦C, the heater supply was shut off

and the keeper voltage was turned up. This cold start procedure [80] prevented arcing

and current attachment to the heater. The keeper plasma stabilized with keeper volt-
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ages ranging roughly between 25-40 V (at 20 A). Once the discharge had stabilized,

the heater was turned on again to aid the transition into high-current operation. This

transition took a few minutes to occur, after which the discharge current was turned

up to at least 100 A to secure a stable plasma. The heater was then turned off as

the fully established discharge became self-sustaining at voltages below the anode

supply limit. The anode current limit could then be set at the desired operating

condition until steady-state operation was reached. Fig. 4.5 shows the RFC Cathode

experiment operating without RF at two different discharge currents.

Figure 4.5: The RFC Cathode operating at high discharge current on the left and at
a lower current on the right. The downstream anode exit is at the left in the photos
and the cathode is on the right. Although not distinguishable, the cathode plume is
forming a few-centimeter diameter beam just beyond the keeper plate, signaling “jet”
mode operation.

4.5 Experimental Results and Discussion

4.5.1 Ignition and Non-RF Operation

Following the operational procedure described in Section 4.4, the steady-state pre-

ignition temperature profile shown in Fig. 4.7 was obtained repeatedly (±30 C, 95%

confidence). The locations of the temperature measurements are given in Fig. 4.6.

Figure 4.8 shows the voltages required to start the cathode discharge (applied using

the keeper supply) for a range of argon and krypton flow rates. It is relevant for future
66



large-cathode design and operation to note that much higher argon flow rates were

required to achieve similar ignition voltages than those obtained using krypton (up

to 80 SCCM more for argon at the same ignition voltage, or up to a 40 V difference

for comparable flow rates).

Figure 4.6: Locations of temperature measurements. 1-3 in red are pyrometer mea-
surement locations (1 is the window, 2 is the heater wire, and 3 is the orifice plate) and
4-7 in blue are thermocouple measurements of the outer graphite surface of the cath-
ode emitter region. (Slots exist in the boron nitride insulators for the thermocouples
to touch the cathode wall directly.)

For low-current operation at approximately 20 A of anode current, we found that

the steady-state voltages (Fig. 4.9) and cathode temperatures (Fig. 4.10) tended to

decrease with increasing flow rate, and shifted substantially with changes in the gas

type. All of the measured thermocouple temperatures along the cathode body showed

a decreasing trend with increasing flow rate, in contrast to the trend in orifice plate

behavior reported in Ref. 33.

The RFC Cathode was able to reach stable operation at a range of argon and

krypton flow rates at a current of approximately 20 A. This current is comparable to

the minimum self-heating condition presented for Goebel’s 2 cm LaB6 hollow cath-

ode [31], although the discharge voltage is much higher likely due to differences in

thermal insulation and gas species. We found that initiating a discharge between

the cathode and keeper, and even extracting small currents to the anode (≈20 A)
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Figure 4.7: Temperature measurements taken prior to plasma ignition as a function
of the distance from the inner surface of the orifice plate along the cathode major
axis. 1-3 in red are pyrometer measurements (1 is the microwave window, 2 is the
heater wire, and 3 is the orifice plate) and 4-7 in blue are thermocouple measurements
of the outer cathode surface.

could be effected with relative ease; causing the anode to pull larger currents proved

to be more difficult for the gases and power supplies used. In order to transition to

high-current operation, the full keeper supply current (split predominantly toward

the anode) was maintained and the heater was reactivated up to 4 kW in order to

reduce the discharge voltage to below 35 V (the voltage limit for our high-current

anode supply). For the tested configuration, we could only meet this power-supply-

induced restriction using krypton. We have drawn anode currents up to 250 A with

krypton, and expect to be able to draw much higher currents up to 400 A with our

current infrastructure with an improved water-cooled anode.

Steady-state operation was achieved for anode currents between 20 and 225 A

using krypton, though for currents below 30 A the discharge voltage surpassed the

limit of our high-current supply. The voltage behavior of the RFC Cathode as a

function of current for a fixed flow rate of 42 (±2) SCCM krypton and a fixed keeper

current of 2.2 A is shown in Fig. 4.11. The minimum or dip in the anode voltage and
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Figure 4.8: Discharge initiation voltage as a function of internal mass flow rate in
SCCM for selected operating points using argon and krypton gas.
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Figure 4.9: A comparison of the anode and keeper voltages versus mass flow rate for
argon and krypton at approximately 20 A anode current.

the essentially monotonic decrease in keeper voltage as anode current is increased are

expected qualitative behaviors and have been observed in the literature [22, 31].

The steady-state thermocouple temperatures as a function of discharge current at

the previously mentioned operating condition with krypton are shown in Fig. 4.12.
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Figure 4.10: A comparison of peak thermocouple measurements versus mass flow
rates of krypton and argon. The mass flow rates for each gas are offset from each
other due to different flow meter corrections for each gas.

It is noteworthy that while the RFC Cathode operates at higher discharge voltages

than those for prior cathodes [22, 31], it appears to operate at lower temperatures,

especially near the orifice. Goebel’s 2 cm cathode operates at temperatures between

1500 and 2200 ◦C at the orifice plate [37], whereas the closest thermocouple to the

cathode orifice plate in our configuration never exceeded 800 ◦C for the currents

tested. It is important to note that this thermocouple measurement is not a direct

measure of the orifice temperature, but still provides information regarding the max-

imum orifice temperature. Rather than at the closest location to the orifice, the

maximum thermocouple temperature occurred at the next upstream measurement

location (thermocouple #6 in Fig. 4.12).

The variation in temperature along the cathode tube length is much larger than

the 5% variation in emitter temperature along the emitter length reported for prior

large cathodes [31]. The variation in temperature along the cathode tube and the

location of the maximum temperature are consistent across the tested discharge cur-

rents, though the thermocouple measurements of the cathode tube are not necessarily
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representative of the emitter temperatures or their variation along the cathode length.

These observations suggest that the current setup of the RFC Cathode operates at

lower, but less-uniform, temperatures than comparably sized laboratory LaB6 cath-

odes at the same currents. Possible reasons for a strongly peaked axial temperature

variation include incomplete shielding, less thermally-isolated shielding overall, the

boron nitride insulating rings along the emitter section causing non-uniform thermal

conduction, and larger effective cross-sectional areas due to size at both the down-

stream end(orifice plate) for radiative losses and the upstream end for conductive

losses (two large cathode tubes, even though wall thickness is minimized). More di-

rect measurements will be needed to determine if these temperature variations are

consistent between the cathode tube and emitter itself.
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Figure 4.11: Anode and keeper voltages versus anode current for operation with
krypton. The keeper current was held constant at 2.2 A and the mass flow rate was
fixed at 42 SCCM. The measurement error bars are smaller than the plot markers
used.
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4.5.2 Heater Failure Modes

We have experienced multiple heater failures during operation. Failures are often

presaged by degradation in the heater as evidenced by an increase of the heater

circuit resistance. While multiple factors seen in the literature like thermal gradients,

nonuniform vaporization, and hot spots inherent to tungsten filaments can cause

them to fail [81], these failures generally occur over longer timescales (hundreds of

hours or more) than those observed during this experiment. At worst, we observed

a heater failure in two brief, but high-temperature, thermal cycles. Since there are

no significant mechanical loads on the wire, the likely short term causes of failure are

arcing or material interactions. We expect that one of these causes is dominant for

all of our failure cases.
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Arcing failures of the heater can be correlated to witnessing events during exper-

imentation, usually resulting in failure soon after. Post-run inspection of the wire

reveals clear melting at the break joint. The prevalence of arcing failures was exacer-

bated by exploration of the operational envelope and the ignition procedure. However,

since iterating the design and learning the appropriate parameters for igniting and

operating the RFC Cathode, we have not had significant arcing problems. Arcing

would be solved robustly if a suitable insulating ceramic and fabrication process were

found that could completely isolate the heater wire and withstand temperatures ap-

proaching 2000 ◦C, or if a new heater was designed, potentially using a different

material like graphite.

The second short-term cause of heater failure we have witnessed is material in-

teraction. As seen in Fig. 4.13, visible damage is incurred by both the tungsten

wire and boron nitride insulating rings during operation. This damage only occurs

where the tungsten and boron nitride are in contact and furthermore, wire breaks of

this nature only occur along these damaged areas of contact. To explain the source

mechanism behind this failure, the literature explains that bulk tungsten and boron

nitride can start to interact chemically to produce various tungsten borides when in

contact and at temperatures starting between 800 and 1200 ◦C [82–85]. The quantity

of the various tungsten borides created increases with both time and temperature.

From Ref. 82 we calculated the expected cross-sectional area of boron diffusion to be

greater than 7% of our original tungsten wire cross-section when operated at 1400 ◦C

for 30 minutes. Pyrometer measurements of our bare tungsten heater wire in Fig. 4.7

show that the heater is often at much higher temperatures than this, and at the edge

of our operational envelope, the heater temperature has peaked at over 1800 ◦C.

Tungsten borides are more resistive and have a different thermal expansion coef-

ficient than tungsten [82,86–88] and are known to be brittle [82,83]. The mechanism

by which we expect these heater failures occur starts with the formation of tungsten
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Figure 4.13: Pictured are examples of damaged boron nitride rings (left) and broken
tungsten heater wire (right).

borides on the tungsten heater. The tungsten borides’ higher resistivity than tung-

sten locally increases the temperature at a given heater current. This local heating

aggravates cracking due to the difference in thermal expansion between the tungsten

substrate and surface tungsten borides. The embrittled region experiences strong

temperature gradients and increasing stress from differential thermal expansion until

failure occurs. This is the suspected physical mechanism by which failure in this type

of large-diameter cathode heater occurs.

As a possible solution to the material interaction problem, we have tested using

graphite wire beads to separate the tungsten from the boron nitride. We assume

most of the heat transfer is accomplished through radiation since the heater wire is

typically in little direct contact with the insulating rings. Carbon beads do not seem

to significantly change the thermal contact in our case. The carbon and tungsten

could interact but carburization is usually slow and incomplete in a vacuum or ar-

gon environment. Tungsten carbide is not as brittle as tungsten borides and so we

do not expect their potential creation at the surface to lead to a similar failure as

demonstrated with tungsten borides [88].
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Chapter 5

Conclusions

In exploring new concepts for high-current, long-life hollow cathodes, we have studied

the novel concept of combining a thermionic hollow cathode and an RF cathode to

find out if a microwave plasma can beneficially enhance the plasma structure of a

thermionic cathode. The questions we posed initially are:

• Can we control the internal plasma structure of a thermionic hollow cathode

by adding RF power in such a way so as to increase the cathode’s operational

lifetime and maximum discharge current?

• What are the challenges of scaling the inner diameter of a thermionic hollow

cathode significantly larger?

We have pursued these questions through both numerical modeling and experi-

mentation. Although the findings presented in this thesis are hardly the final answer

to these questions, we have laid some of the foundation for future study and discovery.
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5.1 Summary of Major Findings

5.1.1 Numerical Modeling Findings

From our modeling we found three major effects that result from the addition of RF

power in the tens to few hundred watts:

1. With increasing RF power the plasma density increases significantly over most

of the emitter length,

2. Increasing the RF power causes the axial location of densest plasma region to

shift upstream on the order of millimeters to centimeters,

3. A nonlinear transition occurs in the plasma density, upstream electron temper-

ature, emitted current, and RF power absorption which is dependent on the

neutral gas pressure, the phase of the incident electric field, and the incident

RF power.

The first two of these RF effects are improvements towards reaching our goal of

a broader axial profile of the plasma density. Although the results do not necessarily

indicate a flatter profile, they do suggest that added RF power increases insert uti-

lization over significant axial distances, i.e., centimeters. This corresponds to creating

a similar plasma upstream of the typical emitter-region cathode plasma to promote

a broader plasma density profile that ensures a significant current-carrying plasma

density along entire the emitter length.

The third finding of the nonlinear transition observed in our model also is bene-

ficial to our goals, as it is a mechanism that can produce plasma densities an order

of magnitude higher over most of the emitter with relatively little RF power input.

In addition, we observed a hysteresis effect where high plasma densities are main-

tained post-transition although the RF power is lowered to pre-transition levels. The
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transition and hysteresis behaviors are not uncommon as they are found in both ex-

perimental and numerical studies of microwave plasmas [34, 67–71]. This cathode

concept is particularly promising if these behaviors are experimentally verified as

modeled.

Without RF added, we found in our modeling that a large cathode inner-diameter

does benefit the plasma density axial profile by broadening over a significant distance,

in our case a majority of the 9 cm internal cathode length modeled. The limitation

here is that we do not take into account orifice and external plasma effects to the

internal profile.

5.1.2 Experimental Findings

Although we do not present experimental data on the addition of RF power to a large-

diameter cathode in this thesis, we have taken significant steps in characterizing the

initial operation of the largest LaB6 thermionic hollow cathode to date. From the RFC

Cathode experiment we not only want to build towards experimental verification of

our modeled findings with added RF, but in this thesis we illuminate the design and

operational challenges of large-diameter hollow cathodes. For the latter, we found

that the thermal shielding, the cathode thermal design, and the heater design all

strongly affect the performance and operational parameters of a thermionic cathode.

These expected factors are particularly prominent when working with a large-diameter

cathode as is shown by our 4 kW heater input power versus 0.4 kW for the next largest

cathode [30].

These high heater powers have led to peak heater temperatures of over 1800 ◦C.

To handle this high-temperature regime, current state-of-the-art solutions are not

feasible. The high heater powers and high-temperature regime required new heater

designs, specific refractory materials, and appropriately safeguarding the diagnostics,

such as electrically-isolating each thermocouple independently with a correspond-
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ing wireless relay device.1 In iterating on a new heater design we found that bare,

high-temperature tungsten-wire heaters can often fail due to arcing and undesirable

material interactions. This example illustrates the key challenge of thermal design

for large-diameter thermionic cathodes.

We have found that the RFC Cathode operates in a self-heating mode at a sim-

ilar minimum current to other large cathodes (≈ 20 A), despite a large difference

in scale [31]. However, we had difficulty transitioning to the full operating current

range due to the relatively high voltages required for the large cathode with our

available power supplies and neutral gases (argon and krypton). While a direct com-

parison of discharge voltages for given output currents between the RFC Cathode

and other laboratory cathodes provides limited insight due to thermal design and gas

species differences, the voltage behavior of the cathode follows previously observed

non-monotonic trends with increasing discharge current [30–32,42].

The thermal behavior of the RFC Cathode, however, strays significantly from the

measurements reported in the literature. First, we made what is effectively a proxy

for an orifice plate temperature measurement by using a thermocouple in contact

with the cathode tube directly adjacent to the orifice plate (#7 in Fig. 4.6). To

support the similarity of this proxy to the actual measurement, Fig. 4.7 shows an

actual pyrometer measurement of the orifice plate (#3 in Fig. 4.7) which is lower in

temperature than the proxy thermocouple temperature (#7). Both measurements

are within approximately 100 ◦C of each other. Comparing this proxy orifice plate

temperature measurement across discharge currents shown in Fig. 4.12 with the lit-

erature [30, 31, 33], we find that the RFC Cathode operates at dramatically lower

temperatures across discharge currents. In fact, even assuming a large error of a

few hundred degrees within our proxy orifice plate measurement, our large-diameter

cathode is operating at temperatures of 100’s to roughly 1000 ◦C less than other
1At least one cathode thermocouple had a critical insulator failure, which in turn rendered the

corresponding wireless relay device electrically damaged and unusable.
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large cathodes! Although starting the cathode may require high heater powers and

corresponding high-temperatures due to thermal design and size, once operating, the

large-diameter cathode appears to operate at much lower temperatures than previous

thermionic cathodes.

Secondly, at low discharge currents the RFC Cathode displays a temperature

trend with increasing mass flow rate that opposes previously reported trends in orifice

temperature [33]. Finally, we found that the variation of the axial temperature profile

varies widely and observe a peak which is distanced from the orifice. We found

the measured temperature profile peak is uniquely distanced from the orifice when

compared the literature [2,32,43], which we expect to be driven by the cathode orifice

size, the inner diameter of the cathode, and the thermal design of the RFC Cathode.

In summary, we have setup and tested a large-diameter cathode experiment, made

initial progress in characterizing the cathode, and have identified the significant chal-

lenges to designing and operating such a cathode. By iterating on solutions to these

identified challenges, data can be collected with the RF power added to compare ex-

perimental RFC Cathode findings with the numerically-modeled findings presented.

5.2 Recommendations for Future Work

Planned future work includes further characterization of the large-diameter RFC

Cathode without added RF power, necessary experimental improvements, and the

determination of the effects of adding RF power. Further characterization efforts can

be aimed at investigating the much lower operating temperatures observed, explor-

ing the level of correspondence between the cathode axial temperature profile to the

emitter profile, and operating the cathode with xenon to get a closer voltage compar-

ison to other cathodes across discharge currents. As the large-diameter of the RFC
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Cathode is pushing the envelope of thermionic hollow cathode size, the experimental

and design challenges identified must be addressed first.

A major experimental challenge is improving the thermal design of the RFC Cath-

ode which includes thermal shielding and heater design. With a better shielding

strategy the required heater power will be minimized. Better shielding may also help

improve the currently wide variation in the axial cathode temperature profile. In

order to obtain significant testing hours without heroics, the heater failure problem

must be addressed with a more robust design. This could include different insulator

or heater materials. As our research on high-temperature heaters is exploratory, we

expect that there is significant progress yet to be made in this area for large-scale

thermionic hollow cathodes.

Another experimental challenge is the relatively high voltage required to operate

the large-diameter cathode in our initial testing, although starting ignition voltages

have all been relatively low, under 100 V. Clearly, the gas species significantly affects

both the plasma ignition voltage and operating voltage for a given discharge current.

This operating voltage behavior for a large-diameter cathode quickly becomes a cost

trade-off: Access to costly power supplies that are capable of both high currents

and voltages, or investment in xenon gas (or secondarily, krypton) with the lowest

expected voltage requirements. Further reductions in operating voltage are likely

possible by addressing other system effects, though gas species is likely predominant.

Finally, three further areas of experimental improvement to be made regarding

the addition of RF power are: improving the robustness of the microwave window/gas

break at the vacuum tank wall, adding a diagnostic to measure if any gas leaks (or any

plasma is created) in the upstream waveguide, and adding the ability to more stably

tune the cathode microwave cavity. Although data collection with added RF power

was attempted, the vacuum tank gas break failed on early attempts and tuning the

microwaves to the varying-impedance plasma proved to be challenging as expected.

80



However, the aforementioned improvements should allow for successful data collection

while adding RF power.

With promising numerical-modeling results and an operating large-diameter cath-

ode experiment, the RF-Controlled Cathode warrants further experimentation with

added RF power in order to judge this novel concept on the basis of high-current,

long-lifetime operation.
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