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Electron bombardment ion thrusters currently form the cutting-edge of spacecraft
propulsion technology. Offering substantial mass savings in comparison to chemical
thrusters and being an enabling technology for some high energy missions, these devices
have passed, in recent years, from a high state of development to actual application in
space. This was primarily due to the efforts of such agencies as NASA with its highly
successful technology demonstrator Deep Space 1, along with their commercial
application in NSSK of communication satellites.

Alternative propellants for xenon might be necessary for high specific impulse missions
and as cheaper alternatives for reduction of operating costs. Prior to this, operation with
these gases has to be demonstrated and any adverse effects on thruster performance
incurred by their use have to be identified. In particular, characterisation of these gases
has to be carried out in the ion thruster’s primary electron production region, the hollow
cathode. The hollow cathode, in spite of its importance to the thruster’s operation, was
poorly understood. This is due to the difficulty of conducting non-intrusive investigations
on the small scale required in the hollow cathode cavity.

Experiments have been performed on the T6 hollow cathode to characterise four
propellants: xenon, krypton, argon and a krypton/xenon mix in the natural occurring ratio.
An extensive study was conducted on the hollow cathode internal plasma dealing with
two aspects of hollow cathode operation: the transient (starting) phase and the steady
state phase. Discharge initiation characteristics were investigated for these selfsame
propellants for a wide range of mass flow rates and cathode tip temperatures. Discharge
initiation was found to be repeatable and occurred at low values of keeper potential. A
novel set of experiments was carried out on the breakdown plasma optical emission using
photomultiplier tubes. The steady state work involved characterisation of the hollow
cathode discharges for all the propellants in diode configuration. This was then followed
by a spectroscopic investigation of the hollow cathode internal plasma under different
discharge conditions. The spectroscopic techniques enabled a non-intrusive comparison
and study of the discharge for the different propellant species.

Simple models and theories were developed to describe HC behaviour. Penning
ionisation was found to be active during the breakdown phase, leading to anomalous
breakdown behaviour. A new theory is proposed that relates the plume and spot modes
and transition between them to the current collection mechanism at the anode.



Like one that stands upon a promontory,

And spies a far-off shore where he would tread,
Wishing his foot were equal with his eye;

And chides the sea that sunders him from thence,

Saying, he’ll lade it dry to have his way.

Richard,
Henry the Sixth
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Chapter 1
INTRODUCTION

1.1 The benefits of ion propulsion

Satellites, after leaving their launch vehicle, require some means of on-board
propulsion. This is necessary for a variety of purposes, which can be divided into
primary and in-orbit secondary propulsive roles. For satellites in geostationary orbit
(GEO), there is a requirement for secondary propulsion during the length of the
satellite lifetime for orbit maintenance and attitude control, to counteract the
gravitational effects of the sun, the moon and the earth’s oblateness which tend to
perturb the spacecraft orbit. Low earth orbit (LEO) satellites, existing in a rarefied
atmosphere, require on-board secondary propulsion to conduct correction manoeuvres
for the effects of atmospheric drag and for attitude control. The primary propulsive
role involves tasks such as propelling interplanetary probes to their final destination
and conducting orbit transfer manoeuvres from a temporary orbit to the final
operational orbit (for example a satellite delivered to a geostationary transfer orbit

(GTO) requires on-board propulsion to transfer it to GEO).

These operational requirements were traditionally fulfilled by a chemical propulsion
system, which entails the expansion of a gas through a divergent nozzle. The
expanding gas can either be ‘cold’ (simply a pressurised gas expanding from a storage
vessel) or the gas can be heated by a reaction of the fuel/oxidiser type. Energy is
added to the gas by the combustion reaction and thus the achievable exhaust velocities
are fundamentally limited by the energy released in the chemical reaction. The
maximum exhaust velocity that can be obtained with such a system is around 4.7 km/s

[41].

The significance of the exhaust velocity to the efficiency of a space propulsion system
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is best illustrated by the simple rocket equation:

M
Av, =v, ln{——iJ (1. 1)
M,

Here Av, is the required velocity change to conduct a manoeuvre, v, is the propellant
effective exhaust velocity, M, and My are the masses of the spacecraft at the start and
end of the manoeuvre. Inspection of equation (1.1) reveals the importance of
achieving as high an exhaust velocity as possible. A high exhaust velocity reduces the
fuel required for a given manoeuvre; consequently, this reduction in fuel allows a
higher final mass (or payload) fraction to be achieved. Because a rocket’s mass ratio
decreases exponentially with increasing exhaust velocity, even a small improvement
in exhaust velocity can lead to an appreciable increase in useful payload size for a

given vehicle.

Another often used figure of merit for a propulsion system is the engine’s Specific

Impulse (SI) (Z,p). This is defined as the ratio of the thrust (7'=m v, ), to the total mass

rate of flow of propellant, 1, in terms of sea level weight:

[ == (1.2)
’ng() g()

where g, is the sea level gravitational acceleration.

In order to overcome the chemical propulsion limits on the maximum achievable
exhaust velocities some propulsion systems, such as ion thrusters, decouple the
expellant and the energy input source. Ion thrusters make up a branch of what is
collectively known as ‘Electric Propulsion Systems”. An electric propulsion system is
defined as a system that causes: “The acceleration of gases for propulsion by
electrical heating and/or by electric and magnetic body forces” [70]. In the ion
thruster class, electrostatic body forces are used to accelerate positively charged
particles. The attainable exhaust velocities are only limited by the capabilities of the

available power supplies and, ultimately, by the speed of light [41].

o
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To quantify the potential benefits of employing an ion thruster system: Chemical
propulsion systems have a maximum expected SI of around 480s. These values imply
that, to achieve a desired final velocity, a significant amount of propellant is required,
which can, in some cases, exceed the dry mass of the spacecraft. By contrast, ion
thrusters using xenon propellant can easily achieve exhaust velocities of 30-60km/s,
corresponding to a specific impulse of 3100-6100s [47]. This is an order of magnitude
higher than chemical systems, with a reduction by the same factor expected (for small

Av,) in the propellant mass.

The reduction in propellant mass requirement can be used to increase the useful
payload. Alternatively, it can be used to decrease the total vehicle mass, and hence
launch costs, or the operator can opt for extending the mission lifetime. The high
specific impulse of ion engines makes them an enabling technology for some high
energy missions which have been, until their advent, impossible. Having said that, the
use of an ion propulsion system does incur some penalties. These include a need for
substantial electric power, with the associated penalties of increased thruster
complexity and dry mass when compared to an equivalent chemical system. This
mass penalty is, however, more than offset by the overall mass saving in numerous

cases.

1.2 Ion thruster development

The first description or “definition of the concept” of ion propulsion is usually
attributed to R.H. Goddard [156], who informally indicated as far back as 1906 (when
very little was yet known about electrons and ions) the possibility of using charged
particles as exhaust for rocket engines. Twenty three years later, Professor Herman
Oberth dedicated a chapter to electric propulsion in his classic treatise on rocketry and
space propulsion [120]. In the intervening years prior to the beginning of the war, ion
propulsion in general does not seem to have received much attention. In the post-war
period, the advances in rocketry and the development of promising practical space
electric power sources such as nuclear reactors caused a renewed interest in the field,

with notable contributions by Shepherd & Cleaver [143], Forbes [52], Lawden [93],



CHAFTER 1 INTRODUCTION

Spitzer [151] and Romick [137]. Stuhlinger [152, 153, 154, 155, 156] published a
series of papers in which the feasibility of the ion propulsion system was studied and

some problem areas were identified and addressed.

By the late 1950’s, several experimental studies were underway on various ion
propulsion concepts. Harold R. Kaufman in 1959 began working at NASA Lewis on
improving the efficiency of the ion generation and acceleration processes. His work
culminated a year later in the operation of the world’s first broad-beam electron-
bombardment ion thruster [75, 76]. In recognition of his pioneering work, all ion

thrusters sharing Kaufman’s design still bear his name.

Benefiting from the strong political will that existed during the space race era, the
subsequent development of ion propulsion systems proceeded at a phenomenal pace.
By 1970 the maturity of the propulsion system was demonstrated by two flight tests
under NASA’s SERT (Space Electric Rocket Test) program. SERT I, launched in July
1964, was the first successful space test of an electrical propulsion system, in which a
Kaufman-type thruster was operated for 31 minutes over a sub-orbital ballistic flight
[70]. The SERT II test, which followed in 1970, was actually an on Earth-orbit, long
duration test-bed of ion thruster technology. It investigated such issues as the radio
frequency noise generated by the thruster and it demonstrated successful charge
neutralisation of the ion beam. It is interesting to note that the SERT II test achieved
11.5 years of successful operation. Subsequent development activities continued
through parallel programs in both the US and UK on the application of Kaufmann
thrusters to satellite North South Station Keeping (NSSK). Work has also been
directed towards alternative ion production schemes, which has resulted in the
development of the multi-pole electron bombardment devices in the USA [98], and

devices employing radio-frequency ionisation sources in Germany [84].

In early thrusters, mercury was usually used as propellant, because of its low
ionisation potential, large atomic mass and its relative ease of storage. However, the
lack of available power on spacecraft and concerns, from the usually conservative
spacecraft operators, with mercury contamination of spacecraft surfaces and the near
space environment, led to a temporary decrease in interest in ion propulsion, in spite

of its high state of development and the significant benefits from its use. Fortunately,
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in the mid 1980’s, when more power became available on spacecraft, a shift occurred
towards using xenon as a propellant. Xenon, being an inert gas, eliminated the risk of
contamination. It also greatly simplified thruster design by removing the need for
flow vaporisers and isolator heaters which were required to keep mercury in vapour

form, but it also greatly complicated the required feed systems.

Presently, ion propulsion is slowly gaining a place as a prominent, reliable and, most
importantly, flight qualified technology. This is mostly due to the efforts of
organisations involved in its development, through programs such as NASA’s
NSTAR program (NASA Solar Electric Propulsion Technology Application and
Readiness) and Hughes (now Boeing) offering the technology as standard on the their
communication satellites. The NSTAR program resulted in the XIPS-30 electron
bombardment ion thruster, which was the primary propulsion for NASA’s Deep
Space 1 (DS1) mission. Launched in October 1998, DS1 was intended as a
technology demonstrator for 12 advanced technologies, which included its propulsion
system. It successfully completed its primary mission to asteroid 1992KD in
September 1999 and the mission was extended to fly by Comet Borrelly, which was
achieved in September 2001. The operation of the ion thruster throughout the

mission’s long duration was flawless. DS1 was retired in December 18, 2001.

Closer to earth, space operation of ion propulsion systems has been demonstrated in
the NSSK role by the Hughes telecom satellites and more recently with ESA’s
ARTEMIS telecommunication satellite. The efficiency, versatility and (perhaps)
elegance of the ion propulsion concept is nowhere better illustrated than in the
ARTEMIS mission. Launched in July 2001, ARTEMIS has an Ion Propulsion
Package (IPP) for NSSK, consisting of two RIT-10 radio-frequency ion thrusters and
a pair of UK-10 Kaufman-type electron bombardment ion thrusters [183]. A
malfunction in the launcher’s upper stage resulted in an orbit apogee of 17,500km, far
short of the targeted GTO with an apogee of 35,850km. A daring recovery mission
was then started. The reserves of chemical fuel were expended in raising the satellite
to a circular orbit of 31,000km. New steering strategies, involving significant
reprogramming of the original control software, were then used to conduct an orbit-
raising manoeuvre using the satellite’s on-board ion propulsion engines. The long

salvage operation, which lasted 18 months, was successfully concluded with



CHAPTER 1 INTRODUCTION

ARTEMIS achieving its designated GEO orbit in January 2003. The ion propulsion
system, operating outside its predetermined role, was able to change this mission from

a total loss to “arrival on station”, with almost seven years of normal use predicted

[183].

1.3 Objectives of the current study

The main focus of this thesis is the hollow cathode (HC) discharge, which is the
electron production region in the Kaufman thruster and its sole means of neutralising
the space charge of the ion beam. The hollow cathode is not unique to the Kaufman
thruster and fulfils the same roles in both the ring-cusp design [98] and the Hall-effect
thrusters [203]. In electrostatic thrusters using the radio-frequency (RF) ionisation
process, it is used for neutralisation only. HC’s are also employed as a plasma-bridge
neutraliser to control spacecraft charge [172]. In this light, the findings of this work

will have wide ranging applicability.

Hollow cathode performance has a decisive impact on overall thruster stability,
efficiency and lifetime. Some of the major issues of concern in modern HC’s are here

listed:

1. The production of noise and oscillatory disturbances in HC discharges, which can
have a negative impact on overall thruster stability. This affects both the efficiency

and the levels of electromagnetic interference (EMI) produced by the thruster.

2. The severe sputter erosion, attributed to high energy ions and observed on

structures downstream of high current HC’s, which can limit thruster lifetime.

3. Cathode lifetime and performance degradation, which is primarily caused by
depletion of the low work function material in the dispenser, and ion bombardment

sputter erosion of cathode surfaces.

There exists a lack of understanding of the basic processes occurring in the HC cavity.

And hence, all of the above concerns are avoided or mitigated rather than understood.
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Operators usually embark on comprehensive characterisation and life-testing to
identify conditions leading to excessive decrease in lifetime (high cathode
temperature) or conditions leading to the generation of noise and oscillation. These
conditions are then avoided and an operational envelope is defined. This is a relatively
costly process. Introducing a new design, or even using a new propellant with an old

proven design, requires a repetition of the extensive characterisation exercise.

There are two main, and complementary, objectives to this investigation. The first is
operational and economic. Xenon is currently the propellant of choice for gridded ion
thrusters, but, as has been suggested by Fearn [42], in order to enable high Av,
missions, the use of propellants with a lower atomic mass, such as argon, might be
necessary. The feasibility of operating the HC using these alternative propellants has
to be demonstrated. Moreover, there is an interest in decreasing the propellant cost in
missions, and during the development and ground testing phases (especially life-
tests). A Kr/Xe mixture in the naturally-occurring ratio (1:12, Xe:Kr volumetric ratio),
for example, could offer a 15 fold cost saving when compared to pure xenon, and 2-3
fold cost saving when compared to pure krypton. It was thus proposed to carry out a
characterisation of a T6 HC discharge using the four gas propellants argon, krypton,
xenon and a krypton/xenon mix in the naturally occurring ratio. The characterisation
was to be carried out over as wide a range of cathode operating conditions as possible,
with a view to identify operating conditions that cause the onset of instability and

noise, and to assess any performance penalties of operating with the alternative gases.

The second, and more fundamental, aim is to further the current (poor) state of
understanding of HC physics. This entails conducting empirical investigations of the
two stages of cathode operation: discharge initiation (starting) and steady state. The
physical processes occurring in the HC interior plasma are not very well understood.
This is mainly due to lack of measurements of the plasma parameters. Furthermore,
the starting phase of the HC discharge has not been the subject of extensive

Investigation.

To study the steady-state behaviour, it was proposed to carry out a spectroscopic
investigation of the HC internal plasma simultaneously with the characterisation of

the various propellants. That would enable the measurement of HC plasma properties
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and their dependence on cathode operating parameters, which would give some
insight into the physical processes taking place and facilitate the construction of a
model of the HC discharge. In the same vein, the processes leading to the
establishment of the discharge and the setting up of a plasma in the HC suffer from
the same shortage of experimental investigation and its attendant effect of a lack of
understanding. It was also proposed that the same empirical process of comprehensive
characterisation and monitoring of the plasma formation using the selfsame gases

would shed some light into the transient, initiation phase of the HC discharge.

It has to be mentioned here that, at the beginning of this investigation, the objectives
of this work were to conduct a spatially-resolved spectroscopic study of the cathode
internal plasma in steady state and to conduct a temporally and spatially-resolved
spectroscopic study of the breakdown phase of the HC discharge. To this end, a
special hollow cathode was designed which facilitated probe access, and some novel,
high temperature optical fibre sensors were designed and constructed. This activity,
along with the design and procurement of the experimental apparatus, occupied the
first two and a half years of this PhD, but regretfully work on the instrumented hollow
cathode did not pass the design stage for a long period of time. The manufacturer’s
delays made continuation of the project very difficult, and the emphasis of the
research had to be changed. The work on the instrumented hollow cathode is the

subject of Appendix A, to which the reader is referred for more details.

1.4 Thesis structure

The following chapter, chapter 2, aims to present a review of the available literature
and the current state of knowledge of HC behaviour. It starts by an introduction to the
basics of Kaufman-type ion thruster operation and a brief description of each of the
plasma regions contained in the thruster (the HC internal plasma, the coupling plasma,
the main discharge plasma and the beam plasma). It then moves on to describe the HC
discharge, in which this work is more concerned, in more detail. The HC construction
and the various proposed electron emission mechanisms from its surface are

discussed. The chapter then details the present state of knowledge and the previous
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work carried out in the HC internal plasma. It ends with a similar description of the
work carried out to date on HC starting. Areas of uncertainty are highlighted and

discussed.

Chapter 3 gives a description of the various models of the plasma state and
demonstrates that the HC discharge, with all the inert gases used here, is best
described by the Collisional-Radiative (C-R) model. Following the establishment of
the plasma model, the various techniques that can be used to interpret the
spectroscopic data are reviewed. Then a brief presentation of the general gaseous
breakdown theory is made, which is of relevance to the breakdown part of this
investigation. The chapter ends with a review of some of the models developed by

investigators for the HC discharge.

Chapter 4 contains a discussion of the experimental equipment used in this work,
including the vacuum chamber and associated systems, the T6 enclosed-keeper HC in
diode test configuration and the electrical set up. Finally, a description of the

diagnostic equipment employed is also given.

Chapter 5 is concerned with the experimental set-ups and procedures used in the
various test programs. It describes the range of experiments performed and illustrates

the procedures and precautions taken to ensure repeatable and accurate results.

Chapter 6 gives a comprehensive report of the experimental results of this study. The
chapter begins with a presentation of the results from the discharge initiation
investigations, which is then followed by those for the steady-state phase. The trends
in the results are highlighted and comparison is made between the various propellants.
The analysis and discussion of the results is left to chapter 7, in which simple models

and theories are developed to describe HC behaviour.

Chapter 8 contains a synopsis of the main conclusions of this study, with

recommendations for future work.



Chapter 2
BACKGROUND AND LITERATURE REVIEW

Introduction

This chapter introduces some of the basic background concepts of relevance to the
present study. The chapter commences with an overview of the principles of operation
of a Kaufman ion thruster, and a brief description of the several distinct plasma
regions within it. These are, namely, the hollow cathode internal plasma, the coupling
plasma, the main discharge plasma and the beam plasma. This is followed by a
review of the current state of knowledge of the hollow cathode plasma conditions, the
main subject of this thesis. The ignition and steady-state operation of the hollow
cathode, in spite of being critical to the performance of the thruster system, are poorly
understood. The chapter presents the experimental observations and theoretical work

to date on these two aspects of hollow cathode operation.

2.1 Principles of Kaufman-type ion thruster operation

The Kaufman-type thruster’s method for ion production is by electron bombardment
of the neutral propellant. As previously mentioned, mercury was used in the early
thrusters. In the mid 1980s a shift occurred towards using xenon, which is currently
the propellant of choice. The concept behind any ion thruster system is essentially
straightforward. It functions by achieving four tasks: 1) Production of electrons, 2)
Acceleration of the electrons to ionise a neutral gas, 3) Acceleration of the resulting
ions to high velocities to produce thrust and, finally, 4) Neutralisation of the ion beam
space charge. The methods the Kaufman type engine employs to fulfil these tasks lead

to the formation of four distinct plasma regions in the thruster. These regions,

10
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illustrated in figure 2.1, are: the hollow cathode plasma, the coupling plasma, the

main discharge plasma and the beam plasma.

The cathodes used in the early thrusters were simply lengths of refractory metal wire,
which emitted electrons thermionically when a current was passed through them.
These were, however, particularly susceptible to sputter erosion, which severely
limited their expected lifetime. This durability issue led to the introduction of hollow
cathodes. The hollow cathode is basically a refractory metal tube, terminated at one
end by an orificed plate. A dispenser containing a low work function material is

included inside the cathode to enhance its electron emission.

Containment Outer pole piece

magnetic field
Acceleration

Solenoid

Inner pole piece grids
Cathode
heater _'> Ton beam/beam
k- — & —plasma
Gas feed
Nk )
Main flow distributor |
Hollow e '
cathode/ Keeper Neutraliser
HC plasma
Coupling
plasma Discharge il

Baffle plasma

Figure 2.1: A modern Kaufman-type ion thruster [112]

Initiation of the main discharge proceeds as follows: The discharge to the HC is first
initiated by flowing propellant through it, heating it to thermionic emission
temperatures and then applying a positive potential of a few hundred volts to an
electrode situated a few millimetres from the tip, known as the ‘keeper’. Following
breakdown, the discharge is then transferred to the main discharge chamber by
applying a few tens of volts to a cylindrical anode. The keeper’s function does not end
with discharge initiation and it continues to draw current from the discharge during
steady-state operation. This is done to guard against the cathode electron emission

being extinguished by an interruption in the main current to the anode or ion beam.

11
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The presence of the keeper thus ensures the continuity of the HC discharge in the
event of an interruption and also simplifies the process of re-establishing the main

discharge, hence the name “keeper” electrode.

The ionised gas emerges from the hollow cathode into the coupling plasma. This
region of space is separated from the main discharge plasma by the inner pole piece
and a non-magnetic baffle disc. The design of the baffle disc/pole piece assembly
introduces a potential difference between the coupling plasma and the main discharge.
The electrons accelerated through this potential difference form the primary electron

population in the discharge chamber, with typical energies in the 20-30eV range.

Partially-ionised propellant and primary electrons stream from the coupling plasma
into the discharge chamber. There, they are joined by more neutral propellant
introduced directly into the discharge chamber through a hollow ring on the thruster
backplate. The ionisation efficiency in the discharge chamber is greatly enhanced by
an applied, azimuthally symmetric, divergent magnetic field. This field is usually
generated by solenoids or permanent magnets equispaced around the discharge
chamber circumference. Inside the discharge chamber, the field links the cylindrical
inner and outer pole pieces. As the primary electrons emerge from the baffle annulus,
they are confined by this magnetic field, which forces them to spiral around the field
lines and prevents them from streaming directly to the anode. This effectively
increases the probability of them achieving ionising collisions. These electron-neutral
collisions cause a primary electron to lose its energy and lead to the formation of an
ion and a secondary electron. The primary and secondary electrons continue to spiral
around the field lines and may participate in further collisions before ultimately

diffusing across the magnetic field lines to be collected by the anode.

The downstream limit of the main discharge plasma is defined by the thruster’s
extraction electrodes. The ions produced in the main discharge drift in all directions,
and are unaffected by the magnetic field because of their large Larmour radius. Those
ions that drift towards the exhaust plane of the thruster are accelerated by the
extraction electrodes into a linear, high-velocity (30 to 50km/s) ion beam. The ion
extraction system is usually comprised of two to three closely spaced, perforated

electrodes. These typically contain several thousands apertures to facilitate the ion
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flux through them. The first grid, known as the screen grid, is maintained at the
cathode potential and acts as a virtual ion source for the extraction system. The second
grid or the accelerator grid is maintained at a high negative potential of 1 to 3
kilovolts relative to the screen grid and is thus responsible for the ion accelerating
electric field. A third decelerator grid is included to mitigate sputtering damage of the
accelerator grid surface produced by charge-exchange ions, which is one of the life-

limiting processes in the thruster.

To prevent the build up of space charge, it is necessary to neutralise the positive space
charge of the emerging ion beam. This is accomplished by electrons emitted from a
hollow cathode, identical to the one used in the discharge chamber, located just
downstream of the exit plane. A plasma is formed in this neutraliser by a discharge
between the cathode and a keeper electrode, electrons are extracted from this plasma
according to requirement. The neutraliser consumes small amounts of propellant,

operating at xenon flow rates typically a few percent of those in the thruster.

2.2 The hollow cathode discharge

In electron-bombardment ion engines, hollow cathodes serve the dual purpose of
providing primary electrons to ionise the propellant gas, and for neutralisation of the
ion beam space charge. The HC is, paradoxically, one of the most important
subsystems of the ion thruster and, at the same time, amongst the least understood.
Considerable effort has been directed at optimising its performance and extending its
lifetime. However, the basic physics of operation of the HC is not understood, and, for
expediency, the development work has been based on empirical experience. This lack
of understanding stems mainly from the considerable difficulty of conducting plasma
measurements in the severely limited space (~ 1-2mm dia.) of the hollow cathode

cavity.
This section attempts to compile the current state of knowledge of HC phenomena in

both the steady-state and the transient (discharge initiation) phases of operation. It

first describes HC construction and details the various proposed emission and
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operating mechanisms. It then goes on to review the steady-state plasma
measurements carried out in the HC cavity, followed by a review of experimental
studies on the discharge initiation dependence on cathode parameters. Based on some
of the measurements reported here, a number of investigators have proposed models
for the physical processes occurring in the HC discharge. This is the subject of a later

discussion in chapter 3.

2.2.1 Hollow cathode construction

A schematic of a typical hollow cathode is shown in figure 2.2.

Stainless steel flange

Tantalum body Flame sprayed alumina Molybdenum heat shield

= ={\

Heater leads Resistance wire heater Porous tungsten dispenser

Figure 2.2: Schematic of a typical orificed ion thruster hollow cathode.

The hollow cathode main body is essentially a tantalum tube (of less than lcm
diameter) with a tungsten tip, containing a small orifice (~Imm diameter), electron
beam welded to the downstream end. In newer designs, specifically the T6 hollow
cathode [40], the cathode is machined from solid, such that the tip and the tube are
made of the same material. This is done so as to minimise the risk of tip weld failure.
The cathode is surrounded by resistance heater wire, which is wound around the
cathode body. The heater wire was usually embedded in flame sprayed alumina.
Recently, however, machineable ceramics have been preferred for ease and
consistency of manufacture. The heater is used to raise the temperature of the cathode

to thermionic emission temperatures (about 1000°C for a standard cathode) prior to

14



CHAPTER 2 BACKGROUND AND LITERATURE REVIEW

starting the discharge. After discharge initiation has ensued, it can be switched off, as
ion bombardment of the insert surface can maintain the energy input required for
electron emission. A multi-turn molybdenum heat shield surrounds the assembly in
order to minimise radiative Josses and therefore reduce the power requirement for

heating. Neutral gas is fed from the other end of the cathode via a flange.

Lowering the work function of the hollow cathode surface would enhance the
thermionic emission current dramatically. Thus, hollow cathodes usually contain a
source of low work function barium (or in some cases LaBg). Initial hollow cathode
designs had the interior surfaces simply coated with a triple oxide mixture containing
the substance. These designs suffered from rapid depletion of the internal coating,
probably due to evaporation and/or ion sputtering. They were later modified to utilise
rolled foil inserts coated with the same emissive mix, which provided a greater
surface coverage of barium, but coating depletion persisted to be a problem. Porous
tungsten dispensers were later developed. These are essentially hollow porous
tungsten cylinders impregnated with a 4:1:1 mixture of BaO, CaO and Al,Oj3 (refer to
figure 2.2), which provide long operational lifetimes (order of 10,000s of hours) and

robustness (which is a requirement due to the severe launch environment).

2.2.2 Hollow cathode emission theory

The hollow cathode is simply an efficient source of electrons for the discharge. The
fundamental question of what mechanism (or mechanisms) is responsible for electron
emission from the insert surface has not yet been conclusively answered. Several
mechanisms have been put forward in an attempt to explain the high emission

currents observed.

Heating a metallic object gives energy to electrons in the conduction band, enabling
them to break free and escape the surface. The process, known as thermionic
emission, is dependent on the work function and temperature of the emitting surface.
The electron current density from a thermionically emitting surface is described by

the Richardson-Dushman equation [22]:
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(2. 1)
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where T is the surface temperature, m, is the mass of an electron, k is the Boltzman

constant, & is the Planck constant, e is the electronic charge and ¢, is the work

function of the material.

Inspection of equation (2.1) reveals the importance of the low work function material
in reducing the required power input to maintain a given cathode emission current
density. For hollow cathodes employing a heater and an impregnated insert, it seems
that thermionic emission is necessary to facilitate discharge initiation at low values of

breakdown voltage (<1KV) and moderate values of tip temperature, but the site of

this emission has not been established. Work done using internal electrodes at DERA
[48] has demonstrated that thermionic emission is by no means a fundamental

requirement for starting.

Once the discharge has been initiated using the keeper electrode and the current has
been drawn to the anode, the high current densities involved preclude thermionic
emission as the only mechanism of current production. The presence of a very dense
plasma inside the cathode, as confirmed by Langmuir probe and spectroscopic
measurements [101, 115, 146], suggests that high electric fields might be produced by
space charge sheath effects. Field enhancement of the thermionic emission occurs due
to the reduction in the surface potential barrier brought about by a positive space
charge sheath. This is known as the Schottky [22] effect, which effectively lowers the
work function of the emitting surface by an amount proportional to the square root of

the electric field:

[SEE

47,

9, =0, { L, J (2.2)

Where ¢, is the effective work function due to field enhancement, &, is the permitivity

of free space and E; is the electric field adjacent to the surface.

The Schottky equation gives the current density due to field enhancement (j,) in
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terms of the thermionic current density without field enhancement ( ju) and the

electric field at the surface (E;) [46] :

W lw
W=

log j, =108 j, +— (E—J 2.3)
‘ 2kT \ e,
It was suggested in [130, 46] that, in steady state operation of hollow cathodes,
electron emission takes place at constant current density, i.e., the emitting area
increases as more current is demanded from the cathode. Furthermore, emission is
thought to occur at the outer edge of the orifice and then, as more current is
demanded, the emitting area increases to include the entire orifice wall. If an even
further increase is required (and the area required exceeds that of the orifice walls),
the current must be drawn from the inner face of the tip and the inner wall of the
cathode dispenser. It has been hypothesised that this process is linked to cathode
transition from plume to spot mode, refer to sections 2.2.3 and 7.5.3. Experiments
carried out in [130] on several orifice diameters seem to support this model and
indicate that the current density is in the range of 2x10° to 5x10° A/m”. This has been
further confirmed by ion bombardment markings on cathodes run for long periods at
constant discharge current and by experiments done using stepped and curved orifice
cathodes [46]. Several mechanisms have been put forward capable of enhancing the
electric field at the surface and therefore the field emission mechanism. Fearn and
Philip [46] suggested that the value of E; might be considerably increased locally due
to charge distribution effects in the positive space charge sheath. Sajben [184]
described a further mechanism, involving the adsorption of alkali metal atoms (e.g.
barium) from a seeded plasma onto a metal surface. These atoms leave the metal
surface as atoms or ions, which might considerably increase the ion density close to
the cathode wall, subsequently leading to a large enhancement of E; and increasing the

Schottky effect.

Alternative mechanisms to the Schottky effect have also been proposed involving
secondary electron emission from the insert surface due to ion or metastable impact or
the photoelectric effect. The photo-emission process was first proposed by Krishnan
[86], as a result of studies into large diameter hollow cathodes. Calculations by Malik

[100] on the expected photo-electric yield from a typical xenon discharge adjoining a
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tungsten oxide surface, however, seem to indicate an almost negligible contribution to
the total current, with the estimated electron current densities falling far short of those
required for the discharge. Malik [100] further suggested an alternative emission
mechanism whereby VUV photons interact with Al,O3 from the insert surface to
create intermittent electroformed metallic filaments. However, as reference [33]

states, the lack of free surface Al,O5 suggest that this mechanism is unlikely in HC’s.

The release of electrons from the surface by the impact of metastable atoms was first
discussed by von Engel and Robson [163] and invoked by Fearn and Philip [46, 130]
to explain the HC high current emission. High yields are expected when the excitation
energy is close to the work function of the insert surface. Philip calculated that a
random flux of mercury metastables impacting on tantalum is sufficient to give an
emission current as high as 9x10°A/m?, which is capable of maintaining the required
current density. Nevertheless, contrary to expectation, experiments by the same author
on non-bariated cathodes have resulted in considerably higher voltages and cathode
temperatures for a given discharge current. Since this mechanism is not dependent on
the presence of a low work function material, its removal was not expected to hamper
cathode operation. This indicates that other significant mechanisms are at work and
the probable overestimation of metastable flux to the surface and/or yields per
impacting excited atom. It is possible that this mechanism is also applicable to inert
gas operation but further investigation is required to confirm this and to estimate the

electron yields to be expected.

Singly ionised Xe ions of low energy, falling through a sheath potential of the order of
10V, are expected to yield roughly 0.02 electrons per ion impacting a clean tungsten
surface (refer to page 782 of reference [96]). Under typical cathode conditions, the ion
current to the surface accounts for ~30% of the total discharge current [145], which
implies that secondary electron emission is 2 percent of that, i.e. less than 1% of the
total current will be due to secondary electron emission by ion impact. Siegfried
[145], also estimates that the combined contribution of secondary emission due to
mercury ions and excited atoms is less than 5% of total current. Nevertheless,
emission coefficients from complex, low work function surfaces, such as the insert,

can be higher than the above analysis. Measurements on surfaces of similar
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composition are, regretfully, unavailable.

There 1s, nowadays, what could be termed a general (but by no means universal)
consensus that field-enhanced thermionic emission is the dominant emission process
in this type of HC under normal operating conditions [33, 140, 145, 146, 112, 115].
This, however, is far removed from implying that field-enhanced thermionic emission
is the sole emission process. The secondary emission processes might for example
become more prominent at very low discharge current or flow rate conditions, where
the plasma density and hence the field enhancement is expected to be small. As
suggested in [146], the intense radiation and high ionisation observed at the orifice
would support the idea that within the orifice itself photoemission from the orifice
surface can be important. Furthermore, volume ionisation can be a significant
contributor to the total emission [146]. The latter point is highlighted because this
work, as will become later apparent, proposes the existence of auxiliary ionisation
mechanisms in the propellant gas involving impurity species, which are expected to

lead to a substantial increase in ionisation efficiency.

2.2.3 Hollow cathode operating modes

The description of the steady state hollow cathode discharge is complicated by the
presence of two distinct operating modes that are critically dependent on the discharge
current and propellant flow rate: the spot mode and the plume mode. The observation
of these two modes is particularly associated with hollow cathode tests in diode
configuration. In these tests the cathode-keeper assembly is mounted in vacuum a few
centimetres from a disc anode (see figure 2.8). This configuration, although markedly
different from that in full thruster geometry, has been used by numerous authors (see

for example [28, 40, 115, 146]) to investigate the characteristics of the HC discharge.

The plume mode is observed at low discharge currents and low mass flow rates. It
constitutes a noisy discharge with high operating voltages. Its visual signature is a
large plume of plasma downstream of the cathode tip. The spot mode, on the other
hand, occurs at high mass flow rates and discharge currents, and possesses a

quiescent, low voltage discharge characteristic. Visually, the observation of an intense
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luminous spot at the cathode orifice is associated with this operating mode. Transition
between the two modes can occur suddenly if either mass flow rate or discharge
current is varied. The transition exhibits a hysteresis effect (figure 2.3) dependent on

whether the discharge current (or flow rate) is being increased or decreased.
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Figure 2.3: Voltage-current characteristics of a hollow cathode discharge showing
plume to spot transitions at different values of mass flow rate [33].

There is considerable evidence that this dual mode behaviour is suppressed with
operation in full thruster geometry, where the cathode seems to exhibit the more
favourable spot mode. It is suggested that this is probably due to the higher pressure
within the discharge chamber and the presence of the magnetic field [40, 33, 112].
Several explanations have been given in the literature for the existence, and transition
between, the two modes. The mode transition has been associated with either:
movement of the cathode sheath boundary [28], the expansion of the current emission
area from the cathode orifice into the main cathode body [130], or the keeper’s current
collection mechanism [102]. Although each of these theories have supporting
experimental evidence, they can only explain some, but not all, of the observed

characteristics of the spot and plume modes.

A more comprehensive description of this feature of the HC discharge is presented in
section 7.5, where, in light of the findings of this work, a new theory of plume to spot
transition is proposed, which will be shown to explain virtually all of the associated

characteristics.
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2.2.4 HC internal plasma diagnostics

The cathode orifice maintains a high neutral density inside the cathode by restricting
the propellant flow. This enhances the ionisation probability of the neutral propellant
atoms by energetic electrons emitted from the hollow cathode insert surface and leads
to the formation of a dense internal plasma, which in turn sustains its required energy

input by ion bombardment of the emitting surface.

In order to determine the properties of the internal plasma (which will dictate the
performance of the hollow cathode and consequently that of the thruster) and to
identify which of the proposed processes occur in the HC discharge, a number of
experimental investigations have been conducted. Historically, these measurements
have closely followed the development of the Kaufman thruster, with the earlier work
conducted on mercury propellant in the 1970s, and the subsequent fundamental
research being carried out with xenon gas. The measurement of internal plasma
properties has not proved to be an easy task, hampered by the small physical
dimensions of the hollow cathode cavity and the high plasma density. Regardless of
the method of choice, whether Langmuir probe or remote spectroscopic
measurements, this has imposed limitations on the reliability, range and usefulness of

the resulting data.

2.2.4.1 Measurements in hollow cathodes operating on mercury

Langmuir probe measurements of the internal plasma were conducted by Fearn and
Philip [46] using a UK-10 cathode, and by Siegfried and Wilbur [146] who used a
SERT II cathode.

Fearn and Philip [46] conducted their investigation of the internal hollow cathode
plasma in diode configuration, using small cylindrical Langmuir probes placed at 1-
2mm from the upstream face of the tip. The experiments were conducted, at constant
tip temperature (1250°C) and constant discharge current (1.5 A), using mercury as

propellant. Mass flow rate was varied between 0.03 - 0.25 mg/s. Electron temperature
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and electron number density results for a fixed location were obtained as a function of

flow rate.

The results for the electron temperature (figure 2.4) showed a trend of decreasing
electron temperature with increasing mass flow rate, from a value of 7000K (0.6eV) at
0.03mg/s to 770K (0.066eV) at 0.25mg/s. This is an expected result, as an increase in
mass flow rate will lead to an increase in neutral density, which decreases the electron
mean free path and energy gain between collisions. The ionisation at the lower values
of T, probably proceeds via stepwise ionisation or collisions involving the high energy

electrons existing at the tail of the Maxwellian distribution.
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Figure 2.4: Variation of electron temperature with mass flow rate in the UK-10
hollow cathode internal plasma [46].

The results for the electron number density were less intuitive. Even at low flow rates
the value did not exceed 5x10""m™, which was an order of magnitude lower than the
densities measured downstream of the orifice plate. Fearn and Philip ascribed this to
probe perturbation of the plasma depressing the plasma population in the probe’s
vicinity. A rapid decrease in electron density was also observed with increasing flow
rate (see figure 2.5). One probable explanation [46] involves the assumption that the
plasma extends only a short distance into the cathode (which is indeed a widely
accepted assumption in the current hollow cathode models (section 3.3)). Then, if the
probe is situated at the diffusion edge of the plasma, as the mass flow rate increases,

the ambipolar diffusion coefficient (which is inversely proportional to the neutral
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density) decreases and the boundary of the internal plasma becomes steeper. Thus, the
probe would sample a volume of falling degree of ionisation with increasing cathode

flow rate.
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Figure 2.5: Plasma electron number density as a function of flow rate in
the UK-10 hollow cathode internal plasma [46].

Siegfried and Wilbur [146] also conducted tests on the internal cathode plasma using
cylindrical Langmuir probes. Their SERT II cathode was in diode configuration and
used mercury propellant. Two Langmuir probes were used to measure plasma
properties, one located upstream and the other downstream of the orifice plate. Each
was capable of axial motion along the hollow cathode axis, which allowed estimation
of the spatial variation of plasma parameters. Measurements were taken with the
internal Langmuir probe from 5-15mm upstream of the orifice plate for 0.2 and
0.31mg/s flow rates and discharge currents ranging from 0.5 to 9A. This allowed,
incidentally, empirical measurement of plasma parameters in both the plume and spot
modes of cathode operation, which has made the results of this study (particularly
those downstream of the cathode tip) invaluable in any discussion of mode transition.
Only a synopsis of some their results is presented here with a more detailed discussion

deferred to chapter 7.

The results for 0.31mg/s at several values of discharge current are shown in figures

2.6 and 2.7. Upstream of the orifice, the values found for the electron temperature
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were similar to those by Fearn and Philip [146] and were in the range of 0.5-0.8 eV.
The plasma properties upstream were independent of discharge current when the
cathode was operating in the spot mode. Decreasing the discharge current in the
plume mode, however, caused a reduction in the plasma density and an increase in the
other parameters. The electron temperature, for a given discharge current, stayed
approximately constant upstream of the cathode orifice, with values of 0.5eV
estimated in the spot mode. Once the plume mode is reached by decreasing current,
the electron temperature increases with decreasing discharge current reaching a value
of approximately 0.8eV at 0.5A. The plasma potential experiences a steady increase
as the cathode tip is approached, with values ranging from 4V at 15mm to 8V at 5Smm
from the tip. The electron density exhibited a sharp increase with decreasing distance
from the orifice (figure 2.7). The plasma densities were observed to be an order of
magnitude greater in the spot mode than in the plume mode. Siegfried and Wilbur
estimated densities in the range of 1x10' to 3x10°° m™. All these results for plasma
properties seem to indicate that the ionisation rate falls exponentially with distance

from the orifice, i.e. that most of the ionisation takes place near or at the orifice.
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Figure 2.6: Variation of cathode plasma potential and electron temperature profiles
with distance from the orifice plate at 0.31mg/s, for several values of discharge
current [146].
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Figure 2.7: Variation in electron density with distance from the orifice
at 0.31mg/s, for several values of discharge current [146].

The Langmuir probe measurements reported above did not extend to the immediate
vicinity of the cathode tip, which is thought to be the main electron emission and ion
production region. The Fearn/Philip results were obtained at 1 to 2mm from the
internal face of the tip, and measurements in the Siegfried/Wilbur study were not
possible in the region from 4mm upstream to 1 or 2mm downstream of the tip. This
was due to the high plasma density in this region. Biasing a probe wherein would lead
to intense ion bombardment, resulting in severe erosion and the rapid destruction of

the probe.

An even more formidable issue (also recognised by Fearn and Philip [46]) is the
considerable perturbation of the internal plasma by the physical presence of a probe.
As discussed by Waymouth [167], if the mean free path of the plasma particles is very
short, then ions and electrons must diffuse from the undisturbed regions of the plasma
to the vicinity of the probe. The density gradients in the plasma might be quite large,
and the plasma density and potential in the vicinity of the probe will be substantially
different from that of the plasma in its absence. Therefore the plasma parameters

derived from a Langmuir probe are unaffected by the physical presence of the probe
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only if the plasma mean free paths (for electron-electron (A..), electron-ion (A.;) or ion-

ion (4;) collisions) are much larger than the probe dimensions, i.e. [185]:

J’ee = A’ei = ﬂ’ii >> rp (2 4)

where r, is the probe radius and the plasma mean free path can be given
approximately by [64, 66, 145]:
TZ

A, =1.45x10" 2.5)

ne

In their upstream measurements, Siegfried and Wilbur [146] used Langmuir probes of
0.04mm and 0.13mm radius. Although Fearn and Philip [46] did not discuss their
probe dimensions, they are expected to be within the range above. For a plasma of
leV electron temperature and 10'%cm™ density, we calculate a plasma mean free path
of only 0.1mm. As the mean free path is of the same order (or may even be less than)
the probe dimensions, the condition in (2.4) is not satisfied, and the probe severely
perturbs the ambient plasma. If no account of this is taken in the data reduction, this
will lead to large errors in estimates of plasma parameters. This puts into serious
question the reliability of any Langmuir probe measurements of the HC internal

plasma.

2.2.4.2 Measurements in hollow cathodes operating on xenon

The more recent studies avoided the problems of probe perturbation by resorting to
non-intrusive remote spectroscopic measurements of the plasma parameters. Using a
UK-25 hollow cathode in diode configuration operated on xenon, Monterde et al.
[115, 116] observed the light emission from the operating cathode via an MgF,
window located at the upstream end of the cathode tube (figure 2.8). The plasma light
emission was collected and then spectrally resolved using a monochromator-
photomultiplier tube system. The resulting spectrum was dominated by the xenon
neutral and first ionisation emission lines. Monterde constructed a Collisional-
Radiative (C-R) model of the HC plasma and, by comparing experimental line ratios

at different ionisation stages to the model’s predictions, obtained values of electron
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temperature of 1.1+0.1eV for the spot mode and a slightly lower value of 1+0.1eV
for the plume mode. The model was however incapable of resolving the electron
density to less than five orders of magnitude, predicting that the density lies in the
range 10'” to 10?m™. Monterde estimated that a density of 10°’m™ was probably the

most likely value.

Malik [101], using the same experimental set-up as Monterde, later carried out more
spectroscopic investigations using xenon propellant on the UK-25 cathode internal
plasma. He employed a relative continuum intensities method for assessing the
electron temperature, which he estimated, in agreement with Monterde, at around
1.1eV. Using an LTE method (which is not strictly valid for the HC plasma) the

electron density was calculated at approximately 10%°m™.
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Figure 2.8: Fxperimental set-up for the spectroscopic investigations
in the UK-25 hollow cathode operating on Xe [101].

It is important to note that the system employed in both studies, and illustrated in
figure 2.8, does not allow spatial resolution of the plasma properties, i.e. the values of
electron temperature and density were essentially averaged out over the entire length
of hollow cathode. To the author’s knowledge, no HC plasma measurements have

been attempted using inert gas propellants other than xenon.
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From the preceding discussion it is intuitive to recognise the benefits of using the
instrumented HC in conjunction with the high-temperature sapphire optical fibre
probes developed in this work (Appendix A), combining the non-intrusive nature of
optical diagnostics with in-situ spatially resolved measurements of the plasma
parameters. During the subsequent change in this project’s direction, it was decided to
retain the ability for non-intrusive measurement. Thus, an on-axis optical fibre was
used to observe the HC plasma. It is interesting to compare the complexity and cost of
the experimental apparatus used in the Monterde/Malik studies, particularly the
vacuum system for the optics (figure 2.8), with the setup used in this work and

described in chapter 4.

2.2.5 Hollow cathode discharge initiation (Starting)

A crucial requirement for the HC is the ability for a reliable, rapid initiation of the
discharge under all possible circumstances. This includes the capacity to initiate the
discharge when the cathode is new or after thousands of hours of operation, after
exposure to air, and the provision for routine initiation under vacuum in the laboratory
or in space [124]. In electron bombardment ion thrusters, the ability to initiate the
discharge is largely dependent on the HC. It is thus surprising that this important
aspect of HC operation has received little attention, with only a few studies conducted
on HC starting characteristics. The picture that emerged is of a highly complex
process, dependent on a large number of parameters and partially random in nature. In

what follows these experiments and their results are presented in detail.

2.2.5.1 Experience with mercury

Investigations of hollow cathode starting phenomena were conducted using several
cathode geometries by Fearn er al. [48, 46, 119] at Farnborough, Culham and Philips
laboratories. These investigations were carried out during the 1970s and hence used
mercury as propellant. Their work was the first systematic examination of the

discharge initiation phase, and an attempt to form a comprehensive understanding of
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the physical processes involved. All the cathodes used were based on the UK T4
cathode. The tests were carried out in diode configuration, a schematic of the cathode

and assembly is shown in figure 2.9.
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Figure 2.9: Detailed schematic of the diode system employed in the mercury starting
experiments [48].

It was expected, based on general physical principles, that the factors that will have
the most dominant effect over the discharge ignition of fixed geometry hollow
cathodes will be: 1) the keeper voltage V4, ii) the cathode tip temperature 7" and iii) the
propellant flow rate m (which determines the pressure distribution inside the cathode
body). Other factors expected to come into play were the temperature distribution
over the insert and orifice surfaces, the tip material and its surface finish, the previous
discharge history and the presence of contaminants (expected to be air and pump oil
in this case). Geometrical factors thought to be of significance in these experiments
were the cathode-keeper separation, the cathode and keeper orifice diameters and the
shape of the insert and the orifice plate. It was not possible in the work to investigate
all these parameters and emphasis was placed on ¥}, Tand m along with the factors

that might affect the rate of dispensation of barium, such as the orifice shape and the
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insert type. Also, the diameters of the cathode orifice and the keeper orifice were
varied over a restricted range. Regarding the other parameters that were not
investigated, attempts were made by the investigators to keep them as constant as

possible during the course of their study.

a) The dependence of the discharge initiation on Vi, T and m

It was found that the discharge initiation phenomena was more complex than initially
thought from gaseous breakdown considerations, due probably to several of the
factors mentioned above coming into play. It was found that the keeper voltage
required for breakdown was not reproducible, but fell within a certain range, the

magnitude of which depended strongly on temperature and flow rate.

Investigations were carried out on a cathode with an orifice diameter d = 0.3 mm, and
a tubular insert having a triple carbonate mix coating. To investigate the initiation
dependence on temperature, the value of m ~0.12mg/s was selected, the results are
shown in figure 2.10. Discharge initiation was possible below 1000°C with keeper
voltages well below 50V, but to be sure of ignition the upper envelope of the data had
to be exceeded.
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Figure 2.10: Discharge initiation data for a cathode containing tubular
insert at m~0.12mg/s [48].
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The same experiments were repeated keeping tip temperature fixed and varying the
mercury flow rate. Data collected in the range 0.003 to 0.9mg/s are shown in figure
2.11. The variation of the upper limit of the envelope in figure 2.11 seems to be less
rapid than that for the same variation in temperature. This indicated to Fearn that
discharge initiation is less sensitive to variations in mass flow rate than to those in
temperature. The common trend between the two figures is that both the maximum
value of Vy and the voltage range decreased if either temperature or mass flow rate

were increased until discharge initiation was almost reproducible at low potentials.
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Figure 2.11: Envelopes of discharge initiation data as a function of mass
Sflow rate for T =1300°C [48].

b) Dependence of discharge initiation on dispenser configuration.-

Starting experiments were carried out using rolled foil dispensers to compare their
starting behaviour with those of tubular inserts. The results seemed to indicate that the
general behaviour was qualitatively similar to the tubular insert case but that
discharge initiation occurred at lower values of tip temperature. This is illustrated in
figure 2.12, where the curves for the tubular insert are shown superimposed to

highlight the shift to lower tip temperatures.
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Figure 2.12: The discharge initiation behaviour cathode containing rolled
Jfoil insert, superimposed are the results for a tubular insert cathode [48].

c) Dependence of discharge initiation on cathode orifice shape

Several special cathodes were constructed to test the various aspects of proposed
cathode emission theories. One such cathode contained a curved orifice plate, which
eliminated the sharp edges between the dispenser and the orifice plate. An illustration
of this cathode is shown in the inset to figure 2.13. The triple carbonate mix was

painted on the inner wall of the cathode body.

The discharge behaviour of the curved orifice cathode is shown in figure 2.13. The
device exhibited extreme ease in starting the discharge. The shape of the curves in
figure 2.13 indicates a behaviour similar to that observed in previous cases, but the
values of breakdown voltages were shified to lower values. Values of Vi lower than
200V were observed even at flow rates as low as 0.05mg/s and tip temperature as low
as 800°C. Increasing riz led to a narrowing of the random breakdown region. This

caused starting to become almost completely reproducible for 7" >1000°C and

m ~0.17mg/s, where values of V. below 30V were always recorded. These excellent
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starting characteristics could not be matched by cathodes employing tubular inserts

and an angular orifice plate.
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Figure 2.13: Discharge initiation behaviour of curved orifice cathodes [48].

d) Dependence of discharge initiation on low work function material

The emission of the ‘first’ electrons depends on the work function of the emissive
surface. The triple-carbonate mix containing barium is hence thought to have an
important part in determining the starting and operational characteristics of hollow
cathodes. To test this hypothesis, the investigators constructed a cathode, illustrated in

figure 2.14, with no provision for a low work function material.

The cathode’s performance in steady state was far removed from other cathodes. The
cathode was operating at much higher tip temperatures than those encountered in the
standard bariated versions; the difference was usually about 200°C. The discharge
voltages were also much higher and the plume mode was encountered under

conditions where it was previously absent in cathodes of similar geometry.
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Figure 2.14: Insert configuration used in the non-bariated
cathode tests [48].

The starting characteristics of this cathode were also investigated and were found to
be inferior to those of cathodes with the same geometry. Breakdown occurred, under
the same conditions of flow rate and cathode dimensions, at values of tip temperature
about 350°C higher than those for cathodes containing a triple carbonate emissive
mix. This is illustrated in figure 2.15. These results were also supported by an
investigation in the U.S.A., in which Zuccaro [176] also reported that extremely high

temperatures and voltages were required to start a non-bariated cathode.
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Figure 2.15: Discharge ignition behaviour with and without barium [48].
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¢) Dependence of discharge initiation on cathode orifice size

Experiments conducted for two cathode orifice diameters (0.15mm and 0.3mm) have
indicated that orifice diameter, in that restricted range, had only a small effect on
discharge initiation when compared to a variation of the same order of magnitude in
mass flow rate. The results for the two orifice diameters are shown superimposed in
figure 2.16. Their most appreciable features are that the minimum breakdown voltage
is displaced to higher values for the 0.15mm diameter orifice, and that at high
temperatures ( >1000°C) the upper envelope of the results for the two orifices

coincided.
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Figure 2.16: Variation in discharge ignition behaviour with
change in orifice size [48].

However, as pointed out by Fearn [48], the range of orifice sizes in these experiments
was limited. There was also some evidence fiom a related study [128] that an orifice
size of 0.5mm or larger gave improved starting ability. The larger orifice size is
thought to lead to a greater field penetration into more deeply seated emission sites,
but it must be remembered that this effect might be offset by the concurrent change in

the local pressure distribution inside the hollow cathode cavity.
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2.2.5.1.1 Proposed HC initiation theory based on the mercury results

In order to explain the results described above, Fearn [48] endeavoured to clarify the
discharge initiation mechanisms of relevance to ion thruster hollow cathodes. At the
outset it was thought that the starting process would resemble high voltage gaseous
breakdown. But, as figures 2.10 and 2.11 show, the situation is more complex than
initially thought. Thus, a comprehensive theory of discharge initiation was a difficult
aim, as any theory would have to explain the randomness of the data obtained, the
dependence of the discharge on T and m, the effects of orifice shape and barium

dispensation mechanisms on starting.

Barium dispensation

The presence of barium, in the form of a triple carbonate mix, on the surface of an
emitting insert has been shown to have the effect of lowering the amount of energy

required to produce thermionic emission of electrons (figure 2.15).

Comparison of the results has shown that the rolled foil insert was the more copious
in barium production from the triple carbonate mix when compared with tubular
inserts (refer to figure 2.12). This is thought to be due to the greater contact surface
area between the tantalum and the emissive mix and the ready availability of barium
in the spiral insert case. Having said that, the cathode containing a curved orifice has
demonstrated even better starting abilities (figure 2.13). This seems to indicate that
the position of the active barium is of more importance than its rate of dispensation.
The curved orifice cathode can conceivably provide an easier migration path for the
active barium (by surface or gas phase migration) from the dispenser to the main
emission sites, as it eliminates the sharp edges found in a standard hollow cathode

orifice.

Newson et al. [119] have demonstrated that, for a given set of conditions, discharge
initiation occurs at a constant value of pre-discharge current (defined as the current
drawn from the keeper prior to the discharge striking). The time taken to achieve this

value was however observed to vary. This temporal variation is attributed to the loss
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of barium from the emission site after starting due to evaporation or ion
bombardment. The replenishment process (for the next start) is limited by the rate of
diffusion of barium to these sites, which is in turn dependent on factors that are
difficult to assess such as how much barium is needed for replenishment and the
location of the available barium, the degree of contamination of the system (the better
the vacuum system the smaller this factor), the surface condition of the orifice, and
chemical reactions taking place in the dispenser. This seems to qualitatively explain

the dependence of starting characteristics on previous discharge history.

Fearn also pointed out that, although a good starting ability might seem desirable, the
requirement of rapid dispensation of barium will have the adverse effect of decreasing
the life expectancy of the cathode. Thus, the spiral insert and the curved orifice

cathodes might prove to be unsuitable options for space operations.

Breakdown

From the results of the investigation described above, Fearn suggests that thermionic
emission from the tip is necessary to start the discharge. The first thermionic electrons
are emitted from the vicinity of the cathode orifice. These are then accelerated by the
applied electric field, which penetrates a short distance into the tip. The electrons
cause collisional ionisation of the propellant gas, which leads to multiplication of the
electron number. At the same time, the ions produced are accelerated towards the tip,
with the ion bombardment of the surface causing secondary emission of electrons.
These two processes increase the keeper current (i), and as the value of the keeper
potential (V) increases, a point is reached where the Townsend breakdown criteria is
satisfied, and the value of the pre-discharge current grows abruptly to much higher

values.

Calculations based on this model were done by Fearn [48] for high flow rates
(~1mg/s). The results for the breakdown voltage were close to the upper limits of the
experimental results. The results were found to be extremely sensitive to the location

of the accelerating electric field in the HC cavity.
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This model, however, implicitly implies that the mean free path for ionisation is much
less than the orifice dimensions, which is only the case for high values of mass flow
rate. It cannot explain the occurrence of breakdown in the large range of values of
pressure and temperature at low potentials. It cannot explain, in particular, the
occurrence of discharge at very low values of mass flow rate where the internal

pressure is too low for collisional ionisation to occur.

A multi-step collisional ionisation process, via electron collisions with metastables,
was invoked in order to explain breakdown in the medium to low pressure range.
However, with initiation successfully achieved at m as low as 0.01mg/s, it is unlikely
that collisional processes are responsible for breakdown at these very low pressures.
This has forced the investigators to consider vacuum arc mechanisms, involving field
emission from micro-projections on the surface, to explain HC breakdown at

extremely low cathode pressures.

The Fearn et al. [48] study has served to highlight the complexity of HC breakdown
and the attendant difficulty of producing a comprehensive theory to explain all the

processes involved.

2.2.5.2 Experience with xenon

Patterson and Fearn [124] conducted a recent study to characterise the discharge
initiation processes in hollow cathodes operating on xenon. Their experiments utilised
a T6 hollow cathode with an open keeper mounted in diode configuration. The T6
cathode was designed to provide higher discharge currents than those of the earlier
mercury tests, and was therefore considerably larger. The Patterson/Fearn T6 cathode
had an orifice diameter of 1.6mm, an outer diameter of 7mm, and contained an insert

20mm long having an inner diameter of 2mm.
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Figures 2.17 and 2.18 illustrate the results obtained for breakdown voltage
dependence on tip temperature and mass flow rate respectively. There are two notable

features to the results: First, very low potentials (< 30V) were required to ensure

reliable initiation of the T6 discharge under all conditions, with initiation possible at

under 14V for 7 >1100°C and m= 0.99mg/s. Second, the results do not seem to

exhibit the randomness of previous mercury experience and seem to be completely

39



CHAPTER 2 BACKGROUND AND LITERATURE REVIEW

reproducible over the entire range of the experiments carried out, indicating that
discharge initiation might not be as random a process as previously suggested. Of
considerable interest is the unexplained severe departure of the results in figure 2.18
from the expected Paschen breakdown behaviour. The breakdown voltage decreased
as flow rate was increased to above Img/s, whereas it would be expected from theory

to continue to increase.

This work was part of a wider study to characterise and optimise the performance of
the T6 HC. Although not as extensive as the earlier mercury work, it constitutes the
only systematic study on the breakdown behaviour of hollow cathodes operating on
xenon, and, to the author’s knowledge, no study has investigated the breakdown

behaviour of other inert gases.

Several possible explanations have been proposed for the disparity between the T6

results and those of the earlier mercury tests [124]: -

o The degree of contamination of the vacuum systen:- The work conducted in the

1970’s employed an oil diffusion pump producing a background pressure in the
low 10 Torr region. It was recognised that contamination of the vacuum system
due to poor vacuum will have an influence on the results [48], as poisoning of the
activated surface (which contains hot reactive barium) can readily occur due to
oxidising gases such as O,, CO, and H,O. Moreover, in the case of the 1970’s
experiment, pump oil will also be present in the vacuum system, leading to the

deposition of a layer of organic contaminant on the electrode surfaces.

An experiment was undertaken by Fearn [51] to determine the effects of a
constant air leak in the propellant feed system on xenon discharge characteristics.
The results of the experiment have shown that for low mass flow rates, the spot
mode discharge changed into a plume mode 15 minutes after the leak was
introduced, indicating that contamination alters the emission behaviour in steady
state. It is conceivable that it might also have an effect on reproducibility in the

starting phase.
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In the more recent Patterson/Fearn investigation this was all taken on-board: A
cryo-pumped vacuum chamber was employed, with an ultimate vacuum pressure
of about 5x10°® Torr. The experiment also used oxygen absorbers in the propellant
feed lines and all the joints in the feed system below atmospheric pressure were
either 'welded, brazed or contained in an auxiliary vacuum chamber thus
eliminating the contaminants and probably leading to the more reproducible

results.

The change of propellant:- Xenon has a higher first ionisation potential than

mercury. Its metastable energy levels are very different from those of mercury and
under a given set of conditions will have different creation rates. These two gases
will consequently interact differently with the emitting insert, having for example
different electron yields per impacting ion or metastable. Moreover, the reactivities
of the two gases are far removed. Hence, the change in the atomic characteristics of

the propellant gas might be responsible for the change in breakdown behaviour.

The cathode orifice size:- It is thought that a large cathode orifice may facilitate

discharge initiation because of the deeper penetration of the electric field allowing
current to be drawn from more deeply seated emission sites. Fearn and Patterson
used a cathode with an orifice more than five times larger than the one employed in
the mercury work. As no study has been previously done using such a large orifice,
it is conceivable that the larger orifice can help make discharge initiation easier
(and probably more reproducible). A large orifice would, however, also modify the
cathode pressure distribution. Therefore, a change in this parameter will have a

complex effect on cathode breakdown.

Any one or a combination of these factors might be responsible. More work,

specifically more empirical data, is certainly required to understand the physics of

breakdown in 1on thruster hollow cathodes.
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Chapter 3
THEORETICAL BACKGROUND

Introduction

This chapter presents the theoretical background necessary for this thesis. It focuses
on two main areas, the plasma spectroscopy carried out on the hollow cathode and the
description of the underlying physics of hollow cathode discharges both in the

transient and steady state phases of operation.

In the first section the various models of the plasma state and the relevant techniques
for interpretation of the spectra are reviewed. The second section is concerned with
gaseous breakdown and its application to the starting phase of hollow cathode
operation. And the final section reviews relevant models of the physical processes

occurring in the steady state hollow cathode discharge.

3.1 Plasma spectroscopy

Spectroscopy entails the observation and interpretation of the radiation emitted or
absorbed by a collection of atoms. Due to its non-intrusive nature, Atomic-Emission-
Spectroscopy (AES) was selected as the most suitable candidate for investigating the
small hollow cathode cavity, where its restricted nature and the expected high plasma

density render in-situ measurement techniques difficult {115, 101, 33].

The radiation produced by a plasma is inexorably linked to the composition of the gas
and the plasma parameters (electron temperature and electron density). To be able to

interpret the plasma spectrum to arrive at an estimate of the desired parameters, a
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certain notion of the state of the plasma is required. Thus theoretical models of the
plasma state and the selection of an appropriate model for the plasma in question form

the basis for any interpretation of the raw spectra.

This section begins with a description of the generally accepted theoretical plasma
models, from which we will select an appropriate model for the hollow cathode
plasma. Based on the selected model, various techniques described in the literature for
interpretation of the spectra in terms of the plasma parameters will then be discussed.
The scope and complexity of the subject renders it impossible to fully review the
literature and only a brief overview is attempted here, for more details reference

should be made to standard texts [59, 65, 94].

3.1.1 Plasma radiation

A plasma is generally composed of electrons, neutral atoms and ions. Each of these
contributes to the observed radiation by changes in their respective energy states.
These changes are produced by electrons making different types of transitions, such

as: bound-bound transitions, free-bound transitions and free-free transitions.

The continuum emission observed in a spectrum is due to free-free and free-bound
transitions. Continuum emission or absorption can result when a charged particle is
accelerated or decelerated. For example, bremsstrahlung radiation is emitted
whenever a free electron is accelerated or decelerated by a long range collision with
an ion. As this electron is not bound to the field of an ion or atom the initial and final
electron energies can occupy a continuum of possible energy levels. The transitions

are hence known as free-free transition and the emitted radiation is a continuum.

Another source of continuum emission is free-bound transitions, where a free electron
is captured by an ion (also known as recombination). As the emitted radiation is a
function of the initial free electron energy, which can again occupy a continuum of

energy levels, the emitted radiation is a continuum, according to equation (3.1):
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hv,, = E(oo)+%mu2 ~E(q) GB. D

Where E(o) is the ionisation energy, £(q) represents the energy at bound energy level
q, mu’/2 is the kinetic energy of the electron prior to recombination and /vy, is the
energy of the emitted photon with 7 being Planck’s constant and v, the frequency of

the emitted radiation.
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Figure 3.1: Energy level diagram for a hydrogenic species of charge Z

Bound-bound transitions are associated with electrons in atoms and ions where they
are allowed to fill only discrete energy levels, as opposed to free electrons which can

occupy a continuum of possible energy levels.

When an electron makes a transition between two energy levels (p and q), see figure
3. a photon is emitted or absorbed. The emitted photon from a bound-bound

transition has an energy:

hv,, = E(p)- E(q) (3.2)

Where E(p) and E(q) represent the energy at levels p and g respectively, and v, is the

frequency of the emitted photon in a p-q transition.

The observed intensity of the emission line is basically the sum of the contributions of
all the atoms or ions undergoing the same transition at the same instant in time over

the instrument’s line of sight. The emitted intensity thus depends on:
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(aj The probability of an electron being present in the upper level of the transition

(b) The atomic probability of the transition of interest occurring, and

(c) The probability of the produced photon escaping from the plasma without being

reabsorbed.

If the interaction of the radiation and the plasma (process (c)) is neglected,
considerable mathematical simplification of the problem is achieved. The plasma is
then said to be “optically thin”; in the discussion that follows the assumption of an
optically thin plasma is assumed to hold. The validity of this assumption in terms of

the hollow cathode plasma is discussed in more detail in section 3.1.2.3.

Calculation of the transition probability (process (b)) is a matter of atomic quantum
mechanics. Transition probabilities for some emission lines of the noble gases used in

this work can be found in the literature [177, 178, 179, 180, 181].

The population of a certain bound level, or more generally the distribution of electron
population among available energy levels (process (a)), is dictated by collisions with
other particles and radiative processes, which are described by the plasma equilibrium

model.

For a complex many-electron atom or ion, the structure of the available energy levels
becomes more complex than that shown in figure 3.1. The electrons couple with each
other to form a greater number of possible transitions for an excited atom/ion. A
further complicating factor is the presence of a plasma in the vicinity of the atom/ion,
where the energy level distribution does not necessarily correspond to that in an
isolated atom/ion. The energy levels are shifted by long range Coulomb interactions
with nearby charged particles, thus not only affecting the emitted radiation but also

the energy distribution of its originating levels.

3.1.2 Plasma models and types of equilibrium

The various elementary processes of excitation/de-excitation and ionisation/

recombination in atoms or ions caused by collisions with particles and photo-
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processes are listed below [115]:

(i) Three-body recombination to state p of Sz S;utete—=S, ( p) +e
(i1) Collisional ionisation, the inverse of (1): S, (p)+ e—>S,, tete
(iii) Radiative recombination: S, +te—S,(p)+hv
(iv) Photo-ionisation, the inverse of (iii): S,(p)+hv =S8, +e
(v) Collisional de-excitation: S,(p)+e—S, (g)+e
(vi) Collisional excitation, the inverse of (v): S, )+ e—S,(p )+e

(vii) Spontaneous emission: S,
S

(viii) Photo-excitation, the inverse of (vii):

Where Sz represents an atom or ion of charge +Ze and Sz, represents a species of a

higher ionisation stage +(Z+1)e, hv is the energy of the emitted photon and p > gq.

The electron temperature determines the rate coefficients for all the above processes.
Interactions between atoms and ions are not normally included in the above processes

because of the low probability of their occurrence.

For total thermodynamic equilibrium to occur, the kinetic and radiative energies need
to be conserved in the plasma, therefore all the above processes (i) to (viii) need to be
balanced by their inverse process by the principle of detailed balance. The free
electrons will have a Maxwellian velocity distribution characterised by a temperature
(T,) and the energy is distributed over all the particles according to Boltzmann’s

distribution law

In laboratory plasmas the kinetic energy is transferred by electron collision processes
(excitation, de-excitation, ionisation and recombination). Radiative equilibrium is
more difficult to achieve as the photon mean free path is generally longer than the
plasma dimensions for a laboratory plasma. This is clearly demonstrated by the
observation of radiation from the plasma, this very fact makes the realisation of
complete thermodynamic equilibrium difficult. Notwithstanding, some useful
approximate models for equilibrium can be used instead, and are the subject of the

following sections.
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3.1.2.1 Local Thermodynamic Equilibrium (L TE) model

For a plasma in LTE, the distribution of electron population densities is determined
exclusively by collisional processes and the radiative processes are neglected. The
frequency of these collisions is assumed to be high enough to result in instantaneous
changes in the distribution. This leads to the creation of a “local” equilibrium at any
instant and point in space between the collisional excitation and ionisation processes

and their inverse processes.

For the free electrons, the velocity distribution function is given by the Maxwellian
distribution. Therefore, the number density of electrons with a velocity between u and

u+du is given by [65]:

% :
dn, =4mn, ur u’ exp| - el (3.3)
2nkT, 2kT,

= ¢

where n, is the total number density of electrons and 7, is the electron temperature.

The ratio of bound electron population for two energy levels of the same species is

given by the Boltzmann relation [65]:

n,(p) _ &,(p) exp(_ E(p)- E(q)J 3. 4)
g (CI) 8z (Cl>
n, (p) and n, (gq) are the population densities of the levels identified by the quantum

numbers p and g, and ion charge Z. The term g, (p) is the statistical weight of the

designated level and E(p) represents the energy of that level.

By the principle of mass action, the Saha equation gives the ratio of the number

density of species of subsequent stages of ionisation in the ground level [65]:

nenzn(g)_ gz+1(g) (Zﬂme kT, )% _E, (g) 5
() sls) L T G-

¢

47



CHAPTER 5 THEORETICAL BACKGROUND

where n_(g) and n,, (g) represent number densities of the ground level population of

species of charge Z and Z+1 respectively and Eyy (g) is the ionisation potential of
species Z from its ground level g. The total electron number density can be given by

the assumption of plasma quasi-neutrality, i.e.:

n=>"7n, (3.6)

Z=0

These four equations, (3.3)-(3.6), describe the state of electrons (free and bound) in an

LTE plasma.

3.1.2.2 Corona model

As the plasma density is lowered, the rate of radiative processes becomes comparable
or even greater than collisional processes, and only the strongest collisions have any
influence on the population densities. To illustrate this we consider the collisional
ionisation process and its inverse, three body recombination; the two processes in an

LTE plasma must take place at equal rates to maintain equilibrium:

S,+e= §,,, +te+e (3.7

The ionisation process rate is proportional to the electron number density n,, while the
rate of three-body recombination is proportional to n’. The competing process of

radiative recombination for the ions is given by:

S, te——S, +hv (3.8)

The reaction proceeds at a rate proportional to 7., thus at sufficiently low plasma
density radiative recombination becomes more significant than three body

recombination.
Hence for a low density plasma the equilibrium is between radiative recombination

(and spontaneous radiative decay) and ionisation (and excitation) by electron

collision. Because the plasma is optically thin, the radiation density is low and thus
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the radiative excitation/ionisation processes are neglected. A plasma where such

conditions are satisfied is described as a corona model plasma.

The equations describing the corona model are described below:

(a)

(b)

- ©

The free electrons are again assumed to obey a Maxwellian distribution, i.e.
equation (3.3) also applies here.

Assuming that the number density of ions in the excited states is negligible when
compared to their densities in the ground state, the ionisation and radiative

recombination equilibrium can be described with:

nenZ(g)SZ,g-—)w = nunZH(g)(xffl,g (3.9)

or equivalently:
RR

nZ(g) _ afﬂv&' (3 10)

Rz (g) S7 ¢

where S, ,_,..is the collisional ionisation coefficient for an atom of charge Z from

g

RR

1, 18 the radiative recombination

the ground level to the continuum and o

coefficient (the equations describing these coefficients are given in section
3.1.2.4). Interestingly, this shows that, in contrast to the LTE case, described by
the Saha equation, the ionisation ratio in a coronal plasma is independent of
electron density.

The population densities of the excited levels are given by the equilibrium

between the rate of collisional excitation and the rate of spontaneous radiative

decay:
nn,(¢)X ., =n,(p) 2 Alp.q) 3. 11)
q<p
or equivalently:
ng (p) _ meX g 3. 12)

n,(g) Y. Alp.g)

q<p
where X, _, , is the collisional excitation coefficient from the ground level to level

p. A p,q) is the atomic transition probability for a radiative transition between

49



CHAPTER 3 THEORETICAL BACKGROUND

levels p and ¢, which is summed for all the levels between level p and ground to

give the total radiative transition probability out of the p level.

3.1.2.3 Validity criteria

The validity criteria for each model are determined by the atomic processes that

determine the thermodynamic equilibrium:

The major conditions for the existence of a plasma LTE are that:

e The free electrons have to have a Maxwellian velocity distribution.

e The equilibrium is created exclusively by electron collisions, implying that the
collision rate is much greater than the rate of radiative decay. "

The above are necessary but not however sufficient conditions for the existence of a

plasma in LTE, for example if the electron temperature changes too rapidly, the

plasma will fail to achieve LTE even if the above conditions were satisfied [65].

The major conditions for the existence of a plasma in corona equilibrium are that:
e The free electrons are again assumed to follow a Maxwellian distribution
e The collisional de-excitation (and three-body recombination) rate is negligible, so

that the only mechanism of decay is by the emission of radiation.

Validity of the assumption of a Maxwellian electron population in a

hollow cathode plasma

The free electrons in a hollow cathode can be assumed to be Maxwellian when two
conditions are satisfied. The first is that the Spitzer electron-electron relaxation time
I, 1s less than the energy decay time for continuum radiation #,,4. t,q is given by the
ratio of energy density to the bremsstrahlung emission coefficient for a fully ionised

plasma. The above condition gives rise to the following inequality [173, 101]:
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0.3 7.2 LT
———<<1.4x10" —<4— (3.13)
n,lnA n,

or T, <<5%x10" InA

Where T, is in °K and In A is a slowly varying function of n, and T, of the order of
10. Thus, it can be expected that the electrons will have a Maxwellian electron
distribution if T,<<5x10"°K, a condition invariably satisfied under all possible

conditions of hollow cathode operation.

The second condition is that #,,<<f.on , Where t.., is the particle containment time.
Following the analysis in reference [116] for the conditions expected in the HC (1eV,
1014cm'3), the drift velocity can be taken as ~10%m/s. This implies ., in a cathode of

lem length is 107, compared to 7,, ~ 107'%.

Since these two conditions are satisfied in the HC internal plasma, the free electrons
can be assumed to possess a Maxwellian velocity distribution. It has to be mentioned
here that attempting to incorporate the non-Maxwellian, mono-energetic electron
beam accelerated through the sheath potential would result in significant complication

of the plasma model.

Range of validity of the LTE and corona plasma models

As stated above, for LTE to be applicable, collisional processes must dominate
radiative processes. McWhirter [65], suggested that this would occur when the
collisional de-excitation rate is at least an order of magnitude greater than the

radiative decay rate, i.e. for all levels p and ¢:

n,1,(p)X ., 210n,(p)A(p.q) (3. 14)

where X, is the de-excitation coefficient between levels p and g and is given by (in

units of cm’sec™):

6.5%x10™
Xp—)q = 1 f(q’ p)exp(_
(E(p)- E(g))T.”

(E(p)_E(Q))j (3. 15)
T,
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(E( p)—E(q )) represents the excitation potential of level p from level g (in eV), T, is

in units of °K and f{q,p) is the absorption oscillator strength. The criterion (equation
(3.14)) can be reduced by relating the radiative transition probability to the absorption

oscillator strength giving (n, is in units of cm™):

n, 21.6x10°T%(E(p)- E(q)) (3. 16)

For the plasma to be represented by a corona model, the only mechanism of de-
excitation (and recombination) must be by radiative processes and collisional de-

excitation processes must be negligible. McWhirter [65] expresses this condition by:

iA(p,s)Znqu_,p (3.17)

s<p

It has to be noted that in equation (3.17) there is always a value of p for which this
criterion is not satisfied regardless of how low the density is. This is because as the
quantum number increases the probability of radiative decay decreases and that of the

collisional process increases. A value of p = 6 is usually selected [65] for hydrogenic

atoms, where the value of ZA in the inequality can be calculated from tabulated

values for hydrogen like ions.

A simpler condition for the corona model was given by Wilson [173]. As the quantum
number for a level increases, the probability of collisional processes becomes greater

and the probability of radiative processes decreases. Defining a level p* above which

all levels are in LTE, the corona model is satisfied when the rate coefficients x and
S« for the LTE levels are ten times smaller than the corresponding rate coefficients

for the continuum. This condition is described by:

n, <1.5x10" (kT ) (E(p)- E(g))""* (3. 18)

For the hollow cathode plasma studied in this work, three gases were subjected to
spectroscopic analysis, namely argon, krypton and xenon. Applying the validity
conditions, equations (3.16) and (3.18), and using [173, 115] E(p)- E(q)= E_(g) the
ionisation potential of the gas (12.13, 14 and 15.76eV for Xe, Kr and Ar respectively)

the validity limit curves shown in figure 3.2 were constructed. They show, for all
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gases, that the LTE model is applicable at electron densities above 10'’cm™, and the

corona model is applicable only for electron densities below 10" cm™.

Corona Model

% i X
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4 1015 \
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Figure 3.2: Validity limits of LTE and corona models for (a) xenon,

(b) krypton, and (c) argon plasma

In a typical ion thruster hollow cathode the plasma parameters are expected to be 7.=

1eV and 7, ~10"cm™ [101, 115], so from the validity conditions it is apparent that the

cathode is neither in LTE nor in coronal equilibrium for all the gases to be

investigated, in agreement with Monterde’s [115, 116] conclusion on xenon. Thus the

condition in the hollow plasma requires description by a model in-between the LTE

and corona domains. Such a model is known as a collisional-radiative model and is

the subject of section 3.1.2.4.
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HC plasma opftical depth

The implicit assumption of a plasma that is optically thin to all frequencies above the
plasma frequency, which underpinned the previous discussion of plasma models, is
assessed in this section. Radiation produced in the plasma interior interacts with the
plasma on its way to the plasma edge. This modifies the population densities of the
various energy levels and the observed intensity is then not simply a sum of intensities

from infinitesimal volume elements.

The equation for radiative transfer gives the rate of change of radiation intensity /(v,x)

with respect to distance as [24]:

/|
‘—;x— =—I(v,x)x(v,x)+ J(v,x) (3.19)
where [ (V,x) Z(V,x) represents the decrease in intensity by absorption over a distance
dx with ;{(v,x) being the absorption coefficient. And the increase in intensity over a
distance dx is represented by J (v,x) the emission coefficient. Equation (3.19) can be

expressed in terms of the optical depth (t) given by:

(v, x)= _[;((v,x)dx (3.20)

0

Equation (3.19) can thus be re-written as:

dl J(v,x)
2= .21
e I(v,x)+ ) (3.21)

where the ratio J(v,x)/ x(v,x)=S (V,x) is known as the source function.

The optical depth (1) defines the criteria for optical thickness of the plasma. When
7 >>1, the plasma is optically thick, and the region of the plasma from which
radiation escapes becomes more and more concentrated at a progressively thinner
layer at the plasma surface. So that finally the observed intensity of a given emission
line is defined solely by the temperature at the surface and the intensity approaches

that of a blackbody at the same surface temperature. Assuming a uniform plasma, we
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can define the mean optical depth (7,) at the central frequency of the emission line at

v, by:

7,=xv,)D (3.22)

-‘where Z(V,,) is the absorption coefficient at the line centre and D is a characteristic

linear dimension generally taken to be half the shortest dimension of the plasma [65,
94], for a cylindrical plasma case (as in the hollow cathode), D is given by the radius

of the cylinder [12, 161].

Griem [59] gives an approximate relation for the optical depth in terms of the angular
frequency w for discrete line emission, neglecting the effect of induced emission:

7, =2nrcf, L (w)ND (3.23)

Pqpq

where r, is the classical electron radius (= 2.818><10'15m), c is the speed of light, N; is
the ground state density averaged over the line of sight. f,, is the oscillator strength for

a line of wavelength 4, given by the relation:

fon =1.499><10_8/12MA(p,q) (3. 24)
100

All that is left now for us to estimate 7

0°

is determining the line shape factor L{w).

Which, for a Doppler broadened emission line in a Maxwellian plasma, has a peak
value at the line centre given by (3.25) [59] (for a discussion of spectral line profiles

and broadening mechanisms refer to appendix C):

AV
| Mcm V71
Llw, )= [27[ T j — (3.25)

Pq

w,, is the emission line frequency, M is the radiator mass and 7; is the ion

temperature. Combining equations (3.23) and (3.25) and simplifying gives [59]:

g
ﬁ)§4.7515x10'3(—1——] L1 N D (3. 26)

w

i rq

For a plasma to be considered optically thin, the absorbed radiation must be less than
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10% of the emitted intensity [24, 115]. Cooper [24] expresses this condition for any
given wavelength as 7 <0.2. Substituting in equation (3.26) the conditions expected
in a hollow cathode: N; =1020m'3, D =1mm (internal radius of the T6 cathode), two
values were used for the ion temperature: 7; = leV where it is assumed to be equal to
the electron temperature, and 7; = 0.1eV where it is assumed to be equal to the
cathode wall temperature, the real value of 7; is expected to lie somewhere between
these two extremes. This was used to construct table 3.1, in which the optical depth
for xenon, argon and krypton first ionisation and neutral excitation lines were
calculated. From inspection of table 3.1 it can be concluded that Cooper’s validity
criterion is satisfied by the entire line spectrum used in this work and that the hollow

cathode plasma is indeed optically thin.
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Element Wavelength ¥ T, T,
(nm) pa (T=T,=0.1eV) (T=T.=1eV)
418.010 0.576 0.188974 0.0608
Xell 433.052 0.525 0.178282 0.0573
441.480 0.292 0.101194 0.0325
460.300 0.260 0.09405 0.0302
Xel 450.100 1.13x107 3.99x10™ 1.28x10™
452.470 6.45x10™ 2.29x10™* 7.36x10°
425.058 0.0325 0.010838 3.49x10°
429.2923 0.265 0.08932 0.0287
Kl 435.5477 0.379 0.129559 0.0417
443.1685 0.530 0.184247 0.0592
443.6812 0.390 0.135584 0.0436
458.2978 0.160 0.057357 0.0184
427.3969 7.12x10° 2.39x10° 7.68x10™
436.2641 1.44x10°° 4.92x10™ 1.58x10™
437.6121 5.36x107° 1.84x10° 5.92x10™
K 439.9965 9.67x107° 3.34x10° 1.07x107°
441.03685 1.28x10° 4.44x10™ 1.43x10™
4453917 3.87x10° 1.35x10° 4.34x10™
446.3689 6.87x107 2.41x107° 7.74x10™
450.2353 4.66x10° 1.65x107 5.29x10™
401.3856 0.025361 7.985x10 2.568x107
405.292 0.329984 0.104913 0.033736
407.2004 0.144177 0.046055 0.01481
407.9573 0.019794 6.335x107 2.037x107
408.2387 7.246x10° 2.32x10° 7.46x10™
413.1723 0.108769 0.035254 0.011336
427.7528 0.146297 0.049091 0.015786
434.8064 0.442527 0.15094 0.048537
435.2205 0.060201 0.020553 6.609x10°
ALl 436.2066 0.023534 8.053x10° 2.59x10°
437.5954 0.029425 0.010101 3.248x10°
437.9666 0.288714 0.099192 0.031897
440.0986 0.066204 0.022856 7.35x10°
442.6001 0.359906 0.124959 0.040182
447.4759 0.043527 0.015279 4.913x10°
448.181 0.137016 0.048172 0.01549
454.5052 0.145865 0.052007 0.016723
457.9349 0.251507 0.090349 0.029053
458.9898 0.31457 0.113263 0.036421
460.9567 0.335111 0.121176 0.038966
415.8591 3.63x107 1.18x10° 3.81x10™
418.1884 4.41x107° 1.45x10° 4.65x10™
419.8317 2.26x107 7.46x10™ 2.40x10™
Ar 420.0675 3.58x107° 1.18x107 3.79x10™
425.9362 3.61x10° 1.21x10° 3.88x10™
427.2169 2.18x10° 7.31x10™ 2.35x10™
430.0101 1.74x10° 5.88x10™ 1.89x10™
451.0733 1.20x107 4.25x10™ 1.37x10™

Table 3.1: Optical depth of xenon, krypton & argon first ionisation and neutral
excitation lines assuming Doppler line broadening
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3.1.2.4 Collisional- Radiative (C-R) model

The collisional-radiative model attempts to tackle some of the constraints in the

corona model. Specifically, in the C-R model the possibility of stepwise collision

processes causing transitions in upper levels (including three-body recombination) is

included in the plasma model. The plasma is still assumed to have negligible radiation

trapping, i.e. it is optically thin. For a plasma described by a C-R model the following

assumptions apply [65]:

(a)

(b)

(©)

(d)

The free electrons follow a Maxwellian velocity distribution given by equation
(3.3).

Ionisation proceeds by electron collision from any bound level of the atom or ion.
This is balanced by three-body recombination and radiative recombination into
any bound level. The rate of collisional ionisation out of any bound level p of an

atom/ion (process (i1) in section 3.1.2) is given by n, nz(p) S cms, where

Z,p—eo

S is the collisional ionisation coefficient for an atom of charge Z from the p

Z,p—ree
level to the continuum. The rate of three-body recombination from a ground state

ion of charge Z+1 to an excited (in a quantum level p) atom/ion of charge Z is

. 2 3 . . ..
given by n?n,, (g) @y, ,cm™s”, where ¢, is the three-body recombination

coefficient for a ground state ion recombining with a free electron to form an
excited atom/ion in an excited level p.
Collisions with free electrons induce transitions between pairs of bound levels,

the rate of collisional de-excitation out of any level p is given by n, n, (p)XZ‘p_,q

cms™
The sources for radiative emission from the plasma are: (1) Spontaneous decay
from an excited level p to a lower lying energy level g (process (vii) section

3.1.2), the rate for this process is defined by nz(p)A cms™, and (2) Radiative

p—q
recombination with a free electron performing a collisionless transition to a

bound level p (process (iii) section 3.1.2), whose rate is given by

RR -3 -1
ne nZ+1(g) az+1,g cm's .
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The above assumptions form the basis for the construction of a quantitative
description of the rates at which the bound levels are populated. For any level p, the
rate of change of the population density of level p is given by:

dn,(p) - n+x (3. 27)

dt

n is the rate of destruction of species of charge Z in quantum level p by collisional
ionisation out of level p, collisional excitation/de-excitation out of level p and
radiative spontaneous decay out of level p into a lower lying level g. « is the rate of
production of species in a quantum level p due to radiative recombination into the p
level, collisional excitation/de-excitation into level p and three-body recombination
into level p. Substituting the rate equations for these various processes into (3.27), we

arrive at:

d
—nz (p) =-n, (p) {nL,Sz.p—)oo +n, Z XZ,p—vl + ZA(p’q)} +n, an (Q) XZ"’"’”

dt q*p q<p qEp

+ an (q) A(fb p)"‘ 1 (g) {neagﬂ,p + a;fl,p}

q>p

(3.28)

The summations are taken for all possible g within the indicated limits. The above
equation is applied to all p levels and this leads to an impractically large number of
simultaneous differential equations to be solved over an equally large summation over
q levels. However, one advantage of the C-R model is that, as the quantum number of
the energy level increases, the spacing between the energy levels becomes closer. This
leads to the probability of the collisional processes becoming greater and the
probability of radiative processes becoming smaller. Thus, there will always exist an
energy level above which the radiative processes can be neglected and the population

densities can be described by a modified form of the Saha equation:

3
ole)_siule) 2T ]‘ e - E2)) )
n,(p)  &.(p) h? kT,

with sz(p) being the ionisation potential of a species of charge Z from level p,

where p > p, the level above which the modified Saha equation can be used.
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Consideration of the relaxation times for the population densities reveals that the
relaxation times associated with ground level populations are orders of magnitude
larger than those for inter-excited level transitions [65]. Thus the transitions between
excited bound levels can be considered instantaneous when compared to the
observation time (negligible numbers of atoms/ions are in their excited levels when
compared with the ground level) and only processes involving ground level
populations need be considered [115]. Hence, the processes that need to be considered

are reduced to:

e Collisional ionisation out of ground state S,(g)+e—>S,, tete
e Three-body recombination into ground state S, tete—=S, (g)+ e
e And radiative recombination into ground state S, +e—S,(g)+hv

Collisional excitation/de-excitation and spontaneous radiative transition processes are

neglected. This is known as the “ladder approximation” [115].

For a pure (single gaseous element) plasma composed of free electrons, neutral atoms
(denoted by the subscript I), ions in the first ionisation stage (II) and ions in the

second ionisation stage (III), the population rate equation (3.28) can be simplified to:

dn
Ly _ RR 3 2
= _SI—>11nen1,g ta L nn,, Yo nn,,
dt
dn
g _ _ yRR A3 2 _
dr _SI—)Iln’en’[,g Oy Ny e — MMy Sll—)/llne”u,g
+0(RR +CL’3 71211
-y g m-snTe g g
dn
g RR 3 2
i _S11—>111nenll,g Cry Ty g — sy M My

(3.30)

Empirical relations for the collisional ionisation coefficient (S) and the radiative

recombination coefficient (a*F) were derived by McWhirter [65]:

SZ——>Z+1

JA
=2.34%107" &7 I exp(— sz(g)j (cm’s™ (3.31)

-
E.; (g)A kT,
, E )
aff = 2.05><10"1~—°°él/(—512 (cm®s™) (3.32)
T/?
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And the three-body recombination coefficient (o) is defined by Elwert [36] as:

Szu

- (cm®s™) (3.33)
EooZ (g)A (kTe )54

a .., =3.9x107%*

where ¢, is the number of electrons in the outermost occupied shell (n*) of species Z
and &, represents the number of vacancies in the last shell, its value is given by the

equation &,,, =2(n*)* —¢,,,. The parameters E._,(g),&,,, and ¢, are evaluated in
table 3.2 for neutral, first stage ionisation and second stage ionisation species of the
rare gases used in this work. As can be seen from equations (3.31)-(3.33) the rate
coefficients are functions of the electron temperature and atomic constants only.
Although the equations have been designed for hydrogen and hydrogen like ions, the

collisional ionisation coefficient has shown fair agreement with published data [63].

E_(g)

Element o) ¢, £,
Xel 12.128 8 42
Xell 21.2098 7 43
Xelll 32.1230 6 44
Krl 13.9996 8 24
Krll 24.3599 7 25
KrIlI 36.950 6 26
Arl 15.7596 8 10
Arll 27.6297 7 11
Arlll 40.74 6 12

Table 3.2: Atomic properties of the propellant gas atoms and ions

Population equations

The simultaneous equations designated equation (3.30) can be coupled to the

condition for plasma quasi-neutrality:

n,=n, +2n, (3.34)

¢

to form a system of 4 equations with 4 unknowns (namely: n,, n;, n; & ny) and a free

parameter T, which determines the rate coefficients.
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In a steady state situation where the population densities can be assumed to remain

dn,

constant over the observation period, the population rate p
t

=0. The system of

equations (3.30) can be rewritten as [115]:

RR 3 2 _
=S nn, T nny,, vt nn,, = 0

RR

3 2 RR
SI—)lInenl,g Ly, T Ry, _SII—)IIlnenII,g Ty Ny,

RR 3 2 _
Ty My Ty Ny, = 0

3 2 _
S11—>111”e”11.g Ly My — Xy My, = 0

(3.395)

This can be simplified and solved for ny, n;; & nyy in terms of 7, and n,, thus giving:

RR 3
P (a'll—u +”ea’u—>1)
Lg — S g
[l
RR 3
0. = n, (05111-911 + neam—w)
e 9g +a® +nal
U1l m—u TNy
n,mng
Nype = 5

(3. 36)

Figure 3.3 shows the ratio of the population densities of the various xenon species to

the total number density (given by n, =n, +n, +n,) for a range of electron
temperatures at n, = 10" cm™. The figure shows that, for the range of temperatures

expected in the hollow cathode, the plasma will consist primarily of atoms in the
neutral or first stage of ionisation. This is consistent with the spectroscopic results of
this work where Xelll, KrIII and Arlll lines were absent from the spectra. We note
however, that although this is in agreement with previous spectroscopic studies on
xenon and mercury [101, 115, 116, 146], there is some evidence [202] indicating the

presence of Xelll ions in a HC discharge.
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Figure 3.3: Ratio of number densities from theoretical model
for n=10" cm”

3.1.3 Spectroscopic methods for plasma parameter evaluation

The purpose of the previous sections was to outline theoretical models for the plasma,
this has lead to the selection of the collisional-radiative model as the one most suited
to the conditions in the hollow cathode. The objective of this section is to relate the
experimentally observable quantities, through the plasma model, to the plasma
parameters of 7, and n,. Three methods of plasma parameter evaluation were applied

and are here outlined.

3.1.3.1 Ratio of line intensities

For an optically thin plasma, the spectrally integrated emission line intensity /(p,q)
(which will be called ‘intensity’ for short) arising from a bound-bound transition

between levels p and ¢ is given by:
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!

I(p,q) iz A P.q J.n (3.37)
0

The integration is taken over the depth of plasma (I) viewed by the detector.

Assuming a homogeneous plasma, equation (3.37) becomes:

hv

I(p.q)= yo A(p.q) n(p) 1 (3.38)

Ratio of lines of the same species

The ratio of two lines of the same atom/ion produced by transitions from upper levels

pand p’ tolevels g and ¢’ respectively is given by:

[z(p:Q) /11)’0' A(F:‘]) ”Z(p)
= (3.39)
L(p.q) 2, Alp.q4)n,(p)

substituting the emission line frequency (v,,) in equation (3.38) by the emission line

wavelength (/?,pq ). The ratio of the two populations can be given by the modified Saha

equation for the collisional-radiative model (equation (3.29)) for levels p > p, giving:

L,(p.g) A Alp.q) 5.(p) ( E(p)-E(p )]
= - (3. 40)
,(p'.q) Apg A(p’,q’)gz(p')exp kT

4

The electron temperature corresponding to a given line ratio is thus [59]:

E(p)-E(p") (3. 41)
1,(p.q) A,, Alp.9) g,(p)
1,(p.q) 2,, Alp'.q') g,(p')

kT, =

[4

n

This method allows for determination of 7, without prior knowledge of electron
number density. The accuracy of the temperature estimate requires that the two upper
energy levels be separated by as large an energy difference as possible, as the

transition probabilities are only known to an uncertainty of < 50%. It is however
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difficult to increase the energy difference between the selected line upper levels

beyond a few eVs in the limited observation range.

For a plasma in LTE, the accuracy of the above method can be greatly enhanced by
use of a “Boltzmann plot”. In a Boltzmann plot, we plot

ln(]z(p,q)/lpq/[gz(p)A(p,q)D as a function of the excitation energy of the upper

levels Ez(p). If the resulting data fall close to a straight line, a more accurate
estimate of T, can be obtained from the slope of the line, which is equal to (-1/kT, ).

Any appreciable deviation from this linear behaviour would indicate departure from
LTE. The Boltzmann plot method is well established for estimating 7, for LTE
plasmas (see for example [59, 71, 118, 165, 174]), but has apparently not been
extended to plasmas in the C-R regime, it will be shown here that this method can
indeed be applied to C-R plasmas to yield excellent results, thus constituting an

interesting feature of this work.

Taking the intensity of an emission line (equation (3.38)) and substituting for the

population number density using the modified Saha equation (3.29) for the C-R model

gives:
-3
c n (g)n, 2z m kT, 7 g (p) E_(g)—-E,(p)
I , __A , Z+1 ¢ ¢ ¢ Y4 Z Z l
‘ (p q) 472. j’pq (p q) 2 ( hz j gZ+1 (g) exp kTe
(3.42)
Taking the natural logarithm of both sides of (3.42) gives:
I <p’q)/1pfl 87 g, (g) (Zﬂ'mL,kTe )% — E_,(g)-E,(p) 3.43)
A(p.g9)g,(p) hen, ny, (g)IL B2 i,

The HC plasma is in steady state and will be under the same discharge conditions
(anode current and flow rate) for the length of the observation time. Realising that for
such a plasma, the electron temperature, electron density and population density of
ground state ions of the next ionisation stage (1,,,(g)) will all be constant for a given

spectrum throughout the observation time. We can thus rearrange equation (3.43) into:
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ln[ Iz(p’q)j’pq j:_Ez(p) + E.,(8) I 87Zgz+1(g) (27zmekTe j%
Alp.q)2,(p) kT, KT, henny.\(g)1 h’

(3.44)

By inspection of equation (3.44), we can now recognise that, for a plasma in the C-R

regime, if we plot ln([z (p,q)/lpq/[A(p,q)gz (p)]) as a function of energy of the upper

level E,(p), we will obtain a line whose slope is (-1/kT, ) and whose intercept is

given by the term in the square brackets on the right hand side of equation (3.44).

Applying the Boltzmann plot method to a C-R plasma involves the implicit
assumption that the modified Saha equation, which is used to derive it, is applicable.
The modified Saha equation can only be used for levels p greater than p,, where p; can
be thought of as a “thermal limit” where the levels above can be envisaged as being in
thermal equilibrium with the continuum due to the increased collisional transition
rates between the upper levels and free electrons. A great feature of this method is that
it is self-consistent, i.e. if the upper levels were not high enough for the modified Saha
equation to apply, we will experience large deviations from the expected linear

behaviour and a value for 7, will not be obtained.

Ratio of lines of the same element at different stages of ionisation

Another approach to improve the accuracy of the temperature measurement is to use
the ratio of lines from two different ionisation stages, as their upper level energies can
be very different and yet lie in the same region of the spectrum. This is the approach
used by Monterde for evaluation of plasma parameters in UK-25 HC operating on

xenon [115,116].

The ratio of the line intensity (7, (p,q)) produced by ionic species (at the first
ionisation stage) undergoing a p — ¢ transition to that of atomic species (/, (p',q’))

undergoing a p'— ¢' transition is given by:
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I (P:Q) _ Ay A(P:‘]) "y (P) (3. 45)
Lp.a) A, Alp.q)n(p)
For a C-R plasma the modified Saha equation can now be used to obtain the excited
level population in terms of the ground state population of species in the next stage of

ionisation:

Ill(p’Q) /?'IH/ A(F?‘]) ”111<g)g11<p) gll(g)
L,(p.q) A, Alp.q)n,(g) ¢, (p) gu(s)

exp

(Eum(g)—En (p)-E,.(¢)+E, (p')j

kT,

[

(3. 46)

where g,(g) andg,, (g)are the ground state statistical weights, and E,w(g) and
E,.(g) are the ionisation potentials from ground level for the singly and doubly

ionised species respectively. Now using the ladder approximation from (3.36) to

obtain the ratio of ground state populations, we obtain finally:

I, (P CI) /1110 A(p,q Su (p) Su (g>( S o ]
I, (p :CI) /1 A(p' ql) 1<pl) 8 (8) n a’m—m +a’/u—>u

p[E ()-E,(p)-E <g>+E,<p>J

kT,

e

(3.47)

It can be seen here that the resulting ratio of intensity is a function of both n, and T,. If
either T, or n, can be measured independently, correlating the experimental results

with equation (3.47), the other parameter can be estimated.

3.1.3.2 Continuum methods

The sources of continuum radiation were discussed in section 3.1.1. With the free
electrons possessing a Maxwellian distribution, the major sources of continuum
radiation in the VIS/UV region are bremsstrahlung and free-bound (recombination)

transitions.
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Relative continuum intensities

As described by Malik [101], the plasma electron temperature can be assessed, using

the intensity ratio of the bremsstrahlung continuum, by:

In(l,/1,) = ~he () 4, =Y A,) /AT, (3. 48)
where intensities I; and I, are taken at wavelengths A| and A, respectively.
The continuum measurements represent however a superposition of the radiation due
to both bremsstrahlung and recombination processes. To find the regions of the

continuum due to bremsstrahlung, we plot log(I) versus A. The regions exhibiting a

linear decay will be representative of bremsstrahlung [101].
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3.2 Electrical breakdown in Gases [22, 162]

Here we give a brief overview of the general theory of electrical breakdown in gases.
We assume plane parallel electrodes, with a uniform field £ =V /d where d is the
gap length and V is the potential difference between the electrodes, and that primary
electrons are produced at the cathode with a current density j,. Due to acceleration by
the applied field these electrons are multiplied on their way to the anode by ionising
the gas. This is described by the first Townsend coefficient « (= ionisation impacts
per unit length traversed by the electron). The ions formed are accelerated by the field
in the opposite direction towards the cathode giving an ion current j; that impacts the
cathode surface liberating secondary electrons. This process is described by
Townsend’s second coefficient y (= number of electrons liberated per impacting ion).

The electron current density leaving the cathode region is thus:

j(':j()+}/xji (349)

As a consequence of the ionisation multiplication effect, the electron current density

reaching the anode is

J. = J. expled) (3. 50)

in other words each electron produces exp(a'd)—l new electrons in traversing the gap.

The ion current density is thus given by:

Ji=Je—Je 3.351)

From equations (3.49)-(3.51) the electron current density at the anode can be obtained

by:

. j, explod)
S 3. 52)
Te "1y lexplod) 1]

ais connected to the electron mean free path for ionisation A, by the relation:

1 v
RS 7 3.53
) exP[ EAJ 3.33)

¢
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A is related to the pressure P (or more appropriately the density N = PAKT)) by the

relation 1/4,= No; (0; is the ionisation cross-section). Equation (3.53) becomes:

o CcP
—=A - 3.54
P exz{ E j ( )

where A = 1/(PA,) = ; /(kT), and C = AV..

Breakdown of the gap takes place when there is a sudden, sharp rise in the current of
several orders of magnitude at the breakdown voltage. This condition occurs when the

denominator of equation (3.52) is zero, i.e. when:

¥exp(ad)-1]=1 (3. 55)

With E=V/d, we obtain from (3.54) and (3.55) the breakdown voltage Vi as a
function of the product (Pd)

y, = C(Pd) (3. 56)

A(Pd )
ln( %/ +1]

Equation (3.56) is known as Paschen’s law. Figure 3.4 shows experimental results

In

illustrating Paschen’s law for various gases [162]. The value of the breakdown voltage
minimises for a unique value of (Pd) known as Paschen’s minimum, which can be

obtained by differentiating equation (3.56) and equating it to zero to give:

(Pd),, = 2‘118 znG + 1] 3. 57)
(ka )min = C( Pd )min (3 58)
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Figure 3.4: Breakdown voltage as a function of (P X d) for several gases [1062].

Classical breakdown theory, as described by Paschen’s law, is very well understood
for plane parallel electrodes with a static gas and uniform pressure profile. But

breakdown in an orificed ion thruster hollow cathode differs in several ways [124]:

e The non-planar nature of the geometry

e The high flow velocities

o The high pressure gradient between the electrodes

e The use of a heated cathode with a low work function insert

e The variable surface conditions at the insert due to ion bombardment and Ba loss.

These differences may lead to a departure from the standard Paschen behaviour and
hence justify the attempts made in this study to obtain empirical data on HC
breakdown and to explain any differences that may arise due to the unique nature of

the orificed HC discharge.
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3.3 Hollow cathode discharge modelling

A complete analytical description of the phenomena occurring in hollow cathode
discharges has been hampered by lack of experimental data and the complexity of the
processes involved. Emission from the cathode can take place via several mechanisms
(thermionic, field-enhanced thermionic, photo-electric, secondary emission etc..) or
even by a combination of these mechanisms. The HC physical surfaces and the
interior plasma can interact in complex ways, and in addition, these processes
influence the gasdynamics of the flow through the cathode. The development of HC
models has attempted to bridge the gap in our understanding, in the absence of a
substantial body of experimental data, by making simplifying assumptions to the
description of the discharge (for example favouring a certain emission process or
assuming a homogeneous HC plasma). The model’s predictions of the observed
cathode behaviour can be used to indicate the relative importance of the many

possible processes in HC discharges.

Any review of theoretical models of hollow cathodes must begin with those presented
for the more generic open channel hollow cathode arcs [81]. In 1978 Ferreira and
Delcroix [186] proposed what can be considered as the first detailed, self-consistent
description of the underlying physics of open channel hollow cathode arcs. Their
model describes analytically, for an argon plasma, the gas flow in the cathode, the
cathode wall emission mechanism and energy balance, the formation of the plasma
and the radial and axial transport of plasma ions and electrons. For an argon plasma,
they predict equal contribution to the total discharge current from surface emitted
electrons and secondary electrons produced by volume ionisation. Field-enhanced
thermionic emission was assumed to be the only mechanism of electron emission
from the surface. This assumption, although suitable for orificed hollow cathodes
[140, 147], might not be applicable in the open channel case (see Krishnan ef al. [86]).
The model, in spite of its analytical rigour, relies on experimental determination of the
cathode wall temperature profile as input to obtain the corresponding surface current
density profile. This information is usually not available, and moreover, due to the
extreme sensitivity of the current density to wall temperature, any slight error in wall

temperature determination will lead to large errors in the calculated current density.
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More recently, Kennedy [81] presented a 1-D theoretical model for low-pressure
hollow cathode arcs, with the aim of determining the cathode surface current density
and wall temperature. The model assumes no net mass flow. For the cathode energy
balance he presents arguments similar to Siegfried (see next section) but neglects
cathode power gain by excited species and photon flux, and also ignores energy loss
by radiation. To achieve an energy balance of the cathode internal plasma, the model
uses a differential approach, whereby the cathode region is divided into thin slices of

length dk, see figure 3.5.
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Figure 3.5: Illustration of cylindrical slices of the arc adjacent to HC surface used in
the Kennedy model: (a) current balance at steady state, (b) power balance [81].

Kennedy writes for P(x), the power deposited into the volume element at x:

dpP

E:(pc‘s _ploss)27[R+pj (3 59)

where p__is the net power deposited by the cathode surface electrons accelerated by

the sheath per unit area, p,, is the power lost by collisions per unit area, p; is the

Joule heating term and R is the cathode radius. Assuming a constant axial electric

field, Kennedy formulates an expression for the variation of electron temperature with
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x, which can be solved iteratively to obtain the electron temperature T,(x), the surface
current density j (x) and also T,(x) the wall temperature. The model, when compared
to experiments, succeeds in predicting the extent of the active zone, which the Ferreira
and Delcroix model fails to do. This agreement with experiment is however
qualitative, as the predicted current densities were about twice as those measured
experimentally [81]. Moreover, the model uses thermionic emission as the surface
emission mechanism, and this leads to extremely high cathode temperatures. When
using parameters from Fearn and Patterson [44] on the T6, Kennedy predicted wall
temperatures in excess of 3000°K for 5-10A discharge currents, which are again

approximately twice the expected value.

Moving on to the models specifically designed for orificed hollow cathodes, the
model proposed by Siegfried (1984) formed the first and simplest model of
underlying physical behaviour, which gave good agreement with the experimental
results. It did suffer, however, from some drawbacks which the more recent Salhi-

Turchi model attempted to address.

3.3.1 The Siegfried-Wilbur model

Siegfried and Wilbur [145, 146, 147] carried out a series of experimental
investigations on orificed hollow cathodes operating on mercury. Based on the
experimental results they developed a phenomenological model to describe the
electron emission and plasma production processes in the hollow cathode cavity. The

most significant processes are shown in figure 3.6.

The surface electrons originate from a narrow band at the downstream end of the
insert, the electron emission mechanism is assumed to be field-enhanced thermionic
emission. These electrons are accelerated by the cathode sheath gaining enough
energy for multi-step ionisation of the gas. Siegfried and Wilbur introduce an

idealised ion production region (IPR) (indicated by the dashed lines in figure 3.6),
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which they define as the volume circumscribed by the emitting portion of the insert of

length L., and where the plasma properties are assumed to be uniform.

s
/ ORIFICE

7 Vi

tINSERT

Figure 3.6: Schematic of the ion production region in a hollow cathode operating
on Hg, whose boundaries are defined by L,, the emission length. [145]

The total cathode discharge current I is the sum of the electron emission current I,
and the ion current to the surface /; due to ions produced in the production volume and
accelerated through the cathode fall. This ion current provides the energy input to the
insert surface necessary to maintain the emission temperature. The current balance is

described by equation (3.60).
I,=1,+1,=Jj,A, +JjA, (3. 60)

where j, is the field-enhanced thermionic current density emitted from an insert
surface area A, specified by the emission length L, and j; is the Bohm current density
of ions crossing the boundary of the IPR of surface area A;. The surface area of the
IPR is given by A = A, +2A_, where A. is the area of the end faces of the IPR.
Equation (3.60) ignores field emission and secondary emission due to ions, photons
and excited states. The model also ignores electron production in the orifice region,
which was shown, based on the experimental results, to have a negligible contribution

to the total discharge current.

The emission current density j, from a surface of temperature 7} is given by:
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eq
i =a T?expl ——< 3.61
.]jr o" s p[ kT\j ( )

where, a, =1.2x10°Am? °K? and @. is the effective surface work function. The

effective work function is the surface work function ¢ minus the reduction in the
work function due to an electric field E, at the surface due to the presence of the

plasma sheath, i.e.:

e|E,| %
9, =9, *(—] (3. 62)

0

The electric field at the cathode surface is estimated using a double sheath analysis
governed by Poisson’s equation for a hot cathode emitting thermionic electrons to a
plasma. A solution presented by Prewett and Allen [133] was approximated by

Siegfried, for conditions in a hollow cathode, to:

1
% N
E z(”«kTeJ 2(“21_;] —4 (3. 63)

kY
8( | (4

V, being the potential drop across the cathode sheath.

An energy balance at the emitting surface is used to estimate the Bohm current
density j;. The balance involves equating the power input due to ion
bombardment/neutralisation and de-excitation of excited states to the power loss from
the emitting surface by electron emission, conduction and radiation. This is

represented by equation (3.64)

¢

jiAe(Vp +Vvi _¢.\')+(]dx Ae +C]ph A = Q1/7 + Ie ¢e (3 64)

where V; is the ionisation potential, the terms ¢, A, and ¢,,A, represent the energy
input due to de-excitation of excited atomic states at surface and photon flux to
surface respectively. Q,,, is the power loss due to conductive and radiative processes,

which is a function of 7. Siegfried estimates this term for his specific cathode

configuration. Neglecting the ¢, A, and ¢,A, terms (Siegfried estimates the

dx* e
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contribution of the two terms at less than 5% of total current), and expressing j; in

terms of the discharge current Ip, equation (3.64) becomes:

[%H[L_MH 6,65

4 4

The plasma potential (=V),) can be estimated using an energy balance in the IPR.
Energy is convected into and out of the IPR by the various particle species. The
particle species do not only transport the energy due to their directed and random
kinetic motion across the IPR boundary but they also carry the internal energy due to
any excited state they might be in. Assuming the ionised state is the only excited state
of consequence and neglecting radiation transport, Siegfried writes for the IPR energy

balance:

SKT,

2e

1

VI, =V + 5 (3. 66)

where V,I, is the rate of energy input due to surface emitted primary electrons, Vi is
the rate of energy loss due to ionised atoms leaving the IPR, and the last term

(5/2)kT, / e)l,, is the rate of energy loss by convection of Maxwellian electrons

through the cathode orifice. Solving (3.66) for V, we have:

KT
v, :;(VJ}AY FELUY (3. 67)
ID —.]iA.\‘ ‘ 26

To estimate n, we assume quasi-neutrality (n, = n;), a uniform plasma density
throughout the IPR and that the ions leave the IPR at the Bohm velocity. This leads to

equation (3.68):

/A
Ji = ne{ﬂ) (3. 68)

m,

The total pressure at any point in the hollow cathode cavity is the sum of the partial
pressures of each species. To estimate the total neutral density (n,) in the hollow
cathode cavity we use the ideal gas law, assuming quasi-neutrality and the ions and

neutrals to be in equilibrium at the insert temperature:
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P=n kT, +kT,(n, +n,) (3.69)

To complete the model a means of evaluating L, and P (the cathode pressure) is

required. Siegfried uses two empirically derived equations to achieve this:

L, =24 (3.70)

¢ pr

where A, the primary electron energy exchange mean free path, is given by:

-1

_6.5%1077n, . 10°n,V,
- v’ 2.83%10% —1.5n,

The pressure is given by an empirical equation derived over a large range of mass

flow rates (in mA units), discharge currents and orifice diameters d, (in mm):

P= ’Z’ﬁ (13.7+7.821,)x10™ Torr 3.71)
yE

0

Inserting the mass flow rate (1), the insert diameter, the discharge current Ip and the
thermal power loss Q,,, , the 10 equations ((3.60)-(3.63), (3.65) and (3.67)-(3.71)) can

be solved in terms of all the other parameters except T,, which Siegfried assumed to
be constant at 0.710.1eV over all the range of normal operating conditions of a

mercury hollow cathode.

3.3.2 The Salhi-Turchi model

Salhi and Turchi’s [140] main criticism of the Siegfried-Wilbur model is its reliance
on empirically derived relations (equations (3.70) and (3.71) in section 3.3.1) and
specification of a constant value of 7, obtained from the related experimental
program. They present a first principles model for the HC, which can be used to
specify cathode properties and operating conditions and can be used as a design tool

for hollow cathodes.

The Salhi-Turchi model, like that of Siegfried, assumes field enhanced thermionic

emission from the cathode surface, where the surface field is given by the Prewett-
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Allen relation. It assumes that the ion flux to the cathode is given by the Bohm
criterion and that the pressure at any point inside the cathode is given, for a perfect
gas, by the sum of all the partial pressures, with the heavy particle temperature equal
to the wall temperature. i.e. Salhi reuses equations (3.61), (3.62), (3.63), (3.68) and
(3.69) from Siegfried.

The current balance at the cathode surface (equation (3.60)) was modified by the
addition of the term (-1.) to the right hand side of the equation. This term represents
the contribution to the total current by plasma electrons with enough energy to
overcome the repulsive sheath to impact the cathode surface. Salhi presents an

alternative expression for the discharge current:

VA
I, :ene( KT, j A, -1, (3.72)

2wm,

where A, is the orifice area, with the first term representing the electron current
escaping through the cathode orifice. /., is the ion current through the orifice given by

1,, = Zem f3/m, where fis the ionisation fraction.

The mass flow rate is determined from conditions at the orifice. Assuming an
isothermal flow and using a one dimensional momentum equation corrected for

viscous effects, leads to equation (3.73) for the mass flow rate:

=€ Ay (3. 73)

kT T.) 2
__ 1+ e
\/m,( ﬁTJ

To evaluate the pressure (P) in (3.73) we need to solve equation (3.69), which

necessitates a knowledge of the neutral density. Salhi uses a two-temperature Saha
equation (7, # T;) to achieve this with & being the ratio of the partition functions of

the ion and neutral;

Vi %
T, 2
n, (llj - 29(——~2” M, j exp[— Vi j (3.74)

n h kT

a 4
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For the cathode energy balance the model includes, like that of Siegfried, the energy
input due to ion bombardment and energy loss due to electron emission. In addition it
includes energy loss by emitted electrons in the form of enthalpy, and energy input by
high-energy plasma electrons penetrating the cathode sheath. The model gives the
terms in the form of integrals over the surface to allow for variations in current

density:

jjﬁ[¢e+5]2‘—§jdAe = [, +v, -0,)aa, + Ije(¢e+5’2‘Tf

ée

jdAe +fq,
(3.75)

where j, is the plasma electron current density to the surface, g, is the radiative heat
flux and f is the view factor. It is however unclear how Salhi evaluates, if at all, the

radiative flux term.

The mechanism of energy input to the plasma in this model is not confined to the
electrons accelerated through the cathode fall, but also includes energy input due to
Ohmic heating of a plasma with conductivity o. The energy input is used to heat the
electrons and excite and ionise the gas, energy loss is by particles leaving the cavity.

This energy balance is expressed by Salhi as:

, SKT. 2 (ST, (KT,
j]f,(VP = jdAe + jJ;dv: j]i(vi +—-2—e——JdAK + [J( = )dA

SKT,\ 1, (5kT,
+(ID +qu{ 26‘J+ ,b;] [—26‘ j+q,

(3.76)

The plasma conductivity is estimated using the Spitzer formula for a fully ionised gas:

o= L53X107 1y

3.77
nA ( )

where

3\A
A :1.24x107(T—"J (3.78)
n

€

This model allows two-dimensional variation in plasma properties in an axi-symetric

cathode with the assumption of uniform 7,. The plasma potential distribution is
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obtained using the Laplace equation, which governs a neutral plasma:

V¥V =0 (3.79)

with appropriate boundary conditions. An interesting consequence of using the
Laplace equation is that its solution gives the length of the plasma column (L,), which

Salhi found to scale to one insert diameter [141].

Salhi compared his model with experimental results from Siegfried and Wilbur. His
model was found to have, over all the parameters compared (7., n., V, and T;) an

overall maximum discrepancy of 30%.

The models described above are relatively simple illustrations of the physical
processes in orificed hollow cathodes, which can be applied to this work. More
complex, computationally intensive models (see for example the Centrospazio models
[138, 160] and the model under development in Southampton [25, 187]) would

require a considerable effort to implement and are thus not discussed here.
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Chapter 4

EXPERIMENTAL APPARATUS

Introduction

This chapter describes the experimental facility used during the course of this
investigation. It first describes the vacuum chamber and associated systems, then goes
on to describe the hollow cathode in diode configuration and associated hardware.

Finally, it contains a description of the various diagnostics used in the experiments.

Figure 4.1: The Vacuum chamber with accompanying hardware
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4.1 Mechanical system

The vacuum chamber is essentially the one used by Edwards [33] and Milligan [112],
with minor modifications, and will be here described in brief (for more details

reference should be made to the above works).

4,.1.1 Vacuum chamber

For the operation of the hollow cathode a background pressure of the order of 107
mbar is required. This condition reduces the residual oxygen partial pressure, and
hence mitigating the risk of oxygen poisoning of the hollow cathode insert. The

vacuum chamber thus needs to be capable of high vacuum.

The stainless steel vacuum chamber is cylindrical in design, 500mm in diameter and
500mm in length a sketch is presented in figure 4.2. One end, an ISOS500 flange,
doubles as the chamber door and also as the mounting for the propellant feed and the
back-plate on which all the vacuum side hardware (the hollow cathode-enclosed
keeper assembly, anode, optical fibre mount, mirror and optical fibre shield) are

mounted.

The vacuum chamber has several ports (CF35 or ISO160 high vacuum ports) to allow
electrical and propellant feeding through the chamber walls. Two of the ISO160
flanges located halfway along the length of the chamber have been changed for the
purposes of this investigation. One was drilled to allow the installation of an Ocean
Optics FC-VFT-UV200 optical fibre vacuum feedthrough (see section 4.4.1.4), the
other had one of the two CF35 flanges on it replaced with a quartz viewport, which
facilitated pyrometry of the cathode tip and provided visual access to the inter-

electrode space.

The pumping system is a Balzers turbomolecular pump system incorporating a
TPHS520KGT turbomolecular pump in series with a DUOO016B rotary vane pump. The
pumping system is fully integrated, which greatly simplifies operation.
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Figure 4.2: Vacuum system schematic [33]

4.2 Experimental subsystems

4.2.1 Hollow cathode in diode configuration

Hollow cathode geometry

The hollow cathode used in this work is a T6 thruster hollow cathode, modified for
use in a Hall thruster (ROS2000), on loan from QinetiQ (formerly DERA). A
schematic cross section of the cathode is shown in figure 4.3. It is designed to provide
the discharge current requirement of the T6 thruster, which is about 17A [45].
However, this cathode has demonstrated a capability of up to 30A [45].
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Figure 4.3: T6 hollow cathode dimensions (dimensions in mm)

The cathode body and tip were made by turning a single tantalum rod, reducing the
risk of tip weld failure. The cathode body is a tube of 6.5mm outer diameter and
4.8mm inner diameter. The cathode tip is 2mm thick and contains a central orifice of

1.4mm diameter, which is countersunk at 45° to 1mm depth.

A porous tungsten insert of 20mm length and 2mm internal diameter is push fitted
flush with the cathode tip’s upstream face. It is impregnated with a barium-calcium-

aluminate low work function material.

A bifilar tungsten-rhenium heater winding surrounds the cathode body, with a
machinable ceramic serving as insulation between them. Radiation shields made of
dimpled molybdenum foil surround the complete assembly in the radial direction,

while dimpled molybdenum washers perform the same function in the axial direction.

Experimental arrangement in diode configuration

A schematic cross section of the hollow cathode in diode configuration and the
associated vacuum side equipment is shown in figure 4.4. All the vacuum side
hardware is mounted on the back-plate, which in turn is connected to the main
chamber door by a support frame. A picture of the hollow cathode in diode

configuration is shown in figure 4.5.
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Figure 4.4: Schematic of the hollow cathode arrangement in
diode configuration (dimensions in mm)

The hollow cathode used in this work employs a fully enclosed keeper configuration.
The keeper is made of carbon and its inner surface is situated 2.5mm away from the
cathode tip when cold, with a keeper orifice diameter of 4mm. The anode is a 100mm
diameter stainless steel disc with a SO0mm diameter hole through its centreline. It is
located 40mm from the cathode tip and mounted on insulating ceramic mounts. A
quartz disc of 100mm diameter is mounted 55mm from the cathode tip to shield the
optical fibre from ion bombardment (see section 4.4.1.4) and the optical fibre itself is
situated 135mm from the cathode tip with an unobstructed view of the hollow cathode
interior plasma. The optical fibre is connected to a FC-VFT-UV200 vacuum
feedthrough, which transmits the light emission to the exterior of the chamber. A

mirror is placed 165 mm from the cathode tip at an approximate angle of 45° to the
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cathode axis to facilitate cathode tip temperature measurement using an optical

pyrometer (see section 4.4.2).

Figure 4.5: Photograph of the hollow cathode in diode configuration

4.2.2 Propellant feed system

A schematic of the propellant feed system is provided in figure 4.6. It operates on the
principle that a high purity gas providing a constant upstream pressure to a metered
needle valve would provide a constant flow of propellant that can be varied over the

entire range of calibration.
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Figure 4.6: The propellant feed system [33]

All the piping used is % inch stainless steel pipes and all the connections are Y4 inch
Swagelock® compression fittings. High purity gas is provided through a Spectra
Gases 7120 double stage regulator, which allows upstream pressure control of the
hollow cathode and discharge chamber feed lines (the chamber feed line is not used in
this investigation), control of the gas flow rate was effected by a Negretti VS-MF-1V-
4P miniature flow needle valve. An oxygen trap is used on the hollow cathode line
upstream of the Negretti valve, along with a bypass line (which is evacuated prior to
propellant feeding), to minimise the risk of cathode oxygen poisoning. Nupro HK
series valves are used to direct the flow to the sampling cylinder when flow rate

calibration is required.

Flow rate calibration is done using a stainless steel sampling cylinder with a known
volume. The flow is deflected to this sampling cylinder from the cathode or discharge
chamber line, the rate of change of pressure in the cylinder is measured using a Druck
PDCRO10 pressure transducer, while the temperature of the gas is simultaneously

measured by a K-type thermocouple attached to the cylinder.

The mass flow rate can be calculated for a given upstream pressure and Negretti

needle setting using (Edwards [33])
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This method, in spite of the benefits of its simplicity, makes it impossible to measure
the flow rate in real time. A calibration prior to testing is necessary, making this
method susceptible to errors due to changes in temperature or upstream pressure
during the course of an experiment. By performing pre- and post- test calibration the

error was found to be less than £10%. For more details of the calibration procedure

refer to section 5.1.2.

4.3 Electrical supply system

The behaviour of the hollow cathode can be characterised by operating it in diode
configuration [28, 40, 115, 146]. This leads to a simplification of the required

electrical arrangement when compared to that in a fully operational thruster.
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Figure 4.7: Electrical power supply arrangement in diode
configuration
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The hollow cathode heater power supply is a Powerbox Lab605 (30V, 5A), operated
in constant current mode, which can provide the necessary power to bring the cathode
to the required discharge initiation temperature. An earth connection was made
between the two terminals of the power supply to lower the potential difference

between the heater and the cathode body, thus mitigating the risk of heater failure.

The keeper power supply consists of a high voltage power supply for discharge
initiation and a low voltage power supply for steady state operation. The high voltage
power supply is a pair of Farnell Hivolt PM1/DCP photomultiplier power supplies
(1kV, 30mA) which are themselves powered by a pair of Farnell 16RA24012 linear
24V power supplies. The low voltage (post discharge initiation) operation is
maintained by a Powerbox Lab622 (30V, 2A), operating in constant current mode. It
has a load regulation of 0.05% (of Vmax), and an output ripple of ImV r.m.s. over the
frequency range 20Hz-20MHz.

For the main discharge to start, a potential is applied to the anode electrode. This is
done using a Glassman LV80-37 (80V, 37A) switch mode power supply, operated in

current regulated mode. It has a load regulation of 10.1% (of Vmax), and an output
ripple of 20mV r.m.s. over the frequency range 20Hz-20MHz.

4.4 Diagnostics

4.4.1 Optical diagnostics

The optical diagnostic systems include a photomultiplier tube, a spectrometer/CCD
array system, a monochromator and an optical fibre system used to guide the light

from the vacuum chamber interior to the various detectors.

4.4.1.1 Spectrometer and CCD array

The spectrometer used in this work is an Oriel Instruments MS127i imaging
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spectrograph. It utilises a Czerny-Turner design with an astigmatism correcting
mirror (see figure 4.8) to improve spectral and spatial resolution and to render multi-
channel spectroscopy possible. It is a versatile instrument with the ability to rotate and
interchange gratings enabling it to cover a wide range of wavelengths (180nm-25um)

and resolving powers.

The spectrograph has an input focal length of 127mm, an F/number of 3.8 and a

spectral resolution of 0.4nm (with a 1200l/mm grating). A 25um entrance slit was

used throughout this study.
GRATING RED CCD
/%f DETECTOR
>
: >
> BLUE

FOCUSING
MIRROR

COLLIMATING
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MIRROR ASTIGMATISM

CORRECTING

INPUT MIRROR

SLIT

Figure 4.8: The Oriel MS127i spectrograph’s optical design [157]

Two gratings were used in this investigation. A 300l/mm ruled grating blazed at
300nm, which is useable in the range 180-1000nm. Its transmission properties are
shown in figure 4.9. It is a coarse grating with a wide wavelength range (giving a
band pass of 681nm for a 25mm CCD array field and a spectral resolution of
approximately 1.7nm). This grating is used here primarily to gain an overview of the
spectra and to determine which regions are of primary interest and are thus candidates
for further study using a 2400l/mm grating. This denser grating is a holographic
grating blazed at 250nm with a useable wavelength range between 175-610nm. Its
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transmission properties are shown in figure 4.10. This grating has an array band pass
of just 67nm and a high resolving power (approximately 0.2nm), allowing positive

identification of the majority of the lines in the discharge spectrum.
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Figure 4.9: Grating efficiency plot for 300l/mm grating
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Figure 4.10: Grating efficiency plot for 2400l/mm grating

The CCD array is an Andor Technologies InstaSpec IV CCD detector. It consists of a
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2-Dimensional array of 1024x256 elements. The Quantum efficiency (QE) of the
CCD array in the range 150-1150nm is shown in figure 4.11.
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Figure 4.11: Quantum efficiency plot of Instaspec IV CCD array

4.4.1.2 Photomultiplier tube

The photomultiplier tube (PMT) used for the discharge initiation studies is a
Hamamatsu H6780 photosensor module. It is a compact, lightweight unit consisting
of a photomultiplier and the associated high voltage power supply in the same
package. It has high sensitivity, wide dynamic range, short rise time and an operating
range of 300-650nm (see figure 4.12 for its frequency response curve). The unit is
powered by a low voltage desktop power supply (+12V). Its sensitivity can be varied

using a 0-0.8V control voltage.

Radiant sensitivity (@ 420nm) 21uA/nW
Dark current 0.5nA
Induced ripple in signal 0.6mV peak-peak
Rise time (@ +0.8V control voltage) 0.65ns
Detector Area 0.64cm’
Sensitivity adjustment range 1:10°

Table 4.1: Manufacturer’s specifications for the H6780 photosensor module
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Figure 4.12: H6780 photosensor module frequency response curve

The H6780 photosensor also comes with an optional optical fibre SMA 905 adapter,
which allows direct coupling of the light from the discharge chamber to the
photomultiplier tube for the broadband discharge initiation studies.

4.4.1.3 Monochromator

A monochromator was used to spectroscopically resolve the plasma light emission
during the breakdown phase of hollow cathode operation. The monochromator of
choice was a Thermo-Jarrel-Ash Monospec18 monochromator with a focal length of
156mm, a resolution of 0.6nm (with a 1200/mm grating) and a crossed Czerny-
Turner design. The Monospec 18 model has an aperture ratio of F/3.8, and the

entrance and exit slits used here were both 25um wide.

Figure 4.13 shows the grating efficiency curve for the 1200//mm grating used with the

monochromator.
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Figure 4.13: Grating efficiency plot for monochromator 1200l/mm grating

An optical fibre adaptor and an F/number matcher (to decrease stray light inside the
monochromator and increase throughput) were mounted on the monochromator’s
entrance slit, while an H6780 photomultiplier tube was mounted on the exit slit to act

as a detector.

4.4.1.4 Optical fibre and optical fibre shield

Optical fibres were used to guide the light from the hollow cathode interior to the
intended detector. For the discharge initiation work, two Ocean Optics FC-UV200-1
quartz optical fibres were employed, one for the air side and the other for the vacuum
side, with SMA90S5 connectors at both ends of each fibre for coupling and for ease of:
assembly. Both fibres were of 200um diameter, 1m in length with a numerical
aperture (NA) of 0.22 and a wavelength range of 200-750nm. The optical fibre used
on the vacuum side had a flexible metal sheathing to minimise outgassing and the
SMA905 end facing the hollow cathode was especially modified for high temperature
use. A plot of the transmission properties of the optical fibre is shown in figure 4.14.
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Figure 4.14: Transmission properties of the FC-UV200-1 optical fibre

In order to transmit the light through the vacuum wall, an Ocean Optics FC-VFT-
UV200 vacuum feedthrough was used. It is essentially a FC-UV200 optical fibre
(with the same transmission properties as in figure 4.14) in an M12 bolt housing with
a Viton O-ring and two SMA fibre optic interconnects. The fibre has a metal buffer
which makes a hermetic seal with the housing possible. It has a minimum vacuum

operating pressure of 1x10” mbar.

For the steady state side of this work employing the MS127i spectrograph, the air side
optical fibre was replaced by an Oriel 77678 Multi-track optical fibre bundle with
three branches, of which only the central branch was used in this study. Each track is
composed of a 200um fibre, with their common end terminated, vertically aligned, in
a ferrule which couples to the spectrograph entrance using an Oriel 77863 mounting
adapter. The input side of the fibre is terminated by an SMA905 connector, allowing

coupling to the vacuum feedthrough. Figure 4.15 shows the transmission plot of this
fibre.
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Figure 4.15: Transmission properties of the Oriel 77678 Multi-track optical fibre
bundle

Severe ion bombardment damage to the optical fibre tip has been experienced at the
start of these investigations, due to this, an optical fibre shield was installed upstream
of the optical fibre. This is a quartz disc of 100mm diameter and 6mm thickness
mounted 55mm from the cathode tip. This eliminated the problem. The shield’s

transmission properties are shown on figure 4.16.
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Figure 4.16: Transmission properties of the quariz shield
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4.4.2 Hollow cathode tip temperature measurement

One of the main variables in the discharge initiation investigation is the hollow
cathode tip temperature, which determines thermionic emission from the cathode
surface. In order to measure the tip temperature during the discharge initiation phase,
a Cambridge Instrument disappearing filament pyrometer was used. It works by
matching the colour of the filament with that of the hollow cathode tip. The current
going through the filament, which can be adjusted, determines the filament’s
temperature. The reading of the pyrometer is of course influenced by the emissivity of
the cathode tip and the transmission properties of the quartz shield, mirror and quartz
viewport. These effects were accounted for by calibration using an R-type (platinum-
platinum/rhenium) thermocouple inserted into the tip orifice of the cathode when not
operating. The cathode is heated, with no gas flow, and the temperature measured by
both the pyrometer and the thermocouple, the results are shown in figure 4.17. The
results of the calibration indicate a linear relationship between the pyrometer and
thermocouple readings. The pyrometer measured temperatures were then corrected
based on the calibration results. The measured temperature will be within + 10°C of
the actual value, with the measurement accuracy degrading as the tip temperature is

reduced.

1600

y = 1.2329x - 180.95

-
S
o
o

R?=0.994 <

-
N
o
(=}

800

R- type thermocouple reading (°C)
2
8

600

400
850 900 950 1000 1050 1100 1150 1200 1250 1300

Pyrometer reading (°C)

Figure 4.17: Optical pyrometer calibration
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EXPERIMENTAL PROCEDURES

Introduction

This chapter describes the experimental set-ups and procedures used in obtaining the
results of this work. The experimental equipment is described in chapter 4 and the

results in chapter 6.

The T6 hollow cathode was operated using several inert gas propellants, namely
xenon, krypton, argon and a krypton/xenon mixture in the natural ratio (i.e. 12:1 ratio

by volume).

The investigation was divided into two sections: a) discharge initiation and b) steady-
state experiments. In the discharge initiation experiments emphasis was placed on
investigating the effects of cathode operating parameters on breakdown potential. This
was further augmented by a study of the optical emission from the hollow cathode
interior plasma during breakdown for all the gases used. The steady state study
focused on investigating the discharge dependence on operating parameters. To gain a
better understanding of the underlying physics of HC operation, a spectroscopic study

of the steady-state discharge was undertaken using the pure inert gases.

5.1 General experimental procedure

5.1.1 Vacuum system

The pumping system’s drive unit controls the turbomolecular pump, the rotary vane
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pump, the vent valve and the cooling water valve. This integrated nature renders
operating the pumping system and the achievement and maintenance of the required
vacuum simply a matter of pressing the start button. The drive unit also continuously
monitors the condition of the pumping system, and any disruption of electrical power

or cooling water would lead to a safe shut down.

The target ultimate background pressure of 1-5x10” mbar can be achieved in about 12
hours with the hollow cathode in diode configuration, but the system is usually left to
pump down for a minimum of two days to allow any trapped gases to outgas, and to

mitigate the risks of oxygen poisoning of the hollow cathode insert.

5.1.2 Propellant flow rate calibration

The propellant flow rate calibration procedure was similar to that of Edwards [33] and

Milligan [112] and is stated here briefly.

As the system does not allow real time measurement of flow rate, the calibration of
the propellant flow rate was carried out prior to testing for the entire range of flow
rates to be utilised. The vacuum line and bypass line (figure 4.6) are used to evacuate
the system prior to calibration and experiments. At the beginning of every set of
experiments, following evacuation of the feed lines, calibration was performed by
setting the upstream pressure and the Negretti needle valve to the desired number of
turns. The flow is then directed to an evacuated sampling cylinder, where a pressure
transducer measures the rate of change of pressure in the range 100-250 mbar, and
transmits the data to a personal computer where the mass flow rate is calculated. The
results of this calculation are plotted for the entire range of flow rates to be used in the
tests. A polynomial interpolation is then carried out, from which all the valve settings

for the desired flow rates can be read off.
This calibration procedure was applied, as mentioned above, prior to every test for

each of the propellants used. If the previous test had been carried out using a different

propellant, a period of 10-15 minutes of flushing with the new propellant was allowed
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to eliminate any traces of the previous test. The upstream pressure was usually set at
195kPa for xenon, krypton and the krypton/xenon mix, while it was set at 150kPa in
the case of argon. Calibration was also done after each of the tests in order to
determine the effect of drifts in temperature and upstream pressure on the needle
valve setting. It was found that the deviation was less than +10% for all the range of

flow rates and propellants used.

A general calibration was done prior to this work to compare the values acquired to
those obtained by Edwards and Milligan using xenon. The results are shown in figure
5.1. They seem to be in good agreement and the differences between them can be

attributed to temperature effects.
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Figure 5.1: Comparison between calibration data for Edwards [33]
Milligan [112] and the current set-up

Throughout this work the propellant flow rate is expressed in either mg/s or Aequiv
units, Aequiv measures the number of charge carriers in each gas. Conversion

between these two units can be achieved by using the ion charge to mass ratio:

ri(Aequiv) = <-x10" ris(mg /) .1)
m
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5.2 Discharge initiation experiments

Discharge initiation experiments were carried out on the T6 cathode in diode
configuration. Several factors are thought to influence the breakdown behaviour of the
hollow cathode. Mainly, the propellant flow rate (), tip temperature (7), keeper
voltage (Vy), cathode orifice diameter, cathode-keeper separation (d;) and, to a lesser
degree, the degree of atmospheric contamination and the previous discharge history.
Due to the enclosed keeper design the investigation of the cathode-keeper separation
was rendered impossible. Emphasis was therefore placed on investigating the effects
of keeper voltage, propellant flow and tip temperature, while attempts were made to
keep the other factors constant throughout the experimental program. For example, to
remove any dependence on previous discharge history, the same start-up procedure
was applied following any long periods of inactivity or exposure to air, and the

discharge was run at the same discharge current for a set length of time in all the tests.

The discharge initiation investigation was divided into three sections: First, an
investigation into the effects of Vi, T and i on breakdown potential was performed.
Then a photomultiplier tube investigation of the broadband breakdown radiation and
its dependence on breakdown parameters was conducted. Finally, a spectroscopic

investigation of the breakdown radiation was attempted.

5.2.1 Range of experiments

Breakdown investigations were carried out for xenon, krypton, argon and for the
krypton/xenon mix with mass flow rates ranging from 0.2-1.1 mg/s at constant tip
temperature (929°C and 1299°C), and tip temperatures ranging from 916-1422°C at
constant propellant flow rate (0.2 mg/s and 1mg/s). A systematic investigation of the
effect of varying these parameters over the entire range was conducted and will be

described in the next sections.
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5.2.2 Breakdown voltage dependence on propellant flow rate and tip

temperature

Experimental set-up
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Figure 5.2: Experimental set-up for investigation of breakdown voltage
dependence on flow rate and tip temperature

Figure 5.2 shows the diagnostics used in determining the dependence of breakdown
voltage on hollow cathode operating parameters. A Tektronix TDS-410A digitising
scope was used to measure and record the keeper voltage temporal behaviour, which
is then used to determine the breakdown potential (V). The scope trace is digitised
and stored on disc for later analysis. The optical pyrometer is used to determine the

cathode tip temperature.

Experimental procedure

Following the calibration of the propellant flow rate, the low voltage keeper power
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supply current limit is set at 0.5A, the anode power supply current limit is set at 1A
and the power supply is put on stand-by. Both supplies are operated in constant
current mode. A cathode flow rate of 1mg/s is initiated, the cathode heater is then
switched on and operated in constant current mode with 3A heater current for 15
minutes till a tip temperature of around 1299°C is reached. The low voltage keeper
power supply voltage is then increased gradually till breakdown occurs, indicated by a
rapid drop in keeper voltage and the onset of a discharge. The heater is then switched
off to prevent overheating the cathode. If no breakdown occurs using the keeper low
voltage power supply, the high voltage power supply is brought on line and the
potential gradually increased until the gas has broken down. The discharge is then
transferred to the anode and run for 5 minutes at 0.5A keeper current and 5A
discharge current. This is done to allow regeneration of the insert surface barium
prior to the next start in order to have reproducible results. The discharge is then
switched off, the mass flow rate adjusted to the required setting and the heater
switched on to bring the cathode to the required temperature and the above process is
repeated. The first start of the day is not considered as typical due to the oxidation of

the free barium by the residual oxygen in the vacuum system

To investigate breakdown potential dependence on mass flow rate, the above process
was applied for 0.2, 0.5, 0.7, 0.9, 1 and 1.1mg/s at constant temperature (around 929
and 1299°C) for xenon, krypton, argon and the krypton/xenon mix. To investigate
breakdown voltage dependence on tip temperature the above procedure was applied in
the range 916-1422°C using approximately 100°C intervals at constant mass flow rate

(0.2 and 1mg/s) for all the propellants tested.

Reproducibility of breakdown behaviour has been a major concern from the outset,
due to the results of the discharge initiation tests on mercury [48] (see section 2.2.5.1),
thus it was decided to conduct at least three measurements of Vi for each set of

parameters.
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5.2.3 Discharge initiation optical emission studies

5.2.3.1 Broadband discharge initiation optical emission study

Experimental set-up
Tekironix TDS-410A
digitising oscilloscope
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Figure 5.3: Experimental set-up for breakdown broadband optical
emission studies

Figure 5.3 shows the experimental set-up used to investigate the temporal behaviour
of the breakdown plasma optical broadband emission. The set-up is essentially the
same as that discussed in section 5.2.2 with two differences: 1) The addition of the
optical fibre system and photomultiplier tube with optical fibre interconnector to
accept the light emission conducted from the vacuum chamber interior. 2) Method of
data acquisition; the oscilloscope trace acquisition was triggered by the falling edge of
the keeper voltage (V). The scope acquired Vj as well as the photomultiplier tube
behaviour with 10% of the length of the time record dedicated to the pre-trigger
period, thus giving a record of the keeper and breakdown plasma behaviour prior to,

during and after breakdown.
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Experimental procedure

The procedure used in investigating the broadband breakdown emission is virtually
the same as that used in obtaining the breakdown potential dependence on discharge

characteristics (see section 5.2.2).

The experiments were carried out for all the propellants with the exception of the
krypton/xenon mix. To investigate breakdown optical emission behaviour dependence
on propellant flow rate, experiments were carried out at 0.2, 0.5, 0.7, 0.9, 1 and
1.1mg/s while keeping the tip temperature constant at 1299°C. To investigate
breakdown optical emission behaviour dependence on tip temperature, experiments
were carried out in the range 916-1422°C while keeping the flow rate constant at

Img/s. The photomultiplier control voltage was set at 0.553V.

To check reproducibility of the optical emission signature, the experiments were

carried out at least three times for a given set of parameters.

5.2.3.2 Spectroscopic discharge initiation optical emission study

Experimental set-up

Figure 5.4 shows the set-up used to carry out time-resolved spectroscopy of the
breakdown plasma. A Thermo-Jarrel-Ash monochromator is used to spectrally resolve
the hollow cathode optical emission, with a photomultiplier tube being employed as a
detector. A pulse amplifier circuit was constructed to amplify the breakdown signal
from the selected emission line. Unfortunately, during testing, the amplifier circuit did
not behave as expected due to several factors, particularly the low signal to noise
ratio. Thus, due to time constraints, the experiment was abandoned and no useful data

was obtained.
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Figure 5.4: Experimental set-up for discharge initiation
spectroscopy

5.3 Steady state spectroscopy

The initial aim of the steady state spectroscopy experiments was to identify the most
suitable lines for investigation during discharge initiation. However, the aims of the
investigation were gradually extended until the steady state investigation became a
complete and independent test program in its own right, covering all the gases used in

the starting experiments (i.e. argon, krypton, xenon and the krypton/xenon mix) under

a wide range of test conditions.
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5.3.1 Range of experiments

5.3.1.1 Range of Propellant flow rates

Voltage-current characteristics and spectroscopic data were recorded for xenon with
flow rates ranging from 0.147 - 2.415 Aequiv (0.2 - 3.61mg/s). For krypton no
discharge could be maintained below 0.92 Aequiv (0.8mg/s) so the investigation was
carried out in the range 0.92 — 4.83 Aequiv (0.8 - 4.2mg/s). For Argon no discharge
could be maintained below 1.932 Aequiv (0.8mg/s) so the investigation was carried
out in the range 1.932 — 8.453 Aequiv (0.8 - 3.5mg/s). In the case of the
krypton/xenon mix no discharge could be maintained below 0.92 Aequiv (0.83mg/s)
so the investigation was carried out in the range 0.92 — 4.83 Aequiv (0.83 - 4.38mg/s).
The lower flow rate limit in the alternative gases could possibly be decreased by use

of a higher voltage anode power supply.

The variation of V,, V, and the spectral characteristics with mass flow rate
experiments were carried out at a discharge current (I,) of SA and a keeper current (I;)

of 1A.

5.3.1.2 Range of discharge currents

Voltage-current characteristics were recorded for xenon propellant operating at
cathode flow rates of 0.3675 (0.5), 0.5145 (0.7), 0.735 (1), 1.15 (1.56) and 2.415
(3.29) Aequiv(mg/s). The keeper and anode voltages were recorded over a discharge
current () range of 0.5 - SA. For krypton the same discharge current range was
investigated for flow rates of 1.15 (1), 1.725 (1.5), 2.415 (2.1), 3.623 (3.15) and 4.83
(4.2) Aequiv (mg/s). For argon the same discharge current range was investigated for
flow rates of 2.415 (1), 3.623 (1.5), 4.347 (1.8), 4.83 (2) and 8.211 (3.4) Aequiv
(mg/s). And finally, in the case of the krypton/xenon mix, the same discharge current
range was investigated for flow rates of 1.15 (1.04), 2.415 (2.19), 3.623 (3.28) and
4.83 (4.38) Aequiv (mg/s). The keeper current was kept constant at 1A for all the

above experiments.
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The discharge current was limited to 5A due to a problem with the cathode earth
return cable, which caused the cable to fail if the discharge current exceeded 6A. The
T6 cathode is capable of producing 30A of discharge current but, due to time
constraints, the wiring problem rendered it impossible to investigate the whole region

of discharge current achievable in a T6 hollow cathode.

5.3.2 Experimental set-up

Tektronix TDS-410A
digitising oscilloscope
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—1 160 Oriel MS127i
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Figure 5.5: Experimental set-up for steady state
discharge investigations

Figure 5.5 shows the set-up used in the steady state discharge investigations to be
described in the following sections. The digitising oscilloscope was used to record the

keeper and anode voltage characteristics. For the spectroscopic investigation, a

personal computer was used to record the data from the Instaspec IV CCD array.

5.3.3 Hollow cathode start-up and thermal equilibrium

Following propellant flow rate calibration, the hollow cathode discharge is initiated.
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The hollow cathode flow rate is first set to a value of Img/s and a heater current of 3A
is applied for 15 minutes. At this point the hollow cathode has reached an appropriate
temperature for discharge initiation. The low voltage keeper power supply is switched
on and voltage increased until discharge initiation occurs, and the discharge is then
transferred to the anode. If the discharge did not start, the keeper high voltage power
supply is brought on line and the applied voltage increased until discharge initiation

occurs, following which the low voltage power supply takes over.

After discharge initiation and transfer to the anode, the discharge becomes self-
sustaining and the heater power supply is then switched off to prevent excessive
heating of the cathode. The hollow cathode is run for half an hour to an hour to allow
the cathode to achieve thermal equilibrium, which is indicated by the power supply
voltages achieving steady state. The usual values of the control parameters during this

period are I, = 5A, I, = 1A and #m=1mg/s.

The hollow cathode parameters are then set to the required values for the first test and

left for 15 minutes to stabilise before commencing any experiment.

5.3.4 Discharge characterisation

It was necessary, before commencing spectroscopic investigations of the hollow
cathode discharge, to establish the discharge behaviour and points of mode change
(from spot to plume) for each of the propellants used. Three parameters are thought to
control discharge transitions: Anode current (I,), keeper current (I) and propellant
flow rate (m) [28, 40, 115, 126]. The discharge transition dependence on keeper
current is the least significant [115], therefore it was left out in favour of

concentrating on the other two parameters.

To investigate discharge dependence on anode current, the propellant flow rate is set
to the desired value (see section 5.3.1.2 for details of flow rates used for each
propellant) with the keeper current fixed at 1A throughout the testing program. The

anode current is then increased from 0.5A to 5A in steps of 0.5A every minute, while
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the anode and keeper voltages are monitored using the digitising scope where the data

is saved in digital format and stored for later analysis.

To investigate discharge dependence on propellant flow rate, the anode current was
fixed at SA while the keeper current was set to 1A. In order to compare the different
gases used in the discharge, a system was developed to compare them in both mass
flow rate and Aequiv units. The conversion between the two units is simply a matter
of multiplying by a constant for an individual gas (see equation 5.1). The constant,
however, is not the same for every gas as the propellant species’ charge to mass ratio
varies from gas to gas. This is further complicated by the fact that the discharge could
not be maintained in the case of argon for flow rates of less than 1.932Aequiv and for
flow rates less than 0.92Aequiv in the case of krypton and the krypton/xenon mix.
Moreover, initial experiments seemed to show that transitions from spot to plume
mode occurred at much higher flow rates for argon when compared to the other gases.
This necessitated the use of a larger step size to fully characterise its discharge
behaviour. All these factors mean that a variable step size is needed for each
propellant in order for a meaningful comparison between them to be possible. A

system for investigation was devised, see figure 5.6.

Mass flow rate in mg/s was used to determine the maximum envelope for each gas
(3.5 mg/s for argon, 4.2 mg/s for krypton, 4.38 mg/s for krypton/xenon mix and 3.61
mg/s for xenon). Starting with argon, in the region where there is an overlap in the
flow rates (in Aequiv) a step size of 0.2415Aequiv was used (refer to figure 5.6). In
the region beyond that a step size of 0.483Aequiv was used. Moving on to krypton, in
the region where it overlaps with both argon and xenon a step size of 0.2415Aequiv
was used. In the region below that (shared with xenon only) a step size of
0.115Aequiv was used. The same applies to the krypton/xenon mix, which occupies
the same region in the chart. For xenon, the regions shared with the other gases have
the same step size as those mentioned above for each gas. In the region below that,

however, a step size of only 0.0735Aequiv was used.
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Figure 5.6: Illlustration of the system used to compare propellant flow
rate for different gases

To illustrate the above procedure, xenon is used here as an example. After thermal
equilibrium of the cathode is achieved at 0.147Aequiv (0.2mg/s) (I, = 5A and [, =
1A), the propellant flow rate is increased in steps of 0.0735Aequiv every minute till a
flow rate of 0.92Aequiv (1.25mg/s) is reached. From 0.92 Aequiv to a flow rate of
1.932 Aequiv (2.63mg/s) the propellant flow rate is increased in steps of 0.115Aequiv
every minute. From a flow rate of 1.932Aequiv to 2.657Aequiv (3.61mg/s) the
propellant flow rate is increased in steps of 0.2415 Aequiv. The process is then
reversed with the flow rate decreased by the amount indicated in each interval every
minute till a value of 0.6615Aequiv (0.9mg/s) is reached, the experiment is then
terminated. The same procedure applies to all the other propellants using their

respective step values, illustrated in figure 5.6.
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5.3.5 Spectroscopic investigation

The characterisation of the T6 hollow cathode discharge in diode configuration with
the different propellants and the establishment of the envelopes for the operating
modes were a precursor to a spectroscopic investigation of the steady state discharge.
Two approaches were adopted. The first approach was to acquire the complete
discharge optical emission spectra for each of the gases at different discharge modes
in order to observe variations in hollow cathode internal plasma properties with
changes from spot to plume mode. The second approach was to tag three lines of one
species and, using the CCD array in chart recorder mode, observe the effect of
variation of discharge parameters (propellant flow rate and discharge current) on the

optical emission lines in real time.

5.3.5.1 Spectral calibration

A mercury- argon Hg(Ar) lamp was used to calibrate the CCD array. It produces a
pencil beam of very narrow spectral lines, which extend from the UV to the IR. A

typical calibration spectrum (with the 300l/mm grating) is shown in figure 5.7.

The Instaspec IV software controls all the functions of the array from hardware, data
acquisition and data manipulation. Calibration of the CCD array is simply a matter of
acquiring the spectra from the Hg(Ar)lamp, then manually entering the wavelength
values (in nm) of the known calibration lines. They are then used by the software to
construct a cubic polynomial, which fits all the pixel element numbers to the more

meaningful unit of wavelength (in nm).
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Figure 5.7: Line output of Hg(Ar) spectral calibration lamp

5.3.5.2 Full optical emission spectra experiments

To investigate the plasma properties (electron temperature and density) for different

hollow cathode operating modes and propellants, a full optical emission spectra was
obtained.

Initially, the 300l/mm grating was used to obtain a spectrum in the range 200-750nm
for each of the gases and test conditions. From this spectrum, a certain range was
selected for a more detailed investigation using the 2400/mm grating which has

greater spectral resolving powers. The region of interest was usually 400-463nm.
Once thermal equilibrium of the hollow cathode has been achieved, a spectrum of the
discharge conditions can be taken. All the spectra were taken at I, = 5A and [y = 1A,

while the discharge mode change was achieved by varying the propellant flow rate.

The CCD array is cooled to ~10°C, to reduce dark current shot noise. A background

reading is always taken prior to spectrum acquisition, which is then subtracted
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automatically by the software to give the resulting spectrum in “Intensity (background

corrected)” units.

The CCD takes 100 readings of the spectrum and integrates them (thus enhancing the
signal to noise ratio) with an exposure time of Is. A note of the keeper and anode
voltages is made. The flow rate is then changed to the next setting and left for Smin to

stabilise before taking the next spectrum.

The same procedure applies to all the propellants used: xenon, argon and krypton. No
spectroscopic work was performed on the krypton/xenon mix. A spectrum was taken
at 0.735(1), 1.15(1.56) and 2.415(3.29) Aequiv (mg/s) flow rates for xenon. For
krypton discharges a spectrum was taken at 1.15(1), 2.415(2.1) and 4.347(3.78)
Aequiv(mg/s). For Argon discharges a spectrum was taken at 2.415(1), 3.623(1.5),
4.347(1.8), 4.83(2) and 8.211(3.4) Aequiv(mg/s) flow rates.

5.3.5.3 Variation of emission line intensity with propellant flow

rate and discharge current

The InstaspecIV software allows different acquisition modes of data from the CCD
detector. One of these modes is the chart record mode which allows for tagging of up
to three emission lines simultaneously and the recording of their temporal behaviour.
This allowed for an interesting set of experiments where three lines from the same
species (neutral lines, first ionisation lines or impurity lines) were tagged and the line

intensity dependency on discharge current and flow rate was investigated.
The CCD array was operated at —10°C, with an exposure time of 0.5s and four
integrations per point. A background reading was always taken prior to acquisition

and was used to correct the spectrum.

The same procedure used for discharge characterisation (section 5.3.4) was applied

here. The experiments were also carried out over the same discharge current and flow
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rate ranges used in the discharge characterisation experiments. A digitising scope was

used to record the anode and keeper voltage behaviour.
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RESULTS

6.1 Introduction to the results

This chapter describes and presents the results of the experimental investigation
carried out in this work. The experimental apparatus and procedures are described in

chapters 4 and 5 respectively.

The initial aim of the experimental program was to investigate the T6 hollow cathode
discharge initiation using several inert gases. This is the subject of the following

section, which details the results of several methods employed to that end.

The second area of investigation was a spectroscopic study of the steady-state
discharge from a T6 cathode, using the same inert gases utilised in the starting study.
This involves establishment of the hollow cathode operating modes in diode
configuration, which has never been done before for some of the gases employed, the
acquisition of spectra at several discharge conditions and the determination of the

effect of variation of discharge conditions on emission line intensity.

6.2 Starting results

In order to achieve a better understanding of the hollow cathode breakdown
phenomena, two approaches were successfully employed. First, an investigation of
the dependence of the breakdown voltage on cathode parameters. Second, an
investigation into the broadband optical emission from the hollow cathode plasma

during  breakdown and its  dependence on  cathode  parameters.
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It has to be mentioned here that a third approach was also attempted, namely, to
spectrally resolve the optical emission from the hollow cathode breakdown plasma,
and to determine the temporal behaviour of a given emission line during breakdown.

Regretfully, this was unsuccessful for the reasons mentioned in section 5.2.3.2.

6.2.1 Breakdown voltage (V,;) dependence on propellant flow rate
and tip temperature

As previously mentioned, hollow cathode breakdown behaviour is thought to depend
on several factors, chief amongst which are tip temperature and propellant flow rate,

which are the subjects of this section

6.2.1.1 V;;, dependence on mass flow rate

Figures 6.1-6.4 show the dependence of breakdown voltage (V) on propellant flow
rate for xenon, krypton, argon and Kr/Xe mix, with the error bars indicating the
spread in the values obtained. The experiments were carried out for mass flow rates in

the 0.2 mg/s to 1.1 mg/s range at two values of tip temperature, 929°C and 1299°C.
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Breakdown voltages were surprisingly low, with discharge initiation occurring at
potentials lower than 22V for xenon, 25V for krypton, 50V for argon and 32V for
Kr/Xe even at 929°C. The xenon results showed lower breakdown voltages than those
found in mercury tests [48] and they were also lower than those carried out on the

open keeper T6 [124]. The results were found to be more reproducible at 1299°C than
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they were at 929°C. In general, the results were much more reproducible than
expected, with a maximum standard deviation of 2.8V for xenon, 1.6V for krypton,
10V for argon and 7V for Kr/Xe at 929°C. Compare these with the envelope of

several hundred volts found in mercury tests (figures 2.12 - 2.15).

Numerical simulation of the cathode flow has shown that pressure is an approximately
linear function of m (see figure B.6 of appendix B). This coupled with the fact that
the cathode-keeper separation was kept constant throughout the tests leads to the
conclusion that the 7z vs. Vj, plots will approximate the Paschen breakdown curves
for the above gases. The gases, however, seem to exhibit anomalous breakdown
behaviour. Argon (figure 6.3) possesses a double minimum instead of the expected
one from Paschen’s law. For the other gases we observe an increase in the breakdown
potential at around 1mg/s followed by a decrease. We can then infer that the double
minimum must exist for the other gases as well, as Vj is expected to increase at
higher m due to the decreasing electron mean free path not allowing primary electrons
to gain enough energy for ionisation. Departure from Paschen behaviour is observed
to be more pronounced at 929°C. This anomalous behaviour was also noted in the T6
open keeper work with xenon [124] (see also figure 2.18), and is here demonstrated to

exist for all the gases investigated.

6.2.1.2 V,, dependence on tip temperature

Figures 6.5 through to 6.8 illustrate the results of the investigation into the
dependence of Vi on tip temperature (7). Experiments were carried out, except in the
case of the Kr/Xe mix, at two values of propellant flow rate for tip temperatures in the

916°C to 1422°C range.
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In general, for tip temperatures above 1100°C, the tip temperature has little to no
effect on breakdown potential. When tip temperature is reduced below 1100°C, there
is a dramatic increase in breakdown potential, which is also associated with an

increase in the spread in the results. For 77 >1100°C in Ar and Xe, the higher mass
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flow rate curve is at lower breakdown voltages. However the situation is unexpectedly
reversed when tip temperature is brought below 1100°C. This is again consistent with

results from the T6 open keeper work (refer to figure 2.17).

6.2.1.3 Comparison of the results for different gases

Figures 6.9 and 6.10 directly compare V3 dependence on mass flow rate for all the
propellants tested at 1299°C and 929°C respectively. Figures 6.11 and 6.12 compare
the results of breakdown voltage dependence on tip temperature for all the gases

involved at 1mg/s and 0.2mg/s flow rates respectively.
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Figure 6.9: Comparison of V. as a function of m for
Xe, Kr, Ar and Kr/Xe (at 1299°C tip temperature)
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The breakdown voltages are generally arranged, as would be expected, in the same
order as the ionisation potentials of the gases: with xenon the lowest, followed by the
Kr/Xe mix, then krypton and finally argon having the highest breakdown voltage for a

given mass flow rate and tip temperature.

6.2.2 Hollow cathode breakdown plasma broadband optical study

Optical emission from the hollow cathode breakdown plasma was investigated using a
photomultiplier tube. The PMT control voltage was initially set to maximum
sensitivity (0.8V), then it was reduced to a value of 0.553V to prevent saturation of
the detector.

6.2.2.1 Breakdown broadband emission dependence on iz and T

Figure 6.13 shows a typical plot of plasma broadband optical emission and the keeper

voltage behaviour during breakdown and the subsequent achievement of a stand-by

126



CHAPTER 6 RESULTS

discharge (between the keeper and cathode) which is later transferred to the anode.
Acquisition of data is triggered by the first negative slope on the keeper trace, which
marks the onset of HC breakdown. The variation of photomultiplier signal with
cathode conditions (mand 7) is investigated for xenon, krypton and argon
propellants. All the gases seem to exhibit similar trends, thus, in the interest of

brevity, only the results for argon are shown in this section.
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Figure 6.13: Plot of a typical result from PMT investigation
of breakdown in argon (Art289, m =Img/s and T=1299°C)

6.2.2.1.1 Optical emission dependence on mass flow rate

In this section breakdown optical signature and ¥V variation with mass flow rate were
investigated at constant tip temperature (1299°C), the results are shown in figure 6.14

and 6.15. The keeper voltages required for discharge initiation follow the trend shown

in figure 6.3.
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Figure 6.15: PMT output voltage during breakdown,
dependence on mass flow rate (1299°C)

128



CHAPTER 6 RESULTS

Following breakdown, the Vj trace goes through two distinct regimes before achieving
a stand-by discharge. The first region constitutes a rapid and noisy drop in V;. The
discharge experiences this noisy region for a period that can last from 0.4ms to over
Sms (= the total observation time of the experiment). The length of time spent in the
noisy period seems to be inversely proportional to 71, decreasing as r is increased.
The second phase involves a linear, quiescent increase (recovery) in Vi, till voltage
levels required to maintain a stand-by discharge are achieved. The rate of recovery
(i.e. the slope of V in the recovery phase) is virtually the same regardless of m or T,
and has a value of approximately 5.46V/ms with a standard deviation of only 0.6% of
the average value. The total time required to achieve a stand-by discharge is again

found to be inversely proportional to i .

The photomultiplier output signals corresponding to those of V at the specified mass
flow rates are shown in figure 6.15. The pre-breakdown section of the plot shows the
PMT signal due to the blackbody emission from the hot cathode. The experiments
were carried out at approximately constant tip temperature, thus the pre-breakdown
section for all m are close to each other in value. Post-breakdown, the light emission
from the plasma depends on V; behaviour. If the duration of the noisy region in the V;
trace is less than 0.8ms, the PMT output reaches a maximum in 0.5ms or less and then
decreases smoothly to approximately pre-breakdown levels. When the duration of the
noisy region is around 0.8ms or more, the PMT trace increases in a similar fashion to
the first case till it reaches a maximum. The subsequent decrease in the PMT trace
takes place in a two step process. It first decreases to a value intermediate between the
maximum and pre-breakdown levels and remains at that value until the noisy region
in the Vj trace ends. At exactly the same time the PMT output commences a second
decrease until it achieves pre-breakdown levels. This is shown in figures 6.14 and
6.15 for 0.5mg/s, where the dashed line indicates the end of the noisy region for V; in
figure 6.14 and the corresponding, concurrent decrease in PMT output. Note also that
in cases where the duration of the noisy region exceeds the observation time, such as
the curves for 0.2mg/s, we only observe the first step of the above process and the

PMT trace does not return to pre-breakdown levels.

129



CHAPTER 6. RESELTS

The 0.2mg/s PMT trace seems to have a significantly higher maximum than the rest.
One probable explanation is that this is due to a combination of the higher initial
energy input to breakdown the gas (see figure 6.14) and the decreased radiation
trapping with the lower neutral number density leading to the stronger signal.
However, this cannot be determined without measurement of the growth of

breakdown current and spectroscopic data on the growth of breakdown plasma.

6.2.2.1.2 Optical emission dependence on tip temperature

Figure 6.16 and 6.17 show the V} and the corresponding PMT records for the
investigation carried out to determine the effect of variations in tip temperature on
optical emission from breakdown plasma. Tip temperature has a similar effect to 72 on
Vi, with both the duration of the noisy part of 7 and the total time to achieve a stand-
by discharge being inversely proportional to 7. The recovery phase of the Vj trace

again proceeds at the same rate regardless of 7 till stand-by levels are achieved.
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Figure 6.16: Plot of the dependence of V temporal behaviour
on tip temperature during breakdown (1mg/s)
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Figure 6.17: PMT output voltage during breakdown,
dependence on tip temperature (1mg/s)

The pre-breakdown sections of the PMT signals are clearly arranged, as expected,
according to the tip temperature of the hollow cathode. The PMT trace exhibits the
same behaviour as previously encountered in the s results, with the section
immediately following breakdown increasing to a maximum, followed by a decrease,

dependent on the character of the V trace, to approximately pre-breakdown levels.
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6.3 Steady-state results

Initially the aim of investigating the T6 hollow cathode in steady state was to identify
the emission lines most suitable for breakdown spectroscopy. However, the
investigation grew into an independent test program involving the characterisation of
the discharge, the acquisition of emission spectra of the discharge over a wide
wavelength range and the determination of the effect of the cathode operating
characteristics on emission line behaviour. These tests were carried out over a wide
range of test conditions and utilised all the gases used in discharge initiation

experiments (i.e. argon, krypton, xenon and the krypton/xenon mix)

6.3.1 Discharge characterisation

As mentioned in chapter 2, the hollow cathode has two clearly distinct modes of
operation: Namely, the spot and plume modes, with the spot mode being the more
stable and less noisy of the two. It was therefore necessary, prior to any spectroscopic
work being carried out, to establish under which conditions these modes occur for all

the propellants involved.

There exists a considerable body of data on the discharge characteristics of alternative
inert gas propellants in full thruster geometry [33, 104, 112, 150, 188, 190], however,
a smaller number of studies has directly compared the different inert gases [33, 189,
190]. Moreover, in full geometry, the plume mode is suppressed and no plume to spot
transition is observed, only a couple of studies compared the various gases in diode
configuration [51, 191] and observed the associated dual-mode operation. No
previous work has utilised a Kr/Xe mix (or any mixture of inert gases) as propellant.
In addition, particularly for the T6, the krypton and argon results of this work are

unique.
A detailed analysis of the discharge behaviour, in particular that of the plume phase of

operation, will be left for the next chapter, where it will be utilised in the formulation

of a theoretical description of the plume and spot modes. We will concentrate here
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mostly on describing trends and salient features of the V-I and V- m characteristics in

the spot mode.

6.3.1.1 Discharge voltage-current characteristics

The discharge current was increased in steps of 0.5A every minute from 1 to 5A and
the process was then reversed, with keeper current kept at 1A throughout. Due to the
wiring problem mentioned in section 5.3.1.2 the discharge current range investigated
was limited to the 1-5A range. This limited current range complicated matters by not
allowing a plume to spot transition to be observed on the V-I characteristics at every
given value of mass flow rate. So a compromise was reached by investigating the
discharge characteristics at several values of mass flow rate, where keeper (V%) and
anode (V) voltage dependence on discharge current (/,) was observed separately, in
the plume mode at low values of 7z, and in the spot mode at high values of 7z . Figure
6.18 shows the complete time trace of two such experiments for xenon discharge

variation of ¥, and V; with 7.
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Figure 6.18: Discharge voltage dependence on I, for xenon discharge
at (a) Img/s (plume mode) and (b) 3.29mg/s (spot mode)

The plume mode (figure 6.18(a)) is characterised by its high noise levels and high
anode potentials. There also appears to be a hysteresis effect: the voltage values are

not reproducible. The spot mode (figure 6.18(b)), on the other hand, shows a more
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stable discharge with lower noise levels. Moreover, the anode potentials are reduced
to approximately keeper levels. Again, a hysteresis effect is present. The discharge
seems to exhibit a negative V-I characteristic, i.e. the discharge impedance in spot

mode seems to decrease with increasing discharge current.

The most widely accepted reason for hysteresis is that the cathode does not reach
thermal equilibrium during the one minute it is allowed. The power (/x¥) supplied to
the cathode controls the cathode wall temperature, which in turn is thought to control
electron production. If the power requirement is changed prior to re-establishing
thermal equilibrium, a dependency on the previous power setting (i.e. whether the
cathode is being heated up or cooled down) is introduced into the results and hence
the hysteresis effect [40, 115].

Anode V-I characteristics are demonstrated graphically, for a number of flow rates, in
figures 6.19-6.22 for the xenon, krypton, argon and Kr/Xe mix propellants. Figure

6.23 compares the spot mode voltage-current characteristics of the various gases.
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35 4 1.15Aequiv
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Figure 6.19: Anode V-I characteristics for the T6 operating on xenon
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Figure 6.20: Anode V-I characteristics for the T6 operating on krypton
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Figure 6.21: Anode V-I characteristics for the T6 operating on argon
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Figure 6.22: Anode V-I characteristics for the T6 operating on Kr/Xe
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Figure 6.23: Comparison of anode V-1 characteristics for all gases in the spot mode

All the gases indeed exhibited the same overall behaviour experienced in the past with
xenon and mercury, i.e. the discharge exhibits high discharge potentials accompanied
by significant noise levels at low 7 (plume mode), when the flow rate is increased
beyond a certain value, the V- characteristic showed an abrupt large drop in anode
potential with almost negligible noise levels indicating the onset of the spot mode of
operation. The anode characteristics in the spot mode show a negative voltage current
characteristic for all the gases. The gradient of the V-I curve is steepest at low
discharge currents, with the slope reducing with increasing current. It has been

determined that the establishment of the spot mode required progressively higher flow
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rates and discharge potentials as the propellant atomic mass is reduced. For the pure
gases, the discharge potential was arranged according to the ionisation potential of the
gas, with xenon lowest, followed by krypton and highest for argon. It is interesting to
note that the discharge characteristics of the Kr/Xe mix were actually higher than
those of krypton, while they were expected to be intermediate between those of
krypton and xenon. However, it has to be emphasised that, notwithstanding the large
difference in the flow rate required for the spot mode between say argon and xenon,
the difference between the operating anode potentials although tangible is actually
quite small (<2.3V).

Figure 6.24 shows the dependence of the keeper potential (V%) on discharge current
for xenon plasma under the discharge conditions shown previously in figure 6.19.
The results for the other gases show qualitatively similar behaviour as figure 6.24 and
are not shown here. In general, ¥}, was virtually independent of flow rate, showing an
overall negative voltage-current behaviour regardless of the mode in which the
discharge is operating, with the only indication of transition being a reduction in the

noise on the keeper trace.
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Figure 6.24: Keeper V-1 characteristics for the 16 operating on xenon

6.3.1.2 Discharge voltage dependence on 7

With the limitations on the range of discharge current, the only possible means for
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observing the plume to spot transition is by variation of the flow rate at constant
discharge current. Figure 6.25 shows the complete time trace of such an experiment
for xenon discharge variation of ¥, and V; with 72, where the discharge and keeper

currents were set at SA and 1A respectively.

Voltage (V)
(s/Bw) ajes moy ssepy

0 500 1000 1500 2000
Time (s)

Figure 6.25: Discharge voltage dependence on m for
xenon discharge at 5A anode current

The mass flow rate is investigated in the range 0.2 - 3.61mg/s, with a variable step
size to allow comparison with other propellants (this is described in more detail in
section 5.3.4). As the mass flow rate is increased, mode change occurs at 2.35mg/s.
When, after reaching maximum, the mass flow rate is decreased, the change back to
plume mode occurs at 1.2mg/s, i.e. we experience hysteresis much in the same way as
the V-I characteristics. There is a change of around 10V in discharge voltage when
mode change occurs. The keeper voltage does not seem to be strongly influenced by
the transition from spot to plume mode, with the only clear indication of a mode

change being a reduction in keeper noise.

Figure 6.26 compares the anode voltage flow rate dependence for the various gases.
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Figure 6.26: Comparison of V, as a function of m for all gases

With reference to figure 6.26, we note that the plume to spot transition is species
dependent, with higher values of 72 required to achieve spot mode as the species
atomic weight is reduced. Transition in all gases show a hysteresis effect, with the
spot mode extending to lower flow rates as m is reduced. When in spot mode the
anode potential of the various gases are arranged, like those for the V-I characteristics,
according to their ionisation potentials, with the Kr/Xe mix again showing discharge

potentials higher than those for krypton and xenon.

6.3.2 Full optical emission spectra experiments

This section deals with the qualitative determination of the plasma chemical
composition from emission line identification for argon, krypton and xenon
discharges. Quantitative treatment of the spectra through the determination of plasma
parameters and comparison of spectra at different modes and discharge conditions is
left for later discussion. As described in section 5.3.5.2, the discharge was first
investigated using a 300l/mm grating in the 200nm to 750nm range (Only results for
the xenon discharge with 3001/mm grating are displayed here) and then a 2400/mm
grating was used to resolve the finer details of the spectrum. The choice of the 400 to
463nm range for the finer grating was based on various considerations, such as the

availability of spectroscopic data and the spectral efficiency of the grating.
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6.3.2.1 Xenon results

Optical emission from xenon plasma in a hollow cathode was recorded over the
ranges specified above using both gratings. Figure 6.27 shows the spectrum obtained
using the 300l/mm grating over the 200nm to 760nm range, at lmg/s (0.735Aequiv)
flow rate and S5A discharge current. The keeper current was set at 1A and the
discharge voltage was 24.2V. Figure 6.28 shows the spectrum obtained using the
2400/mm grating in the 400 - 463nm range. The cathode was operated here at SA
discharge current, 1A keeper current, 1mg/s propellant flow rate and 24.4V discharge

voltage. In both the above cases the discharge was in the plume mode.

The spectra shown here are the calibrated results. They, however, are not corrected for
the spectral transmission properties of the optics and the spectral response of the

detector.

Both spectra are dominated by xenon emission lines (I & II), with some impurity
(Ball) lines, superimposed on a weak continuum (not visible in the plots). 40 lines
were identified in the spectrum shown in figure 6.28, with table 6.1 listing some of
these lines. The first column in table 6.1 identifies the emitting species. The next
column lists the calibrated emission line wavelength detected by the CCD. The third
column lists the wavelength of the identified lines obtained from various sources
(177, 178, 179, 180, 181]. The next two columns give the difference in nanometres
between the observed and tabulated wavelength of the identified line, followed by the
degree of confidence in identification: whether it is positive or tentative. We then give
the tabulated relative intensity of the line from the literature. The last six columns are
dedicated to the atomic properties of the emitting species associated with the
transition, detailing in the following order: the atomic transition levels, the atomic
transition probability of the radiative transition, the statistical weights of the lower

and upper levels and finally the energies of the lower and upper levels.

Spectra were also obtained for xenon discharges at 1.56mg/s (1.15Aequiv) and

3.29mg/s (2.415Aequiv) flow rates.
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Observed Tabulated Identification .

Element | Wavelength | Wavelength* A Wavelength (Positive, Rélat¥ve Transitions Apg* 1 o(q)* o(p)* E(q)* E(p)*
(nm) (nm) (nm) Tentative) Intensity (x107s7) : (eV) (eV)

Xell 403.6222 403.759 -0.1368 P 100 6p2S°-6d’D | e 2 4 15.02 18.09
Xell 405.6786 405.746 -0.0674 P 200 6p P-6d'F | - 6 8 13.89 16.93
Xell 409.8257 409.889 -0.0633 P 100 6p P12 | - 2 4 14.09 17.12
Xell 415.6891 415.804 -0.1149 P 200 6p’S°-6d’p | - 2 2 15.02 18.00
Xell 417.9367 418.010 -0.0733 P 1000 6p ‘P°-6d ‘D 2.2 4 4 13.86 16.82
Xell 4192421 419315 -0.0729 P S R, e BT T T
Xell 420.7906~3—> 420.848 -0.0574 T 300 6p‘P°-6d’'D | - 4 6 13.86 16.80
Xell T%420.947 -0.1564 T 100 6p’P°-6d’D | - 6 4 13.89 16.82
Xell 421.4084~3—»421.372 0.0364 T 300 6p ‘D°-6d'P | e 2 4 14.93 17.87
Xell TR421.560 -0.1516 T 100 6s’P-6p?D’ | - 6 4 11.54 14.48
Xell 4222101 422.300 -0.0899 13 300 6p°P°-14 | - 4 6 15.28 18.22
Xell 423.7472 423.825 -0.0778 P 400 6p ‘P°-6d'D | e 6 6 13.89 16.80
Xell 424.4216 424.538 -0.1164 P 500 6p ‘P°-6d’'D | e 6 8 13.89 16.80
Xell 425.0949 425.157 -0.0621 P 100 6p’P°-6d'’D | - 2 4 15.44 18.36
Xell 429.5943 429.640 -0.0457 P 500 6p ‘P°-75'P | -------- 4 2 13.86 16.74
Xell 430.9821 431.051 -0.0689 P 500 6p°D°-75'°D | e 6 6 15.26 18.14
Xell 432.9646 433.052 -0.0874 P 1000 6p ‘D°-6d 'F 1.4 6 8 14.07 16.93
Xell 436.839 436.920 -0.081 P 200 6p’P-18 | - 2 2 14.09 16.93
Xell 437.313 437378 -0.065 P 100 6p‘D°-6dF | - 4 4 14.48 17.31
Xell 439.321 <> 439.320 0.001 T 500 6ps°-6d’D | - 4 6 15.08 17.90
Xell 439577 -0.256 T 500 6d F—6f'2F | e 6 8 1423 17.05
Xell 440.6731 440.688 -0.0149 P 200 6p’P°-6d’D | e 4 4 15.28 18.09
Xell 4414937 <¢—> 44].484 0.0097 T 300 5d°D—6p' ‘D’ 1.0 6 6 13.58 16.39
Xell X 441,607 -0.1133 T 150 6p°D°-14 | - 4 6 15.41 18.22
Xell 4447571 444,813 -0.0559 P YU I—— A ———— e e e
Xell 446.2044 446.219 -0.0146 P 00NN R S I — —— e E—
Xell 448.1057 448.086 0.0197 P 500 6p“D°-6dF | e 4 6 14.48 17.24
Xel 450.1108 450.100 0.0108 P 500 6s[3/2)° —6p' [1/2] | 6.2x10° 5 3 8.31 11.07
Xell 452.4448 3> 452.186 0.2588 T 100 6p' ’D° —6d'’F | e 4 6 16.36 19.10
Xell. A 452,421 0.0238 T 200 6s’P—6p’P" | e 2 4 12.54 15.28
Xel % 45247 -0.0252 T 400 6s [3/2]° —6p' [32] | 2.1x10° 5 5 831 11.05
Xell 460.4600 460.30 0.16 P 600 6s‘P—6p'D° 8.2x10" 4 4 11.79 14.48
Xel 462.5571 462.43 0.1271 P 1000 6s[3/2]"~7p[3/2] | 7.2x10° 5 5 8.31 10.99
Ball 426.9253 426.795 0.1303 T soo | 00 e | e | e | e | e

Ball 455.663 455.403 0.26 T 65000 | omoomee- 117 2 4 0.00 2.72

Table 6.1: Identified emi

ssion lincs for xenon discharge (24001/mm grating)
*[177, 178,179, 180, 181]
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6.3.2.2 Krypton results

Figure 6.29 shows the optical emission from a T6 krypton discharge. The spectrum
was obtained by using the 2400l/mm grating in the 400-460nm range. The cathode
was operated at SA discharge current, 1A keeper current and 1mg/s (1.15Aequiv)
propellant flow rate, the discharge voltage was 28V. The discharge was in the plume

mode.

The spectrum is the calibrated result, but like the xenon case it is not corrected for the
spectral transmission properties of the optics and the frequency response of the
detector. The spectrum is dominated by krypton species (I & II) superimposed on a
weak continuum. Barium emission lines were again detected. From figure 6.29, 45
lines were identified, table 6.2 lists some of those lines and is arranged in a fashion

similar to table 6.1.

Spectra of krypton plasma were also obtained at 2.1mg/s (2.415Aequiv) and 3.78mg/s
(4.347Aequiv) flow rates.
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Figure 6.29: Optical emission spectrum from the hollow cathode internal plasma with krypton

at Img/s and 54 discharge current (2400l/mm grating)
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RESULTS

: Observed Tabulated avelength Identii"lc_ation Relative * * *
Element Wavelength Wav(«;lg‘r;gth* A W(nm) g rlgi’::;ttli\;ee,) Intensity+ Transition* (xfgél 5 8lq)* G(p)* fg‘g) Igpxﬁ)
Krll 405.7448 405.7037 0.0411 P 300 55" ‘D —5p’ p? b e 4 2 15.82 18.87
Krll 406.5087 406.5128 -0.0041 P 300 58'°D-5p' 2 R I — 4 4 15.82 18.87
Krll 408.8562 408.834 0.0225 P 500 58’ D-s5p D" | - 6 6 15.85 18.88
Krll 409.8675 409.8729 -0.0054 P 250 ss'p-sp’D” | - 2 4 14.58 17.60
Krll 410.9395 410.9248 0.0147 P 100 58D -5p' °D° | ----eee- 6 4 15.85 18.87
Krll 4145148 414512 0.0026 P 250 5s'P-5p7s° | - 2 4 14.58 17.57
Krll 425.0653 425.058 0.0073 P 150 5s?P~5p?D" 1.2x10" 4 4 14.69 17.60
Kirl 427.3741 427.3969 -0.0228 P 1000 55 [3/2]° — 6p [3/2] 2.6x107 5 5 9.91 12.82
Krl 428.3424 428.297 0.0457 P 100 5s[32) —6p[32] | - 5 3 991 12.81
Krll 429.3083 429.2923 0.016 P 600 55'P-5p D" 9.6x10™" 4 4 14.27 17.16
Krll 430.0915 430.049 0.0425 P 200 5s°P-5p78° | -ee- 4 4 14.69 17.57
Kil 431.9528 > 431.855 0.0977 T 400 5s(321°=6p[52) | - 5 5 9.91 12.78
Krl A 431,958 -0.0051 T 1000 55 [3/2] Y 6p (572) | - 5 7 9.91 12.78
Krll 432 3121 432 298 0.0141 P 150 557§ —5p"p° | -eeeeee- 2 4 18.08 20.94
Krll 4355902 - | 4355477 0.0425 P 3000 55'P-5p D" 1.0 6 8 13.99 16.83
Krl 436.3018 436.2641 0.0377 P 500 55 (3/21° = 6p [1/2] 8.4x107 5 3 9.91 12.76
Krll 437 0121 436.969 0.0431 P 200 SprlF’—~4d"’D | -eeee- 6 4 18.49 21.33
Kirl 437.6621 437.6121 0.05 P 800 5s[32] =6p[12] | 5.6x107 3 1 10.03 12.86
Krll 438 7234 438.654 0.0694 p 300 sp'P-6s'P | - 4 6 16.65 19.47
Krl 440.0752 4399965 0.0787 P 200 5s' [1/2] ‘- 6p’ [3/2] 2.0x107 3 5 10.64 13.46
Krl 441.0752 441.03685 0.0383 P 50 5 [12]°—6p' [1/2] | 4.4x107 3 3 10.64 13.45
Krll 442 4148 44227 0.1448 P 100 5¢°D—5p?p° | - 4 4 15.82 18.62
Krll 443 2303 443.1685 0.0618 P 500 557P-5p D° 1.8 2 2 14.58 17.38
Kl 4437536 443 6812 0.0724 P 600 55 'P-5p°P’ 6.6x10"! 2 4 14.58 17.37
Krl 445 4926 4453917 0.1009 P 600 3s [3/2]0—6p [3/2] 7.8x107 3 5 10.03 12.82
Krl 446.4745 446.3689 0.1056 P 300 55 [3/2]° - 6p [3/2] 2.3x10 3 3 10.03 12.81
Krll 447 6263 4475014 0.1249 P 800 6s'°D-5p ?P° | - 6 4 15.85 18.62
Krll 449.1183 448 988 0.1303 P 400 5pfF°—4d"’D | ---eeee- 8 6 18.56 21.32
Krl 450.376 450.2353 0.1407 P 600 5s[3/2] - 6p [5/2] 9.2x107 3 5 10.03 12.78
Krll 452.4814 452 314 0.1674 P 400 spP —4s'P | ---eee- 2 4 16.83 19.57
Krll 457.9983 457.7209 0.2774 T 800 5s'’D-5p' ’F’ 9.6x10™" 6 8 15.85 18.56
Krll 4585564 | 4582978 0.2586 T 300 5p‘D°—6s°P 7.6x10" 6 4 16.87 19.57
Ball 455.7007 455.403 0.2977 T 65000 | @ --mee--- 1.17 2 4 0.00 2.72

Table 6.2: Identified emission lines for krypton discharge (2400l/mm grating)

*[177, 178,179, 180, 181]

146



CHAPTER 6 RESULTS

6.3.2.3 Argon results

A similar investigation was also carried out on argon. Figure 6.30 shows the spectrum
obtained using the 2400l/mm grating. The cathode was operated at 5A discharge
current, 1A keeper current and Img/s (2.415Aequiv) propellant flow rate. The

discharge voltage was 30.5V and the discharge was in the plume mode.

The spectrum is the calibrated result, but like xenon and krypton it is not corrected for
the spectral transmission properties of the optics and the frequency response of the
detector. The spectrum is dominated by argon species (I & II) superimposed on a
weak continuum. Barium emission lines were also detected. From figure 6.30, 72
lines were identified, with table 6.3, arranged in the same manner as the preceding

tables 6.1 and 6.2, listing some of the identified lines.

Spectra were also obtained for argon at 1.5mg/s (3.6225Aequiv), 1.8mg/s
(4.347Aequiv), 2mg/s (4.83Aequiv) and 3.4mg/s (8.211Aequiv). .
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Figure 6.30: Optical emission spectrum from the hollow cathode internal plasma with argon
at Img/s and 54 discharge current (2400l/mm grating)




CHAPTER 6 RESULTS
Observed Tabulated Identii.ic.ation . 3
Arll 401.3395 401.3856 -0.0461 P 50 3d‘D-4p’D° 1.05x10"" 8 8 16.40650 19.49454
Arll 405.2368 405.2921 -0.0553 P 100 4d’S-4p°’pP’ 6.7x10"" 2 4 20.74355 23.80182
Arll 407.142<> 407.2004 -0.0584 T 200 4s°D-4p°D” 5.8x10"! 6 6 18.45412 21.49805
ATl 407.2385 -0.0965 T L D e [ NS D ——
Arll 407.6488 407.6628 -0.014 P 25 4p*D° —55'P 8x10"' 2 2 19.64258 22.68307
Arll 407.902 407.9573 -0.0553 P 35 4s°D-ap°D"’ 1.19x10" 6 4 18.45412 21.49241
Arll 408.1551 408.2387 -0.0836 P 25 4s‘P—4p°D’ 2.9x107 6 6 16.64386 19.68005
Arll 410.3007 4103912 -0.0905 P 150 4p°D" —55°P 1.2 8 6 19.49454 22.51481
Arll 413.1256 413.1723 -0.0467 P 300 4s’D—4p*pP’ 8.5%10"" 4 2 18.42655 21.42649
Arl 415.8092 415.8591 -0.0499 P 400 45 [3/2]° =5p[3/2) | 1.4x107 5 5 11.54835 14.52891
Arll 417.7963 417.9297 -0.1334 P 35 4p‘D°—357P 1.3x10°" 6 6 19.54901 22.51481
Arl 418.106 418.1884 -0.0824 P 50 4s[1/2]°=sp[1/2] | 5.61x10” 1 3 11.72316 14.68712
Arl 419.7747 419.8317 -0.057 P 200 4s [3/21° = 5p[1/2] | 2.57x107 3 1 11.62359 14.57595
Arl 420.0215 420.0675 -0.046 P 400 4s [3/2)° = 5p [5/2] | 9.67x107 5 7 11.54835 14.49905
Arl 425.8415 425.9362 -0.0947 P 200 4s [121° = 5p[1/2) | 3.98x107 3 1 11.82807 14.73812
Arl 426.5713 426.6287 -0.0574 P 100 4s [3/2]° - 5p[3/2] | 3.12x107 3 5 11.62359 14.52891
Arl 427.1785 427.2169 -0.0384 P 150 4s [3/2]° = sp[3/2] | 7.97x10° 3 3 11.62359 14.52491
Arll 427.6637 427.7528 -0.0891 p 550 4s°’D—4p°p’ §x10"' 6 4 18.45412 21.35180 °
Arl 429.9611 430.0101 -0.049 P 100 4s [3/2]" = 5p [5/2] | 3.77x10° 3 5 11.62359 14.50607
Arll 4347582 434 8064 -0.0482 P 800 4s?P—4p D" 171 6 8 16.64386 19.49454
Arll 435.1754 435.2205 -0.0451 P 50 3d‘D—4p ‘P’ 2.12x10" 2 2 16.45738 19.30535
Arll 436.1869 436.2066 -0.0197 P 25 3d’D-4p°D’ 5.5x107 4 6 18.65652 21.49805
Arll 437.0774 <}>437.0753 0.0021 T 200 3d’D-4p*D” 6.6x10" 4 4 18.65652 2149241
*437.1329 -0.0555 T 70 3d‘D—4p ‘P’ 2.21x10" 6 4 16.42558 19.26109
Al 437.6107 437.5954 0.0153 P 50 4s°’P-4p’s”’ 2.05x10°"! 4 2 17.14003 19.97254
Arll 437.966 437.9666 -0.0006 P 150 4s’P—4p D"’ 1.004 2 2 16.81247 19.64258
Arll 440.0909<F* 440.0096 0.0813 T 70 3d‘D—4p ‘P’ 1.60x10™" 4 4 16.44412 19.26109
Arll 44400986 -0.0077 T 200 3d‘D—4p ‘P’ 3.04x10™ 8 6 16.40650 19.22290
ATl 4426149 442.6001 0.0148 P 400 3s‘P—4p’D’ 8.17x10" 4 6 16.74853 19.54901
Arll 4476165 447 4759 0.1406 P 100 3d’D-4p°P’ 2.90x10™ 4 2 18.65652 21.42649
Arll 448.3095 448.1810 0.1285 P 200 3d’D—4p’D" 4.55x10™" 6 6 18.73244 21.49805
Arl 451.2412 451.0733 0.1679 P 100 4s[12]°=sp[1/2] | 1.18x107 3 I 11.82807 14.57595
Arll 454.776 454.5052 0.2708 T 400 4s’P—4p°’P” 4.71x10"" 4 4 17.14003 19.86716
Arll 458.2786 457.9349 0.3437 T 400 4s’P—4p’S” 8x10" 2 2 17.26583 19.97254
Arll 459.3456 458.9898 0.3558 T 400 4s °D —dp °F" 6.64x10" 4 6 18.42655 21.12704
Arll 461.3589 460.9567 0.4022 T 550 4s‘D—4p ’F" 7.89x10°! 6 8 18.45412 21.14308
Ball 455.683 455.403 0.28 T 65000 | @ - 1.17 2 4 0.00 2.72

Table 6.3: Identified emission lines for argon discharge (2400/mm grating)

*[177, 178, 179, 180, 181]
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6.3.3 Dependence of emission line intensity on propellant flow rate
and discharge current

This section is concerned with describing the effects of varying the discharge
parameters and propellant flow rate on the spectrally resolved light emission from the
hollow cathode. This set of experiments was carried out by tagging a set of three
emission lines of the same species (neutral, first ionisation or impurity lines) using the

CCD array operated in chart recorder mode for xenon, krypton and argon discharges.

6.3.3.1 Dependence of gas species emission line intensity on
discharge current

The results from experiments carried out on three KrII lines (the 408.834, 435.5477
and 405.7209nm lines) are shown in figure 6.31, where the discharge is in spot mode
and, as mentioned in section 6.3.1.1, showing a negative V-I characteristic indicating
that in the spot mode the discharge has negative impedance. The discharge current is
increased from 0.5A to 5A and back again to 0.5A, at 2.1mg/s mass flow rate. The
increase or decrease of power to the discharge seems to have an instantaneous effect
(in terms of the observation time) on the ionisation process (represented by the Krll

line intensity), where the energy for ionisation is provided by the power supplies.
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Figure 6.31: Time trace of Krll line intensity as a function
of discharge current in spot mode (2.415Aequiv)

In order to facilitate comparison of the emission line behaviour as a function of /, for:
lines of the same species, lines at different stages of ionisation of the same element and
lines from different propellants, the intensity of an emission line is normalised with
respect to the highest intensity achieved during the test (which is always the intensity at
maximum discharge current). Figure 6.32 is a reconstruction of figure 6.31 in terms of
averaged normalised intensity for the KrlII lines. It shows that behaviour of emission
lines of a given species is virtually identical, this is mirrored in the argon and xenon

results. The discharge power (P,) is also plotted in figure 6.32 to show that, although V,
is decreasing, the power deposited in the discharge actually increases with increasing

current, thus leading to the monotonic increase in intensity.
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Figure 6.32: Normalised intensity of Krll lines as a function of 1, in spot
mode, m = 2.415Aequiv
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Figure 6.33: Comparison of Ar, Kr & Xe normalised first ionisation emission line
intensity as a function of discharge power in spot mode

Figure 6.33 illustrates the dependence of emission line intensity on discharge power
for argon (Arll 434.8064nm), krypton (KrII 435.5477nm) and xenon (Xell

460.300nm) first ionisation lines in spot mode. It shows that the relationship between
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line intensity and P, can be very well described by a quadratic polynomial, with the

coefficients for each gas shown in the inset.
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Figure 6.34: Comparison of Krll and Krl normalised line intensity as a
Junction of P, in spot mode

The neutral emission lines (Krl 427.3969, 437.6121 & 446.3689nm), as illustrated by
figure 6.34, are far less sensitive to discharge current (and power) than first ionisation
lines. The neutral lines showed an increase of about 120%, compared to an increase of
1025% for the first ionisation lines, when the discharge power was increased from 7W
to 57W. This indicates an increasing degree of ionisation of the propellant gas as
discharge power is increased in the spot mode. Furthermore, the intensity (non
normalised) of the neutral lines was in general one to two orders of magnitude less

than that for the first ionisation lines, when the cathode operated in the spot mode.

6.3.3.2 Dependence of gas species emission line intensity on
propellant flow rate

Figure 6.35 shows the time trace of the variation of the intensity (in arbitrary units) of

three KrII lines (the 408.834, 435.5477 and 405.7209nm lines) with 7z in the range
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0.8mg/s to 4.2mg/s, with the anode and keeper current fixed at 5A and 1A
respectively. The left hand side of the graph represents the anode voltage while the
right hand side represents the KrlIl line intensity in arbitrary units and the outer right

hand side represent mass flow rate in mg/s.
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Figure 6.35: Time trace of the line intensity of three Krll emission lines
as a function of m (1,=54 )

In keeping with previous sections, we concentrate on the results associated with the
spot mode operation, leaving the plume mode for later discussion. When the discharge
is in the plume mode, changes in V, usually accompany m variations and make
decoupling the effect of the two variables difficult. Observation in the spot mode
allows us to determine the effect of flow rate independently of variations in P, (in the
spot mode, with 7, = 5A throughout and ¥, not changing appreciably, discharge power
is thus approximately constant, see figure 6.36). The emission line dependence on
flow rate is shown in figure 6.36 for normalised Xel (the 450.10 & 462.43nm) lines
and Xell (405.746, 446.219 & 460.30nm) lines, with the discharge in the spot mode.
It can be seen that the light intensity of the Xel and Xell lines seems to decrease with
increasing m . With the higher neutral density, which is a product of increasing flow
rate, the mean free path for electrons between collisions decreases increasing the

collision frequency. The electrons thus gain less energy between collisions and the
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first ionisation and neutral excitation emission line intensity decreases. This trend was

also reproduced in argon and krypton spot mode emission line behaviour.
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Figure 6.36: Comparison of Xell and Xel line intensity as a function of m in
the spot mode where the electrical set up is kept approximately constant
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6.4 Anode deposit

At the end of the experimental program, the various components of the set-up were
examined. It was observed that the anode had acquired a thin layer of deposited

material in the vicinity of the hole in the anode centreline, as shown in figure 6.37.

Figure 6.37: Photograph of anode with area of deposit indicated

Samples of the deposit were taken for further analysis to determine its chemical
composition. The first step was to take a picture of the deposit using a Scanning

Electron Microscope (SEM), shown in figure 6.38.

The deposit was then analysed using Energy Dispersive X-ray Fluorescence (ED-
XRF) spectrometry. ED-XREF is illustrated in figure 6.39, it works by aiming an x-ray
beam at the surface of a sample. The beam’s interaction with the surface leads to
emission of secondary x-rays (i.e. fluorescence). The energy of the fluorescent beam
is a characteristic of the elements present in the sample. Plotting the spectrum (energy
versus intensity) gives not only the elements present in the sample, but also quantifies
the relative abundance of each element. The spectrum obtained from the anode
deposit is shown in figure 6.40, with table 6.4 showing the relative abundance of each

element in the deposit in terms of both percentage of weight and number of atoms.
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Figure 6.38: SEM of deposited material

Camera
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Figure 6.39: Illustration of ED-XRF [192]
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Figure 6.40: ED-XRF spectrum of deposit

Element | Weight % | Atomic %
Carbon 29.35 41.55
Oxygen 44 .41 47.20
Silicon 16.60 10.05
Barium 9.64 1.19

Table 6.4: Relative abundance of elements

It was discovered that only four elements constituted the deposit: Carbon, oxygen,
silicon and, interestingly, barium. The carbon is thought to come from ion
bombardment of the graphite keeper. The source of the silicon and oxygen is the
quartz shield downstream of the anode, which is expected to experience some ion
bombardment. Barium can only come from the insert of the hollow cathode, it is
evaporated from the insert when heated by the activation of the triple carbonate mix,

this barium is then deposited on the surfaces downstream of the cathode.
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DISCUSSION

7.1 Hollow cathode breakdown

Most breakdown investigations utilise cold cathodes, and hence the number of
electrons liberated by an impacting ion, Townsend’s secondary process ¥, is expected
to be low (O ~ 0.1). As reference [124j describes, in the hollow cathode due to the
low work function of the emitting surface and the heating of the cathode, thermionic
emission dominates, and leads to a higher effective y (>1), which results in the lower

breakdown voltages in HC.

7.1.1 Anomalous HC breakdown & Penning ionisation

A consequence of Paschen’s Law is that a unique minimum breakdown voltage exists
for each gas at a unique value of (Pxd) known as the Paschen minimum. However,
HC breakdown curves seem to exhibit an anomalous increase in V leading to the
formation of a double minimum instead of the expected one (fig. 6.3). This departure
from Paschen behaviour was also observed with xenon in the open keeper T6 [124],
and is demonstrated here to exist for all the inert gases employed. It is proposed here

that these empirical results can be explained by invoking the ‘Penning Effect’.

Gas atoms are excited by inelastic collisions to energy states which can fall short of
complete ionisation. If spontaneous radiative decay from the excited level is
prohibited by the selection rules of quantum mechanics, the atom is then in a
“metastable” state. The lifetime of these metastable states is very long, of the order of

milliseconds or occasionally even seconds [158], compared to the expected
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lifetime of a normal excited state which is of the order of just 10°%s. Their long
lifetime and their ability to diffuse against an electrical gradient make metastable
atoms a notable contributor to the gas discharge through cumulative ionisation
processes and secondary electron emission by metastable impact on the cathode
surface. The ionising effect of metastable atoms has been demonstrated to be of
paramount importance in mixtures of gases satisfying certain conditions. Penning
[125] showed that, for a rare gas (A) with a small amount of admixed gas molecules
(B), excitation of the rare gas atoms often brings them into a metastable state A,,, with

high energy V,, and a long lifetime. When the admixed molecules have an ionisation

energy V, satisfying the condition:

<V, 7. 1)

The metastable atoms of the main gas can then ionise the molecules of the admixture

by the reaction:

A +B— A+B* (7.2)

The probability of this ionisation process (also known as “Penning ionisation”) is so
large that extremely small amounts of admixtures are required for an appreciable
effect (the Penning Effect was detectable in Ne-Ar mixtures with argon concentrations
as low as 10™ % ! see figure 7.1). A consequence of this extra ionisation mechanism
is the formation of a double minimum in the breakdown curves of a Penning mixture

as will be seen next.

Kruithof and Penning [88] conducted experiments on determining Townsend’s first
ionisation coefficient () in several Ne-Ar mixtures. The results of their investigation
are illustrated in figure 7.1, where 5 (= a/E) is plotted as a function of E/P, (where E
is the electric field and P, is the pressure of the gas reduced to 0°C). Kruithof and
Penning in using # (units V™), instead of the more common o/P, relate the
ionisation more directly to the breakdown potential Vj . The quantity # is hence an
efficiency function representing the ions produced per unit of energy available from

the electric field.

For the pure gases, #, giving the efficiency of ionisation for a given imposed field, is

160



CHAPTER 7 DISCUSSION

low at low E/P, due to the high electron energy losses to excitation relative to
ionisation. As E/P, increases, this loss decreases relative to ionisation and is reflected
in an increasing # until a maximum is reached 75, . (#,, for argon is 0.022V"'
occurring at E/P,=200V/cmxmmHg, and #, for Ne is 0.015V"" occurring at E/P, =
80 V/cmxmmHg, from figure 7.1). With further increase in E/P, the electrons
continue to gain energy, however, the ionisation cross-section (and hence the
probability of the ionisation process) ultimately decreases with primary electron
energy. As an electron cannot dissipate its energy in ionisation, the extra energy is

deposited at the anode. This results in the subsequent decrease in »# with increasing

E/P, in the pure gases.
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Figure 7.1: Ionisation coefficient n as a function of E/P, for several Ne-Ar mixtures
where 100xa= argon percentage (thus a=0 is pure Ne, and a=1 is pure Ar) [88]

Turning our attention to the Ne-Ar mixtures, the highest ionisation level of any Ne-Ar
mixture (7,,,, = 0.037 V') occurs for Ne + 0.1 % Ar at E/P, = 3 V/cmxmmHg. For
lower values of argon concentration (a < 10"3), there is very little chance of excitation
or ionisation of the Ar atoms by direct electron impact due to their low concentration.
Most of the electron energy is thus expended in ionising and exciting the main gas
constituent Ne, and in the corresponding curves # has two maxima. The maximum at

E/P, = 3V/cmxmmHg corresponds to the peak cross-section (probability) of
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excitation for the Ne metastable levels per volt potential difference. At low E/P, , The
energy stored in the metastable Ne states is converted directly, by the Penning Effect,

to 1onisation of the small amount of readily ionised admixture, effectively eliminating

electron energy loss to excitation. The electrons produced by Penning ionisation add

to those produced by the direct action of electron impact ionisation of the main gas,
thus contributing to further ionisation and excitation. It follows that, at E/P, = 3
V/emxmmHg, Penning ionisation causes # to increase manyfold, leading to the

formation of the maximum at low E/P,,.

As E/P,1s decreased below 2 V/cmxmmHg, # experiences a steep fall. The metastable
states in rare gas atoms constitute their lowest possible excitation levels. With
decreasing electron energy, the electron population start losing energy in elastic
collisions with the atoms. The electrons will need to travel large distances to gain
enough energy to ionise or excite the Ne atoms and hence the fall in # with decreasing

E/P,.

Increasing E/P, above 3V/cmxmmHg in the a < 107 mixtures results in a slight
decrease in #. This is due to the decrease in the probability of formation of metastable
states with increasing electron energy (refer to figure 7.3) and the onset of excitation
of higher, short lived Ne levels, which are far less efficient at Ar ionisation than the
metastables. With increasing E/P,, a second maximum occurs at approximately 80
V/emxmmHg, which is due to the increasing probability of direct ionisation of the Ne

atoms by electron impact.

At extremely low concentrations of Ar, the rarity of the Ar atoms causes only a
modest increase in ionisation. Ionisation is observed to increase with Ar
concentration. This continues until a concentration of 0.1 % Ar is reached. From
thereon the argon atoms are numerous enough for direct excitation of the Ar by
electrons at energies about or below the excitation potentials of Ne. The Ar atoms thus
dissipate the energy of the electron swarm reducing the excitation of Ne atoms. The
excitation of the Ar atoms does not contribute to ionisation, thus # decreases as the Ar
concentration exceeds 0.1 %. Direct ionisation of Ar atoms does not become
significant unless high Ar concentrations are reached, and even then it is not as

effective, or efficient, as metastable action.
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In the case of the pure gases, where no complicating factors arise such as two
ionisation mechanisms acting simultaneously like the Penning Effect, the peak of the
n - EIP, curves fixes the minimum breakdown potential. In Penning mixtures the
enhanced ionisation causes significant reduction in the sparking potential, as
illustrated in figure 7.2. The breakdown voltage for Penning mixtures can even be

lower than either of the constituent gases.
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Figure 7.2: (a) Breakdown voltage dependence on P,xd for several gases and Ne-Ar
mixtures [32], formation of a double minimum due to Penning ionisation better
illustrated in figure (b) [125]
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In figure 7.2(b) the breakdown curve for Ne + 0.0018 %Ar exhibits a double
minimum corresponding to the two maxima observed in the n - E/P, curve for
approximately the same gas mixture (figure 7.1). The first V; minimum at low P, xd
corresponds to that due to direct ionization of the rare gas atoms by electrons (similar
to the minimum in the pure rare gas), while the second minimum corresponds to the
increase in the ionization coefficient due to Penning ionization of the admixed
molecules by the metastables. Due to the profound effect Penning ionisation has on
the characteristics of gas mixtures, some effort was put in to quantify the cross-
sections for ionisation of several admixed molecules by metastable rare gas atoms.

Biondi [8] measured the ratio ¢, /o, of the cross-section of Ar ionisation by
metastable Ne (0,,) to the cross-section for de-excitation of Ne metastables by
collisions with other Ne atoms (g,), which he found to be large (2.9xlO3). Biondi also
measured the ratio o, /0, in He-Hg mixtures (also known as Heg) where he found it to

be even larger (1.5%x10°).

E_(g) |Energy level of metastable state (eV)
Gas 3 5
(eV) P, P,
Neon 21.56 16.62 16.80
Argon 15.76 11.55 11.72
Krypton 13.99 9.92 10.56
Xenon 12.13 8.32 9.45

Table 7.1: Metastable energy levels and Ionisation potentials of the rare gases [105]

From the preceding discussion we infer that the occurrence of Penning ionisation in
the hollow cathode can indeed explain the double minimum in the experimental
breakdown curves of sections 6.2.1.1 and 6.2.1.3. However, since all the gases
employed were of high purity, it was initially difficult to see the source of the easily
ionised trace element required for the Penning Effect (we note here that in the case of
a ‘pure’ Kr/Xe mixture no Penning ionisation is expected to take place since the
metastable levels of one constituent are never higher than the ionisation potential of

the other, refer to table 7.1).
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Barium, which evaporates from the insert during its activation process, is identified as
the source of the Penning Effect, as will be discussed in section 7.1.1.2. Prior to this,
the presence of metastable states in the hollow cathode discharge is demonstrated in

the following section.

7.1.1.1 Estimation of metastable population in the propellant gases

In ordinary gas discharges, metastable atoms maybe present in relatively high
concentrations, which are comparable with the concentration of positive ions in the
discharge [22, 23]. This section aims to produce a similar, order of magnitude

estimate for an orificed HC discharge.

For a discharge in equilibrium, the number density of metastable states is determined
by the respective rates of their generation and loss processes. Assuming that the main
process for metastable generation is by electron collision and that de-excitation at the

cathode surface is the only active destruction process we can write [55]:

n,n,o,c,=——= (7.3)

0 m e

where n,, is the metastable density, r. is the cathode radius, ¢, is the mean thermal
velocity of the atoms. 0, is the cross-section for excitation from the ground state into

the metastable state and ¢, is the mean electron velocity.

The total cross-sections for excitation into the metastable state for the inert gases were
obtained from the experimental measurements of Mason and Newell [108] and are

illustrated in figure 7.3. By the ‘total’ cross-section we mean the sum of the cross-
sections for excitation into the *P, and P, metastable levels. The experimental points

are then fitted by Weibull S-parameter distribution where the correlation coefficient

was greater than 0.98 in all the gases.
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Figure 7.3: Total cross-sections for the metastable excitation in Ar, Kr and Xe [108]

The metastable cross-section is, as expected, dependant on the velocity of the incident
electron. In order to obtain an average for the velocity dependant product am(ce) Xi.C.

in the production term we integrate over the electron Maxwellian velocity distribution

using the standard integral:

Je. oule)rle,)de, (7.4)
where the lower limit of the integration ¢, defines a threshold primary electron energy

for the reaction, and f(c.) is the non-directional Maxwellian velocity distribution

function given by:

% 2
f(ce):47r( £ ) cfexp(—MJ (7.5)

27 kT, 2kT,

iy ! . o
Using ¢, = (8kT,/zm, )/2 , where atoms of mass m, are assumed to be in equilibrium

at the insert temperature 7~ 1273K. Combining equations (7.3) to (7.5) and using the
spot mode spectroscopic measurements of 7, and n, for each gas (section 7.2.2),

solving the integral numerically, and using 7.= 1mm we obtain the ratios:
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For Xenon: P 3% for Argon: P 0.3% for Krypton: M 5.7%

n n n

7] o 0

The result suggests that a significant number of atoms in the discharge exist in a
metastable state. With neutral densities in the 10%m” range expected in the HC
(Appendix B), this indicates metastable densities of the order of 10®m? (10"cm™)
which are indeed comparable to the positive ion concentration in the HC. The above
prediction is in good agreement with Trindade’s [30] order of magnitude estimate of

10"“cm™ in the more generic open channel hollow cathodes.

However, the use of equation (7.3) ignores metastable destruction by electron impact
excitation and ionisation out of the metastable levels, metastable destruction by inter-
atomic collisions (including Penning ionisation) and metastable production by
electrons cascading from higher states, with the net result probably being an
overestimation of the metastable density. Nevertheless, tests in open channel hollow
cathodes have shown metastable yields two orders of magnitude greater than any
glow discharge [30], which resulted in their widespread use in numerous studies as a

metastable source (see for example [11, 62, 72, 144]).

7.1.1.2 Presence of barium in inert gas

Free barium is formed when the insert is activated by heating via a reaction between
the barium-calcium-aluminate and the tungsten insert matrix [33]. The chemical
reaction between the impregnate, which is found to consist of three phases (BazAl, O,
Ba; Ca Al, O and Ca O), and the tungsten insert occurs at the cathode operating

temperature and probably proceeds by the equation [27]:

W +3Ba, AL, O, +6Ca O=>3Ba, Ca Al, O, +3Ba+Ca,WO,  (7.6)

The barium then sublimates from the insert and mixes with the inert propellant gas.
With an ionisation potential of 5.2 eV, which is lower than the potential energy of the
metastable states of all the noble gases (table 7.1), barium is found to indeed satisfy
the prime requisite for Penning ionisation to occur, and the resulting mixture is hence

a Penning mixture. As previously mentioned, only very small amounts of barium are
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required for an appreciable Penning Effect, owing to the very high probability of the

process.

Due to its decisive impact on the performance and durability of dispenser cathodes,
evaporation rates from a barium-calcium-aluminate dispenser have been the subject of
a substantial body of work [27], most notably that by Brodie and Jenkins [14, 15].
Figure 7.4 exhibits the barium evaporation as a function of temperature for a

dispenser impregnated in the 4:1:1 ratio, similar to that in the T6.
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Figure 7.4: Barium evaporation rate as function of temperature
for a ‘new’ 4:1:1 dispenser cathode [27]

The research demonstrated a strong dependence of evaporation rate on cathode life,
falling very rapidly early in life with cathode length of operation. Thus, the data
collected are only beneficial if it is known at what point in the cathode life they were
taken. However, some fundamental principles have been established for the barium
evaporation rate. Brodie and Jenkins [14, 15] formulated, as was later confirmed by
other authors [30], that, for a cathode of a given age, the rate of barium evaporation

(E3,) is related to the cathode temperature by a relationship of the form:
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50408

logE,, =C- 7.7

where € is the activation energy for evaporation in eV and C is a constant.
Accordingly, increasing T would result in a higher barium evaporation rate. Analysis
by Katz et al. [204, 205] showed that the predicted barium emission rates and insert

lifetimes from these vacuum devices are consistent with experimental results in HC’s.

Returning to the T6 hollow cathode, the presence of barium traces in the gas was
conclusively demonstrated by the detection of Ball lines in the spectra of the various
gases (section 6.3.2) and by the detection of barium in the anode deposit (section 6.4).
We can infer from the above discussion on dispenser cathodes that the rate of
evaporation of barium from the T6 dispenser would increase substantially with
increasing cathode temperature. This would result in a higher barium concentration at
a given mass flow rate. From figures 7.1 and 7.2, significantly increasing the
concentration of admixed gas in a Penning mixture would lead to two effects:
decreasing the required breakdown voltage and producing a less pronounced double

minimum, which is exactly what is observed in the V,, vs m plots (section 6.2.1)

when the HC tip temperature is increased from 929°C to 1299°C. We estimate from
equation (7.7) and from plots in reference [15] that the rate of barium evaporation
increases by roughly three to four orders of magnitude when cathode temperature
increases from 929°C to 1300°C. Note here that a decrease in Vi with increasing T
can also be attributable to increased thermionic emission, the change in the shape of
the curve however is not. This effect was also observed in the open keeper T6 work

[124], and further confirms that the Penning effect is operational in the HC.

To the author’s knowledge, this work constitutes the first observation of barium

Penning ionisation and it is the first time this mechanism has been invoked to describe

the HC phenomena. The available literature reported observations of Penning

ionisation in monatomic mixtures containing two inert gases (He or Ne as the main
gas with Ar or Kr or Xe as the admixture [8, 32, 62, 96]) or in mixtures containing an
inert gas with: mercury [9], alkali metals such as caesium [197], nitrogen [182],
copper [198], some rare earth metals (La, Sm, Gd, Er, Yb, Lu and U) [72], and, more

importantly calcium [144]. The significance of the observation of Penning ionisation
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in an inert gas/calcium mixture is in that Ca shares the second group of alkaline earth

metals with barium and, consequently, shares many of its characteristics.

Shuker et al. [144] conducted the investigation into the Ne-Ca Penning ionisation
using a commercial hollow cathode lamp discharge. They employed an Optogalvanic
Effect spectroscopy (OGE) technique to study the plasma. This technique involves
shining a laser on the discharge, which induces changes in the ionisation equilibrium,
affecting the electrical resistivity of the plasma and hence altering the voltage current
characteristics of the discharge. These effects can be monitored electrically, resulting
in an electrical characterisation of optical effects and hence the name. Conducting
their experiments in steady state, Shuker et al. proceeded by shining a laser into the
hollow cathode at frequencies known to excite Ne electrons out of the metastable
levels and into nonmetastable higher levels, effectively depopulating the discharge of
metastables. Ca, sputtered from the cathode surface by the action of Ne™ ions, is then
ionised by the Ne metastables via the Penning process. The resulting higher number
of charge carriers and the high efficiency of the process lowers the potential required
to sustain a steady state discharge when compared to the case of pure Ne.
Depopulation of the metastable states by laser irradiation hence causes a reduction in
the ionisation rate, increases the discharge resistance and subsequently leads to a rise
in discharge potential. By studying the post laser pulse discharge voltage history,
Shuker ez al. calculated the Penning cross-section (on the order of 107cm?), the
relevant relaxation times and the Penning rate. Moreover, they also established the

range of discharge currents for which the Penning Effect is important.

In 1on thruster hollow cathodes, barium plays a dominant role in discharge initiation
through enhanced thermionic emission and, as demonstrated here, through Penning
ionisation. The role of the low work function material in steady state operation is
however less clear [48, 46]. Philip and Fearn [46, 126] proposed secondary emission
by metastable impact as a mechanism to explain the high current densities in HC
discharges, and noted that this emission mechanism is not dependant on the presence
of Ba and the cathode should thus operate successfully in its absence. When they
conducted experiments on non-bariated cathodes, they however found that
significantly higher voltages and tip temperatures were required to operate the HC.

This lead Philip to suggest that “a mechanism requiring the coating normally operated
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in conjunction with that dependent on metastable (impact)” [130]. If metastable
related processes are significant, then the Penning effect can indeed provide such a
mechanism, and the parallels with the Shuker ef al. [144] Ne-Ca experiment certainly
do suggest that this is probable. Having said that, it is not possible to ascertain the
significance of the process in the discharge due to lack of information on the relevant
cross-sections, relaxation times and concentrations of Ba and the range of currents and
pressures in which Penning ionisation is important in cathodes such as the T6. A
similar OGE study is necessary to determine the role of Penning ionisation and, more

generally, that of metastable atoms in the steady-state operation of ion thruster HC’s.

7.1.2 The role of the cathode orifice and breakdown statistics

Figure 7.5 compares the results of the breakdown work on the xenon part of this study
to the early work by Fearn ef al. [48] on mercury with a T4 cathode. The T4 work
employed a cathode with an orifice diameter of 0.3mm at a temperature of 1300°C,
the cathode insert was coated on its outer surface with a triple carbonate mix. The
dashed lines indicate the upper and lower limits of the region where, for a given 2,
breakdown can be expected to occur at random, with breakdown being assured only if

Vi exceeds the upper envelope of this region.
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Figure 7.5: Comparison of Vi as a function of m for Xe (on the 76)
and Hg (on the T4) [48]
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It can be seen from figure 7.5 that a remarkable improvement in reproducibility has
been achieved in changing from the T4 cathode to the T6. The results from the open-
keeper T6 work [124] have also demonstrated this improved reproducibility. The
breakdown voltages were slightly higher in the open-keeper T6, this can be attributed

to the higher inter-electrode pressure expected in the enclosed-keeper case.

It is important here to note that in the T4 study, time was an additional factor that
greatly influenced the breakdown results. Quoting from reference [48], “with
m=0.14mg/s and T =1220°C, rapidly increasing V; to 500V did not initiate a
discharge, but one occurred after leaving the keeper at this potential for about 1min.
On the next attempt, with i and T at the same values, the discharge started with Vi,
=140V. On extinguishing this discharge and waiting for 2min, a further start could not
be achieved, even with 500V applied for some while. Later, a discharge was obtained
with V=220V, yet immediately afterwards the application of 500V was not
effective”. This indeed highlights the considerable effort undertaken to map the

breakdown behaviour of the T4.

It 1s also interesting to note, from figure 7.5, that the breakdown voltages for xenon
are consistently lower than those for mercury for all the mass flow rates investigated.
This is in spite of mercury having the lower ionisation potential: the first ionisation
potential of mercury is 10.4 V, compared to xenon’s 12.13V. Several reasons have
been put forward to account for the greater reproducibility in the T6 (see section
2.2.5.2 and reference [124]): 1) the change of propellant species ii) contamination of
the vacuum system in the T4 study and iii) the larger orifice size in the T6 cathode. Of
these the effect of orifice size was thought to be the more likely (and easiest to

investigate) of the three, and was hence subjected to greater scrutiny.

To both qualify and quantify the effect of the cathode orifice on electric field
penetration, the Crawford/Gabriel model (Appendix B) was used to simulate in 3-D
the electric field in the vicinity of the cathode tip for a range of keeper voltages.

Results for different orifice sizes and tip configurations are shown in figure 7.6.
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Figure 7.6: 1V contours of electric potential for: (a) a flat 0.3mm dia. tip (similar to
the T4 Hg case [48]). (b) a flat 1.4mm dia. tip. (c) a bevelled 1.4mm dia. tip (similar
to the T6 case), for several keeper potentials

173



CHAPTER 7 DISCUSSION

Figure 7.6(a) represents the T4 hollow cathode used to obtain the mercury breakdown
data in figure 7.5, with a flat tip surface and a 0.3mm orifice [48]. Figure 7.6(c)
represents the T6 cathode used in this work, with a 1.4mm diameter orifice
countersunk at 45° to lmm depth. Figure 7.6(b) represents a cathode with the same
dimensions as the T6 but without a bevelled orifice plate, to evaluate the effect of

countersinking on the electric field profile.

The results show that for the T4 case the electric field only penetrated 0.13mm into
the cathode tip at the highest simulated keeper potential of 80V (for 30V keeper
potential the electric field only penetrated to 0.053mm into the cathode tip). The
results for the unnotched T6 cathode showed a great improvement with 0.635mm
penetration at only 30V keeper potential. For the bevelled T6 tip, the field penetration
was deeper still, with 1.164mm at 30V keeper potential. The results show that, not
only is the orifice diameter important in determining the electric field penetration, but
that the hollow cathode tip configuration also has an appreciable effect. The
penetration of the electric field has a determining effect on the time lags and statistics

of the cathode breakdown, as will be discussed next.

For breakdown to occur, two conditions must be satisfied simultaneously [109]: 1) At

least one suitably placed free electron must exist in the gap to initiate the discharge. 2)

The applied electric field must be of sufficient strength and duration to guarantee that
this electron produces a sufficient series of successful electron avalanches to achieve
breakdown. If sufficient initiatory electrons are unavailable, it is necessary to wait for
a period of time before the discharge develops. The waiting period preceding
breakdown is known as the total time lag of spark breakdown z,,,. It is made up of two
distinct and well-defined parts; the initiatory or statistical time lag #, and the formative

time lag #, i.e. £, =1, +1,.

It is important here to clarify that the values of the breakdown voltage quoted in the
literature for the variety of gases and conditions is known as the static or steady state
sparking potential (V) and is obtained under steady state conditions with a constant
static field (E is constant) and sufficient electron production (by for example

irradiation from a UV source) to ensure the presence of initial electrons. Vi is thus
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fairly reproducible and well defined. However, if there is an impulsive increase in
voltage (even at low rate (pg. 205 [162])), and if insufficient electrons are produced,
the breakdown voltage is found to be subject to statistical variation. In this case V;

forms a minimum value below which it is impossible to achieve breakdown.

o Dependence of the statistical time lag on the electron production rate: The

statistical time lag is the time elapsing between the application of a voltage in
excess of V; and the appearance of the electron that initiates breakdown. The mean

statistical time lag 7, is the inverse of the rate of electron liberation (I,n)[ 109]:

i=1/1, (7. 8)

The number of times (n,) that the statistical time lag exceeds a time ¢ for a large

number of trials N can be given by:

771\11_ =exp(-1,, 1) (7.9)
Also, if the voltage V never greatly exceeds V; (i.e. the breakdown criteria is just
satisfied), then there is a significant number of unsuccessful avalanches (as will be
discussed in the next paragraph) and several primary electrons will have to appear,
following the attainment of V,, before breakdown occurs. The statistical time lag is
hence also dependent on the excess voltage (or “overvoltage”), with #, increasing as
the applied voltage is decreased towards the critical value V, [109]. Thus we need
to replace I, in equations (7.8) and (7.9) with (P, xI,;) where P, gives the

probability of a successful avalanche at the given excess voltage.

o The formative time lag and avalanche statistics: The collisional processes leading

to the formation of sparks and the establishment of a discharge are essentially
chance phenomena governed by the laws of probability. Townsend’s primary (o)
and secondary () coefficients represent the average values for the statistically
fluctuating quantities, with the magnitude of these fluctuations having an important
bearing on the breakdown criteria. The breakdown condition, equation (3.55)
(;/[exp(ad)—l]zl), represents the condition of an uninterrupted series of

avalanches flowing indefinitely between electrodes maintained at an inter-electrode
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voltage V=V|. Under these conditions, the a and ¥ processes ensure replenishment
of electrons and ions lost to the electrodes, and hence lead to a self-sustaining

discharge.

However, as mentioned previously, the primary and secondary replenishment
processes are statistical in nature. The initial electron moving in an electric field
may or may not gain enough energy to ionise a gas atom in an ‘average’ distance
of 1/a . Once it has gained ionising energy, there is a chance it will ionise only
after several impacts have taken place, with the associated risk of it losing its
energy before doing so. This statistical picture also applies to secondary emission
from the cathode by ion bombardment or otherwise. Because of the large
fluctuations about the mean, it is possible that at some stage in the electron
avalanche, the breakdown criteria is not satisfied (by greater loss than gain of
charged particles) and the avalanche is “interrupted” [109]. The current hence
ceases in spite of V being maintained equal to V.. The probability (P,) of an

uninterrupted avalanche initiated by a single electron is [109]:

P =0 for Q<1

r

1
P=1-— >1 (7. 10)
0 for O

with 0 = y[exp(ad) ~1]

Q =1 represents the static breakdown condition with V=V,. When V <V, and Q <1
breakdown is not possible and hence P, = 0. However, even when V>V, (Q >1), P,
is less than unity for voltages significantly greater V, and hence it is not guaranteed
that a current will flow uninterrupted. As illustrated in figure 7.7, a significant
excess voltage or overvoltage must be applied to ensure an uninterrupted avalanche
produced by a single electron. Overvoltage, AV, is here defined as the difference
between the applied voltage and the static voltage V; expressed as a fraction of V;

[109],ie. AV =(V-V,)/V,.
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Figure 7.7: Probability of an uninterrupted sequence of electron avalanches
initiated by a single electron as a function of overvoltage [109].

If more than one electron is used to initiate breakdown the probability of
interruption decreases markedly. If N electrons are used to initiate N avalanches,

the probability of an uninterrupted sequence is now [109]:

P(N)=1-(0-P) (7.11)

Thus, to ensure reliable and rapid breakdown, a large number of initiating

electrons and a large overvoltage are required.

The formative time lag is the time taken by initiating electrons to break down the
gap and establish a discharge. Hence, it is dependent on the applied overvoltage,
the nature and pressure of the gas, the electrode material and the number of

initiating electrons.

We now turn our attention back to hollow cathodes and proceed to describe the
behaviour of the Fearn ef al. [48] Hg HC (described earlier and in section 2.2.5) at a
given value of 7 and 2. In the HC, primary electrons are produced by thermionic
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emission from the cathode insert. However, most of the electrons will be found in the
cathode interior, and relatively few electrons will diffuse through the aperture, via
random collisions, into the orifice region. At a low applied voltage, V equal to or
slightly greater than Vi, the field only penetrates a very small distance into the cathode
orifice. The probability of an electron arriving at the right location to be accelerated
by the field is hence expected to be low. Due to the small overvoltage, the probability
of an uninterrupted avalanche by one electron is also low (see figure 7.7), and
consequently the probability of uninterrupted avalanches by a small number of
electrons, as described by the relation (7.11), is also low. There is thus little chance of
the necessary prerequisite conditions being simultancously satisfied at low

overvoltage and breakdown is highly unlikely.

Increasing the overvoltage to intermediate values, at constant 7" and sz, raises the
chances of a successful breakdown both in terms of enhancing the probability of a
non-arrested avalanche and increasing the penetration depth to where there is a higher
probability of finding initiatory electrons. Increasing the overvoltage hence brings us
to the envelope of random breakdown described by Fearn et al. [48]. The occurrence
of breakdown in this region is dependent on the rate of arrival (and number) of
initiating electrons at a suitable location and the probability of them producing an
uninterrupted breakdown. Hence, due to the large possible fluctuations in these
quantities for a given run, there will be a large scatter in the observed breakdown
voltage. Moreover, as observed by the investigators, this statistical behaviour will also
manifest itself, not only in the value of the breakdown voltage, but also in the
unpredictable nature of the time required from the application of the voltage to the

achievement of breakdown.

The number of electrons required to initiate a spark decreases with increasing
overvoltage applied to the gap [109]. By further increasing the applied voltage, a point
is reached when the probability of an uninterrupted avalanche reaches unity (figure
7.7). This point forms the upper envelope of the Fearn et al.’s data. At and above this
point the electron avalanche cannot be arrested and the breakdown criteria is always
satisfied. As the investigators observed, to ensure breakdown of the HC, V; has to

exceed the upper envelope of the region.
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The above description indeed simultaneously explains: the higher breakdown voltages
observed in the Hg cathode, the presence of a region of irreproducibility in the
breakdown voltage results, and the random nature of the time lag between application
of the voltage and the onset of breakdown. Two factors will dictate the extent of the
random discharge region a) the cathode temperature and b) the mass flow rate (i.e. gas
pressure). Increasing the cathode temperature results in a higher rate of electron
production by thermionic emission as described by the Richardson-Dushman equation
(equation 2.1). At the field location, this results in an increase in the number of
initiating electrons (N) and hence, by equation (7.11), increases the probability of an
uninterrupted sequence of avalanches for a given overvoltage. Accordingly, the range
of voltages for which the breakdown voltage is irreproducible is reduced as
temperature is increased. Ultimately, at high cathode temperature, the initial electrons
are so numerous that the probability of interruption is zero, the breakdown criteria is
always satisfied and breakdown is reproducible, as observed experimentally (figure
2.12). The gas flow rate influences the breakdown statistics via a different
mechanism. Raising the gas pressure (at low to medium pressure) increases the total
collision cross-section and hence the gas multiplication for a given overvoltage and
number of initiating electrons. Increasing the gas pressure thus increases the
probability of an uninterrupted sequence P, for each individual avalanche, and hence
reduces the overvoltage required for reliable breakdown. Consequently, we expect
that increasing the propellant flow rate will reduce the envelope of the random
breakdown region, which is indeed the experimental observation (figures 7.11 and

2.13).

In the case of the T6 cathode, the larger orifice size yields two benefits: The first,
which was demonstrated earlier, is the increased electric field penetration for a given
applied voltage, which increases the probability of finding an electron at the field
locality and also increases the distance travelled by the electron (and hence its
terminal energy) while being accelerated by the field. The second is that the increased
orifice size also increases the number of electrons diffusing into the orifice region.
The combined effect leads to a more reproducible breakdown behaviour. Moreover,
we note that, in accordance with the theory, there was an increase in the spread of
breakdown results when the T6 operating temperature was reduced from 1299°C to

929°C for all the gases (figures 6.1-6.4). This is due to the reduction in the electron
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production rate, nevertheless, owing to the beneficial effects of the larger orifice, the

spread in results was far less than that encountered in the Hg tests.

The strongest evidence that the orifice size is solely responsible for the observed
irreproducibility actually comes from the mercury study itself. Fearn er al. [48] in
their investigation conducted some test using auxiliary internal electrodes to initiate
the discharge. Biasing the internal electrode positive with respect to the cathode, the
breakdown characteristic shown in figure 7.8 was obtained. It was found that the
discharge exhibited superior breakdown ability, at 1200°C and 0.8mg/s a potential of
only 6V was required to initiate the discharge. This cathode had almost exhausted its
barium supply and usually required a keeper potential of SO0V to start! Note also that
even at the very low cathode temperature of 520°C, the electrodes only required 30V
to start. Most significantly this behaviour was reproducible.

onr
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Figure 7.8: Discharge initiation characteristics using an internal electrode [48]

The internal electrode achieved this in two ways: 1) It accelerated a large number of
the electrons emitted from the cathode insert in its vicinity. 2) The high neutral
density in the HC interior ensured that the probability of interruption for the large
number of avalanches expected was virtually zero. Note here that, in comparing the

experiments with and without the auxiliary internal electrodes, the degree of
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contamination and the operating gas are the same. The only difference being the

location of the accelerating field.

The results of this section are highly significant, as they imply that judicious design of
the cathode tip will eliminate the need for a high voltage keeper power supply. The
discharge initiation voltages will not only be low but also reproducible. Discarding
the HV keeper supply will result in the concurrent benefits of a reduction in thruster

mass, complexity and associated hardware.
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7.2  Spectroscopic results

7.2.1 Discussion of analysis methods employed

As discussed in section 3.1.3, three methods were employed to evaluate the plasma
parameters T, and n,: a) the ratio of lines of the same species, b) the ratio of lines of
the same element at different stages of ionisation and c) the ratio of continuum

intensities.

The ratio of lines of the same species method is used to estimate the electron
temperature for a plasma in the C-R regime using a simple Boltzmann plot method
developed in this work and discussed in section 3.1.3.1. The results for the various

propellants are presented in the next section, figures 7.12 -7.17.

The continuum method formed an alternative approach to estimating 7, and has been
previously employed to that end in a Kaufmann type UK-25 HC xenon discharge
[101]. The spectra was first corrected for the transmission of the optics and the
frequency response of the detector in a region of the spectrum ranging from 280-
310nm. In this region the density of discrete emission lines is low. By plotting log (1)
against A, and by judicious removal of any traces of superimposed emission lines,

plots such as figure 7.9 were produced.

This method is subjective in nature as it requires the identification of the region of
linear decay due purely to bremsstrahlung processes. Limiting the application of
equation (3.48) to this region gives the electron temperature. As can be seen from
figure 7.9, the spread in results (due to the low signal to noise ratio attributable to the
relatively low transmissivity and frequency response of the optics/detector assembly
in that wavelength range) makes such a subjective assessment difficult. Furthermore,
the spread makes for a low degree of confidence in the selection of a best fit line. This
has rendered the application of this method unsuccessful and precluded its use in the

estimation of 7,.
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Figure 7.9: Log I vs A for continuum in a xenon discharge, m =1mg/s, [,=54

The strategy envisaged for estimation of 7, is as follows: 7 is first calculated by the
aforementioned ratio of lines of the same species method. The ratio 7/,,/7, of a first

ionisation and a neutral line of the gas is then calculated from the spectrum. These
two parameters, along with the relevant atomic data, are then inserted into equation
(3.47) to yield n,.

Figure 7.10 shows the theoretical ratio of intensities of two xenon emission lines (the
Xell 433.052nm line over the Xel 450.100nm line) based on the C-R model described
by equation (3.47) as a function of 7. for several values of #n.. Due to three body
recombination, the ratio of line intensities at different stages of ionisation should
(theoretically) depend on electron density. However, as can be seen from figure 7.10,
this dependence on 7, is very weak in the range of 7, expected in our plasma, with a
five orders of magnitude change in 7. (from 10" to 10'°cm™) occurring when 7, is
changed by only 0.1eV from 1.1 to 1.2eV. This is in agreement with a previous
spectroscopic study on xenon which employed this method (Monterde ez al.[115,
116]), which concluded that due to this insensitivity, 7. could not be precisely
determined and indeed quoted a value for 7, in the 10" to 10'°cm™ range. Thus, even
a small uncertainty in estimating 7. precludes any determination of 7, to an acceptable

accuracy.
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Figure 7.11: n. as a function of T, predicted by both LTE model and
equation (3.47) for the C-R model in xenon and argon discharge,

Jfunction of electron temperature for several n, values
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m= Img/s and 1, = 5A in both gases

An alternative approach had to be adopted for estimating the electron density. Using

the relative intensity of lines at different stages of ionisation method for a plasma in

LTE gives the following relation for electron density [59, 94]:
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o Lpd) A Alpg) gu(p)(%fme kTej%Xexp(— Eu(p)-E,(p’)JrE,m(g)}
o Lipa) A, Alp.g) e (PN B KT,

(7. 12)

The predicted dependence of n, on 7, from this LTE relation is compared to that in
equation (3.47) for a C-R plasma in figure 7.11. This is done for xenon at the
experimentally measured relative intensity of Xell 433.052/Xel 450.100 =11.17 at
the discharge conditions: m= lmg/s and [, = 5A, as well as for argon at the
experimentally measured relative intensity of Arll 434.8064/Arl 420.0675 = 25.32
for an argon discharge at m = Img/s and I, = SA. From figure 7.11, in the range of T,
where equation 3.47 is useful, the LTE estimate of electron density is, as expected,
greater than that of the C-R model. Moreover, in this region, the difference between
the predicted values of n, at a given 7T, appears to be approximately constant; for

xenon n, .. = (6.64 i0.09)><ne‘C_R and for argon the agreement is very good with

N, ire = (] A3%0.1 4)>< n,c_g- In general, assuming that this proportionality between

the values of n, predicted by the LTE and C-R models at higher T, holds in the region
where the simplifications made to the C-R model in obtaining equation (3.47)
breakdown, the electron density estimated by using an LTE model (equation (7.12))
overestimates the density in a C-R plasma by no more than one order of magnitude.
Thus we can use the LTE relation to give a substantially more accurate estimate of n,
than that of equation (3.47); furthermore, for argon discharges the agreement is
expected to improve. In what follows, equation (7.12) is used to estimate n,.
Whenever equation (3.47) is thought to be applicable both values are provided for

comparison.

7.2.2 Calculation of electron temperature and density

The plasma electron temperature was determined using the C-R Boltzmann plot
method described in detail in section 3.1.3.1. Vital to the successful application of this
method is the judicious selection of emission lines belonging to transitions from upper
levels of quantum number p greater than p, the “thermal level” (see sections 3.1.2.4

and 3.1.3.1). Fortunately, it was found that this condition was satisfied in virtually all
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the first ionisation emission lines of argon, krypton and xenon, in the 400-463nm

wavelength range investigated.
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Figure 7.12: C-R Boltzmann plot of Arll lines from T6 cathode argon discharges in
both spot and plume modes at several values of m ,1,=54,

correlation coefficient > 0.92
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Figure 7.13: Electron temperature and density in the T6 HC operating on argon as a
JSunction of m at 1,=54
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Figure 7.14: C-R Boltzmann plot of Kr1l lines from 16 cathode krypton discharges in
both spot and plume modes at several values of m ,1,=54,
correlation coefficient > 0.89
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Figure 7.15: Electron temperature and density in the T6 HC operating on krypton as
a function of m at I,=54

187



CHAPTER 7 DISCUSSION.

19 m MODE
m(mg/s) | T.(eV) n, (cm™) ¢ imgk plume
1 1.05+0.17 1.38x10'° ® 1.56mg/s plume
1.56 0.95+0.19 1.09x10% © 3.29mg/s spot
o 3.29 0984020 | 6.99x107

-10 T T T

T 1 1

14.0 14.5 15.0 16.5 16.0 16.5 17.0 17.5

E(p) (eV)
Figure 7.16: C-R Boltzmann plot of Xell lines from T6 cathode xenon discharges in
both spot and plume modes at several values of m ,I,=54,
correlation coefficient > 0.93
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Figures 7.12, 7.14 and 7.16 exhibit C-R  Boltzmann plots:
ln(l . (o, q)/lpq /[A(p,q)gz (p)]) as a function of energy of the upper level £,(p), for
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argon, krypton and xenon first ionisation lines respectively. The emission lines were
taken from optical emission spectra similar to those shown in figures 6.28 - 6.30, at
several values of m and a constant discharge current of 5A. This enabled the
estimation of plasma parameters in both the spot and plume modes. It was not
possible to use all the identified emission lines in the wavelength range due to the lack
of the necessary pertinent atomic data in the bibliography (most notably A(p,q), the
atomic transition probability). Thus, only those first ionisation emission lines
provided with a complete set of atomic parameters in the literature were used (refer to
table 6.1 - 6.3 for a complete listing of the available lines in the range 400-463nm).
The intensity of the emission lines was corrected for the spectral transmission
properties of the optics and the spectral response of the CCD. The corrected
intensities were then used to construct the C-R Boltzmann plots. The resulting data
are fitted to a straight line by the method of least squares linear regression. It was
found that there was excellent correlation between the data and fit, with the
correlation coefficient (R?) greater than 0.92 for Ar, 0.89 for Kr and 0.93 for Xe. The

electron temperature is calculated from the slope of the line, §=-1/kT,. The

calculated T, for each value of m is included in the inset to the figures. The electron
density was calculated using the LTE method represented by equation (7.12) and
described in the preceding section. The n, calculations were carried out using the
experimentally measured ratio of the Arll 434.8064/ArI 420.0675nm lines in the case
of argon, the Krll 435.5477/Krl 446.3689nm for krypton and the Xell 433.052/Xel

450.100nm ratio for xenon.

The variation in n, and 7, with propellant flow rate is shown graphically in figures
7.13, 7.15 and 7.17 for argon, krypton and xenon propellants. The uncertainty in the
T, results, shown in the insets to the Boltzmann plots and graphically in the T, plots,
indicates the standard error in the linear regression fit, which is a function of both the
goodness of fit and the number of data points used to construct the fit. Thus, the error
is smallest for argon which possesses numerous emission lines which have been the
subject of extensive study in the wavelength range, and the error is largest for xenon,
which reflects rather the dearth in spectroscopic data as opposed to the goodness of

the fit, which has been shown to be very good (R* >0.93).
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The results for n, and 7, in argon and krypton show an interesting trend, increasing in
the plume mode with m till a maximum value is reached then decreasing, as mis
increased further, to a lower value in the spot mode. In the case of xenon, as will
become later apparent, we have only captured the range of rin which T, and n, are
decreasing functions of the propellant flow rate (the range of s was chosen prior to
the discovery of this behaviour). The observed behaviour apparently contradicts
previous studies [46, 115, 146], specifically, the Langmuir probe measurements in the
HC interior plasma [146], in which the measured electron densities were an order of
magnitude greater in the spot mode than in the plume mode. These trends can be
understood in terms of visual observations of the discharge. In table 7.2 we recast the
results according to the visual characteristics of the discharge. The first column shows
and describes the visual appearance of the discharge in which the spectrum (from
which the n, and T, results were calculated) was taken. The pictures shown were
obtained in a xenon discharge in the T6. The same characteristics were observed in
the other gases and are viewed here as illustrative of the visual appearance of the
discharge. At low m a “luminous cloud” is observed which fills the inter-keeper-
cathode space giving the appearance of an enlarged cathode spot. As i is increased,
this cloud emerges from the keeper orifice and is now situated downstream of the
keeper, making it clearly visible. When the spot mode is achieved, by further
increasing m, the cloud disappears abruptly and only the luminous cathode spot is
observed. The origins, characteristics and effects of this cloud will be discussed in
section (7.4.4) in terms of a proposed plume to spot transition theory. Suffice here to
say that this cloud is a region of enhanced inelastic collisions (ionisation and
excitation) due to the presence of a steep, electron accelerating gradient in the plasma
potential just upstream of the cloud. With the optical fibre observing the hollow
cathode from 135mm downstream of the tip (see figure 4.4), our plume results would
represent the global values of n, and T, spatially integrated over the cloud as well as
the HC plasma, leading to the higher than expected results. In the plume mode, local,
spatially resolved measurements of n, and 7, in the HC interior would indeed be

expected to be lower than those measured here.
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Argon

Krypton

Xenon

Keeper orifice

m=1mg/s

1=1:12:0 05eV.

m=1mg/s

7~1.19+0.14eV

Spectrum not

laiies s s available
Plume mode: n~3.10x10""cm n~4.20x10"cm
Luminous cloud
upstream of keeper
m=1.5mg/s
7.~1.17+0.04eV m=1mg/s

Plume mode:
Luminous cloud
downstream of
keeper

n,~=8.85x10%cm™

m=1.8mg/s
7,~=1.30+0.05eV

n,=8.51x10"%cm>

m=2.0mg/s
T.~=1.38+0.05eV

n.=3.62x10"cm>

m=2.1mg/s
7.~1.19+£0.14eV

n.~2.05x 107cm™

1.-1.05+0.17eV

n~1.38x10"%m>

m=1.56mg/s
7.=0.9544+0.19eV

n.~1.09x10"%cm

©

Spot mode:
Luminous cloud
disappeared

m=3.4mg/s
7~=132+0.05eV

n.~7.30x10%cm™

i =3.78mg/s
7,~1.28+0.13eV

n~135x10"%m">

m=3.29mg/s
7,=0.978+0 .20eV
n~6.99x10cm™

Table 7.2: The plasma parameters (n., 1.) as a function m correlated to the visual
appearance of the discharge

The results of 7, for xenon agree very well with those of Monterde (1.1+0.1eV) [115]
and Malik (1.1eV) [101] on the UK-25 hollow cathode, which form the only

measurements available to date on inert gas thruster cathodes. This effectively
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validates the new method used in obtaining the T, results. For the other gases, we
observe that, in the spot mode, the electron temperature increases with the ionisation

potential of the gas at approximately constant electron density (x50%). This comes
about due to the factor (7, )% exp(— E,../ kTe) in equation (7.12), which indicates, for

a constant n, and ignoring differences in atomic parameters, that as you increase the
jonisation potential by changing the working gas, the electron temperature must
increase to keep n, constant. The exponential in the factor originates from the Saha
equation used in deriving (7.12). What it describes is that, for a given electron
distribution, the number of electrons capable of ionising collisions is a decreasing
exponential function of a threshold energy (the ionisation potential of the gas). Thus,
as the ionisation potential increases, less and less electrons are capable of ionising the
gas atoms. In order to achieve the minimum electron density required for the spot
mode, the discharge in the alternative gases needs to increase the number of electrons
capable of ionisation, thus leading to the observed higher electron temperatures in

krypton and argon.

Limitations of the analysis models

In deriving the ladder approximation to the C-R model of the HC plasma we refer to
simple atomic systems, where the population rate equations are determined solely by
the ground populations. In this analysis we ignore the excited levels by assuming that
their relaxation times are orders of magnitude smaller and hence their transitions can
be considered instantaneous with respect to the observation time. However, this is not
strictly true for metastable levels, which are long lived and possess, albeit smaller, but
comparable relaxation times to the ground population of the atom. Our model takes no

account of these levels.

A possibly more important overlooked factor is the presence of impurities in the
plasma (notably barium in our case). The presence of impurities, even in low
concentration, can perturb overall plasma behaviour [17]. Barium has an ionisation
potential lower than that of the inert gases, this leads to greater probability of

ionisation even by electron collisions or by non-electron related ionising events (e.g.
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Penning ionisation). The electron contribution from the impurity species not only
modifies the electron density estimate, but also modifies the electron distribution
function and thus our 7, estimate. However, a quantifying assessment of this effect is
exceedingly difficult to realise because the impurity concentration is a complex
function of several factors such as wall temperature, chemical reaction rates and

cathode history.
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7.3 Prediction of cathode operating parameters using a modified
Siegfried-Wilbur model

In this section, the spectroscopically derived plasma parameters from the previous
section are used to predict cathode operating parameters in a xenon discharge. The
Siegfried-Wilbur model (section 3.3.1), with its idealised “Ion Production Region”
(IPR) in which we assume uniform plasma properties, formed an ideal description of
the HC for the measured global, spatially averaged, plasma parameters. Here only n,
and 7, values from the spot mode are employed as the plume mode results were
distorted by the presence of a luminous cloud downstream of the cathode (see

previous section for details).

Prior to the general application of the model, the cathode operating parameters are

calculated at the specific experimental conditions in which the plasma parameters

were derived, i.e. m= 3.29mg/s and I, = 5A. In performing the calculations certain

assumptions and modifications were made to the Siegfried-Wilbur model and are here

summarised:

1) The Salhi-Turchi model of the HC showed that the emission length scales to one
insert diameter [141] (refer to section 3.3.2). Hence we assume that L,= 2mm, the
internal diameter of the T6, thus forgoing the need for equations (3.70) and (3.71).

2) The electron density n. is given by n, =dn,,;, where the LTE density is

multiplied by a correction factor J (estimated to be =~ 0.1). This factor corrects for
the roughly one order of magnitude overestimation of n, by the LTE relation
(7.12) (refer to section 7.2.1 for details).

3) Equation (3.67) for the energy balance in the IPR is modified to include energy
input by Ohmic heating of the plasma. The plasma conductivity o is given by the
Spitzer relation [140], equations (3.77) and (3.78).

4) Essential to the application of the model is a reasonable estimation of Q,,, the

power loss from the emitting portion of the insert. We assume that the area of
tantalum tube adjoining the emission zone is in perfect thermal contact and thus
has the same temperature (7,). The power loss is then calculated based on
radiation from the cathode tip to ambient (T, = 300K) and conduction down the

length of tantalum tube to the cathode end flange, which is assumed to act as a
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heat sink with a temperature of = 773K. A temperature of 773K (500°C) was
chosen based on thermocouple measurements carried out on the cathode end
flange of an operating T6 cathode [44]. The power loss from the insert electron
emitting area is thus given by:

0, = €04 A (T} =300*)+k,C, (L.=773)

s

e (7.13)

where ¢ is the emissivity of the tantalum surface (0.21 [159]), o, is the Stefan-
Boltzmann constant, A, is the exposed surface area of the cathode tip, k. is the
thermal conductivity of tantalum (57.5Wm" K [199]), C, is the cross-sectional
area of the tantalum tube and Ax is the distance from the emitting area of the
insert to the cathode end flange. Note that the radiation power loss upstream is
here neglected, as the radiation to the hot upstream surfaces is deemed negligible

when compared to downstream surfaces at ambient temperature.

Table 7.3 gives the predicted cathode operating parameters from the modified
Siegfried-Wilbur model at the discharge conditions in which the plasma parameters

were measured.

Input Parameters| HC operating parameters predicted by model

ne Te Le -] ft ji Vp Es ¢e Ts ¢s
(cm?) | (eV)|mm)| (Am®) | (Am) W | (vm™) |ev)]| K) | V)

6.99x1010.98| 2 [2.55%10°]9.5x10*| 0.36 |8.95|7.7x10°|2.06|1482]2.17

L/

Table 7.3: HC operating parameters predicted by a modified Siegfried-Wilbur
model for a hollow cathode operating on xenon at m = 3.29mg/s and 1, = 5A

The contribution of the volume electron production processes in the IPR to the total
discharge current is estimated at around 36%. This is only slightly higher than the
experimentally measured values on mercury cathodes (28-31%) [145]. Furthermore,
the predicted field-enhanced thermionic current density ( j; ) from the cathode surface
of 2.55x10°Am™ was well within the expected range of 2x10° to 5x10°Am™ gleaned

from various experimental studies [46, 126] (section 2.2.2).

195



CHAPTER 7 DISCUSSION

The model predicts a plasma potential of 8.95V at the given discharge conditions.
This is in good agreement with Siegfried’s averaged experimental value of 8.7V in the
IPR. A reasonable estimate of the plasma potential just downstream of the orifice can
be obtained from the keeper potential [44]. This was typically in the range 7.5-8.2V
under the above discharge conditions, indicating that the estimate of the IPR plasma

potential is indeed in the right range.

The dense plasma in a HC results in a very thin plasma sheath (~10"m), which leads
to the establishment of very strong electric fields at the surface tending to extract
electrons. For the given plasma conditions, the model predicts a value of 7.7x10° V/m
for the electric field. This produces an effective reduction of 0.11eV in the surface
work function. Although this reduction appears small, its effect is substantial, as this

reduction will nearly triple the thermionically emitted current of a surface operating at

1000°C.

The most significant of the model’s predictions are those for the insert surface

temperature (7) and surface work function (¢, ). For the discharge conditions, the

model estimated an insert temperature of 1482K, which is in good agreement with
recent tip temperature measurements in the T6 cathode {44]. The predicted surface
work function (2.17eV), was remarkably close to the average work function of barium

oxide on tungsten (2.2eV) [100].

In order to extend the model’s predictions to the full range of sustainable discharge
current, further assumptions in addition to the ones previously detailed, are necessary.
Siegfried found that both T, and V, were relatively invariant with changes in m and
Ip, and thus in his modelling they were assumed to be constants of the discharge.
These assumptions are here adopted, and for V,=8.95V, T,=0.98eV, ¢,=2.17eV, L, =
2mm and m =3.29mg/s, figures 7.18 and 7.19 were produced for the dependence of n,

and T, on discharge current.
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Figure 7.18: Effect of discharge current on plasma density, comparison between
modelling results on Xe and experimental results from Siegfried [145] on Hg
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Figure 7.19: T; as a function of discharge current, comparison between modelling
and experimental results from a T6 cathode operating on Xe [44]

The plasma density predicted by the modified Siegfried-Wilbur model is plotted as a

function of discharge current in figure 7.18. Siegfried’s measurements in mercury

cathodes [145] of plasma density just upstream of the tip are also included for

197



CHAPTER 7 DISCUSSION

comparison. There is qualitative agreement between Siegfried’s measurements and
the model’s predictions. The differences between them can be attributed to the

different propellant, cathode geometry and the lower flow rate in the Hg experiments.

The model predicts that n, is a quadratic function of discharge current. This is in good
agreement with the results for the first ionisation emission line dependence on
discharge current/power (figure 6.33), which is an indicator of the degree of
ionisation, that showed a similar quadratic relationship to discharge power and current

in the spot mode.

Figure 7.19 shows the predicted dependence of surface temperature on discharge
current. For comparison, the figure also shows experimental measurements of tip
temperature dependence on mass flow rate at Ip=16A for a similar T6 cathode

operating on xenon [44]. The projected value of tip temperature from the experimental

measurements at 3.29mg/s and Ip=16A only differs from the model value by 25°C
(1.6%), which indicates excellent agreement between the model and experiment.
From the figure it can also be observed that the temperature seems to have the same

functional dependence on Ip and 7, indicating that T, o< In(I,, x).

The modified Siegfried-Wilbur model assumes that the electron emission process
proceeds solely by the field-enhanced thermionic emission mechanism. The good
agreement between model and experiment gives strong support to the view that the
field-enhanced thermionic emission mechanism predominates in the HC under normal

operating conditions.
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7.4 Theory of plume to spot transition

This section begins with a review of the most significant and detailed investigations
of discharge behaviour in both the plume and spot modes. It then moves on to present
the observed visual, spectroscopic and electrical characteristics of the discharge in the
present study using the various gases. This is followed by a review of the various
theories put forward in the past in an attempt to explain the discharge modes and
transition between them. Finally, a new theory of plume to spot transition is proposed,
which is indeed demonstrated to fully describe and predict the observed phenomena

and discharge behaviour in the current study and the extensive literature.

7.4.1 Review of previous discharge characterisation studies

7.4.1.1 Siegfried and Wilbur [146]

Siegfried and Wilbur carried out an experimental investigation on orificed mercury
hollow cathodes using axially moveable Langmuir probes, which measured plasma
properties both upstream and downstream of the orifice plate along the cathode
centreline. Plasma properties were measured at 100 and 150mAequiv flow rates for a
range of discharge currents which enabled observation of plasma property profiles in
both the spot and plume modes. Some of the significant results (using finer Langmuir
probes than those presented in chapter 2) are here reproduced in figures 7.20 - 7.23,
with figures 7.20 and 7.21 representing plasma property measurements in the plume

mode and figures 7.22 and 7.23 representing those in the spot mode.

Upstream of the orifice plate, the electron temperature ranged from 0.5 to 0.8eV. The
plasma potential exhibited a monotonically increasing behaviour as the orifice plate is
approached, with the plume mode curve exhibiting the steeper increase. The plasma
potential just downstream of the orifice is estimated at 11-12V. The electron density
upstream of the orifice plate has a steep density gradient in the direction of the orifice
plate, with the curves for the plume and spot modes approximately parallel. The
density in the spot mode is, however, an order of magnitude greater than that in the

plume mode.
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Figure 7.21: Electron density profiles in the plume mode [146]
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The most significant difference in plasma properties between the two modes was
observed downstream of the orifice, where a region of steep gradients in T, and V,, is
encountered in the plume mode 5-10mm downstream of the cathode tip. The region
corresponds to what Siegfried and Wilbur describe as an electron “free-fall” region,
where electrons are accelerated through a potential difference of about 20V over a
short distance (few mm) without significant collisional interaction. The probe data is
also supported by visual observation of the discharge, where a dark band followed by
a region of much higher luminosity downstream is observed in the plume mode
around the region corresponding to the measured plasma gradients, this is illustrated
in figure 7.20. The banded structure and the gradients in plasma parameters were both
absent in the spot mode, the luminous cathode spot was however observed in both
modes. Near the peak of the V, profile, monoenergetic primary electrons were
detected with an energy of about 19¢V, which correlates with the potential difference
of 20V. These electrons passing through the potential difference in the dark band will
have sufficient energy to cause the inelastic excitation reaction observed in the
luminous region downstream. The primary electrons seem to thermalise to an electron

temperature of ~2 eV as they diffuse away from the free-fall region.

The correlation between the free-fall region and the plume-to-spot transition was
confirmed by the observation that the dark band was very close to the luminous
cathode spot at low discharge current in the plume mode and moved downstream 5-
10mm with increase in current. The change from plume to spot is characterised by the

abrupt disappearance of the dark band.

Siegfried and Wilbur also carried out a spectroscopic investigation of the external
discharge in which they observed several mercury atomic and singly ionised lines.
The intensity of these lines increased with discharge current in the plume mode. When
the discharge moved to the spot mode, many of these lines experienced either a

significant reduction in intensity or disappeared altogether.

Another important piece of information pertinent to mode change was gained by using
a moveable anode when the cathode was operating close to the transition point.

Starting at the plume mode, a transition occurred spontaneously if the cathode-anode
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separation was reduced. This was a reversible process, with the opposite change

occurring when the cathode-anode separation was increased.

7.4.1.2 Fearn and Patterson

This modern study on the discharge characteristics of the T6 utilised xenon
propellant. It represents one of the most comprehensive studies conducted on spot-to-
plume transition to date, using a variety of instrumentation, and is published in a
series of papers [40, 44, 45, 121, 122, 123, 124]. The importance of this body of work

lies in the discovery of a fine structure to the plume mode.
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Figure 7.24: Illustration of the experimental apparatus used by
Parterson and Fearn [40]

The experimental arrangement used in this study is illustrated in figure 7.24. The T6
hollow cathode was mounted on a micromanipulator to allow variation of the keeper-
cathode separation (dy). To simulate conditions in the coupling plasma of a T6
thruster, the total exit area from the discharge chamber was made equal to the baffle
annulus area in the working thruster. A combination of optical pyrometry and

thermocouples provided for multipoint temperature measurements along the cathode

203



CHAPTER 7 DISCUSSION

body. A pressure transducer, mounted in the xenon feed pipe upstream of the HC, was

used to estimate the pressure in the HC cavity.

The results of the xenon discharge characterisation revealed the presence of several,
distinct discharge modes dictated by the anode current and mass flow rate. Figure 7.25
illustrates those regions, as a function of the two controlling parameters, for a cathode
with an orifice diameter of 1.3mm, and using a conventional power supply for the
anode. Patterson and Fearn also found that the boundaries of the various regions were

extremely reproducible whether I, or 7 was being changed.
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Figure 7.25: Discharge characteristics and discharge modes as a function
of the main discharge parameters, for d,=1.3mm, dy,=1.5mm and ;=14 [45]

We now proceed to describe the various regions in the discharge:
Region A:- Occurs when the cathode is operated at high current and high flow. This
region corresponds to operation in spot mode, in which the discharge is very stable

and noise levels on the keeper and anode are almost negligible.

Region B:- This region is encountered by reducing either s or I,.. It is characterised
by an increase in anode potential and oscillations in the keeper and anode voltages
and discharge currents. The oscillations can have very large amplitudes, with the

discharge visibly pulsing or flickering (refer to figure 7.26 for the anode and keeper
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noise values plotted as a function of discharge current). Experiments in which the
laboratory power supply was replaced by a battery, have shown that the region B as

well as D were regions in which the discharge possessed a negative voltage-current

characteristic.
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Figure 7.26: Anode and keeper noise as a function of I,
at several values of m [40]

Region C:- Further reduction in either 7z or I, moves the discharge to region C in
which the oscillations are effectively eliminated. The noise levels on the keeper are
much lower than those on the anode. This mode, although possessing higher noise
levels than those in region A, presents a relatively stable, noise free regime in
comparison to regions B and D. From visual observations, Patterson and Fearn also
associated this mode to the “beam mode” observed in hollow cathode discharges

[121], wherein the plasma forms a luminous, collimated beam extending from the

cathode.

Region D:- Moving to region D, the discharge exhibits the same behaviour as that
described for region B, with the discharge possessing a negative voltage-current
characteristic, and elevated keeper and anode noise levels. Within region D there also
exists a region of “forbidden current”, indicated in figure 7.25, whose extent depends

on the series resistance of the electric circuit.

Region E:- Region E is a narrow region separating regions D and F, and can be

described as low-power, low-flow rate, but however, surprisingly, relatively quiet
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discharge. Patterson and Fearn associated this region with the “neutraliser mode”

found in earlier T5 studies [40].

Region F:- At very low m the discharge experiences very high noise levels, which
were estimated at over 60V peak to peak. Patterson and Fearn reported that the keeper
power supply, in spite of being current regulated, was forced to increase its current,
while the anode power supply was incapable of sustaining the required current
although it was operating below its maximum rated voltage. They further reported that
most of the discharge power was deposited at the anode, resulting in severe heating
and sputtering damage.

Operation in region F was also found to have an interesting influence on the cathode
pressure. Figure 7.27 plots the cathode pressure as a function of m at [, = SA and
15A. The figure shows an anomalous increase in cathode pressure as m is reduced

when region F is encountered.
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Figure 7.27: Cathode pressure as a function of m [121]

Region G:- At intermediate s and very low values of I,, region G is encountered.
This is described as a relatively quiet discharge, in which the discharge experiences
low frequency oscillations (over a period of minutes) brought about by the cathode

heating and cooling cycle.
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Battery operation

In one of the most interesting features of their investigation, Patterson and Fearn
showed that the oscillations encountered in the regions B and D were due to power
supply interactions with ‘the discharge. This was demonstrated conclusively by the
replacement of the anode power supply with a battery-rheostat system which led to

the complete removal of the violent oscillations in regions B and D, see figure 7.28.
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Figure 7.28: Anode voltage current characteristics using:
(a) laboratory power supply (b) battery [40]

The battery results exposed regions B and D to be regions of negative impedance.
Patterson and Fearn concluded that the output ripple of the current-regulated supply
triggers the oscillations by interacting with the discharge in the negative impedance

regions.

Effect of cathode orifice diameter

It was expected that increasing cathode orifice size will have a reducing effect on
cathode tip temperature, thereby prolonging cathode lifetime. Patterson and Fearn
demonstrated this experimentally as shown in figure 7.29, which compares the effects

of m and d, on cathode temperature.
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of the discharge regions [44]

It was also observed that the orifice diameter also has a significant influence on the
position of the boundaries of the various discharge regions in terms of the controlling
parameters i and I,. With reference to figure 7.30, it can be observed that increasing
d, for a given value of I, has moved the boundaries of the discharge regions to higher

flow rates. Equivalently, a change in d, leads to a similar effect on discharge current,
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with higher discharge currents required, at constant #1, for a given transition when d,,

is increased.

Effect of the keeper electrode

The keeper was found to have a significant influence on observed discharge
behaviour. Figure 7.31 shows the boundaries of the various discharge regions as a
function of dy, the cathode-keeper separation. The plot shows that, although the effect
on region D is small, the boundaries generally moved to higher discharge currents as

d, was increased.
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Figure 7.31: Effect of di on the boundaries of the discharge regions [44]

Moreover, it was also found that the keeper configuration also influenced discharge
behaviour. The use of an enclosed-keeper design significantly altered the discharge
behaviour in figure 7.25, reducing the area of the regions in which operation was
undesirable (i.e. regions B and D), and thus indicating substantial benefits in

employing this configuration.
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7.4.2 Results of the discharge characterisation work in the present

study

This section details some of the phenomena observed during the cathode
characterisation, with particular emphasis on observations during the plume phase of
the discharge. These observations include the voltage current characteristics, the

spectral emission line intensity variation and the visual character of the discharge

Dependence on m

Operating a cathode in the plume mode is generally coupled with the visual
observation of a large luminous plume extending downstream of the cathode tip. It
was discovered that within this plume there exists a region of increased luminosity at
the very upstream edge of the plume. This region has the form of a “luminous
(sometimes almost spherical) cloud” and is observed to be, at all times, on the cathode
centreline. The characteristics of the discharge were found to be closely associated

with the presence and motion of this luminous cloud.

Figure 7.32 illustrates for xenon, the anode and keeper voltage dependence on flow
rate as m is increased, at 1 minute intervals, from 0.2 to 3.61mg/s at I, = 5SA and [; =
1A. Shown also in the figure are photographs illustrating the visual appearance of the
discharge with changing flow rate. These photographs are snapshots taken from a
video recording of the discharge using a digital video camera, in which the exposure
was intentionally lowered to prevent saturation of the CCD. This resulted in the
complete removal of all but the most intense features of the discharge in the
photographs, thus eliminating the plume and leaving only the luminous cloud and the

cathode spot in the plume mode.

At low m the cloud is seen very close to the cathode tip and is observed to fill the
inter-cathode-keeper space, hence giving the appearance of an enlarged cathode spot.
With increasing #1, a point is reached when the cloud emerges from the keeper orifice

and is clearly visible downstream of the keeper. This is usually marked by an abrupt,
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substantial reduction in keeper noise. The cloud becomes more diffuse with increasing
m and moves progressively further downstream, until the spot mode is established
and the cloud abruptly disappears. If we proceed to decrease the flow rate after

establishment of the spot mode the same phenomenon is observed in reverse.
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on m for a Kr/Xe mix discharge at I, = 54 and I;, = 14

It has also been revealed that the aforementioned process of cloud formation and
migration in the plume mode manifests itself regardless of the propellant species in
use. As indicated in figures 7.33 to 7.35, the cloud formation upstream of the keeper
and its motion downstream with increasing flow rate until its abrupt disappearance in
the spot mode was also observed in argon, krypton and Kr/Xe discharges. The only
effect found for the change of propellant was in the range of 72 in which the cloud
(and more generally, the plume mode) is observed, which was observed to increase

with the first ionisation potential of the propellant.

Some interesting insight into the mechanism of mode change was also gained from
the spectroscopic part of this investigation. Figure 7.36 compares the spectra obtained
in an argon discharge at various values of 77 in the range 400 — 465nm. The emission
line intensity in each spectrum was normalised with respect to the intensity of the Arll
434.8064nm singly ionised line. The values of flow rate represent the diverse
observed conditions of the discharge: the spectrum at 1mg/s was obtained with the
luminous cloud upstream of the keeper, the spectra at 1.5 and 2mg/s were taken with
the cloud downstream of the keeper and the spectrum at 3.4mg/s was taken with the

discharge in the spot mode, all at /, = 5A and /= 1A.
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Figure 7.36: Comparison of the emission spectrum of argon discharge at Img (with
luminous cloud upstream of keeper), 1.5mg/s, 2mg/s (both with luminous cloud
downstream of keeper) and 3.4mg/s (spot mode), at I, = 5A and I, = 14

The absolute intensity of the first ionisation lines was found to be highest when the
cloud was inside the cathode-keeper space at 1mg/s, and decreased with increasing
being lowest at 3.4mg/s. The intensity of the Arll 434.8064nm line was 62 times
higher at 1mg/s than at 3.4mg/s. When the intensity was normalised with respect to
Arll 434.8064nm line, it was observed that there was a slight increase in the

normalised first ionisation line intensity with flow rate. The increase was however not

215



CHAPTER 7 DISCUSSION

appreciable. More significant was the behaviour of the neutral emission lines. It was
revealed that with the presence of the cloud downstream of the keeper, the relative
intensity of all the neutral emission lines increased substantially from their levels
when the cloud was upstream of the keeper at lower 7. This enhancement was of
such an extent that lines which were previously undetected were observed in the
spectrum. When the flow rate was increased and the discharge was operating in the
spot mode, the relative intensity of these lines was either significantly reduced or they
disappeared altogether from the spectrum. All of the above points to an unknown
auxiliary energy input mechanism operating, when the discharge is in the plume
mode, causing the higher excitation and ionisation observed, which will be discussed

in section 7.4 .4.

Dependence on I,

The experiments related to discharge dependence on I, were hampered by the
limitations imposed on the range of discharge current mentioned in chapter 5. The
experiments, nevertheless, demonstrated the existence of the various operating modes
reported by Patterson and Fearn [40] in all the gases, and that these modes are again
closely related to the presence and behaviour of the luminous cloud. By increasing the
discharge current in steps of 0.5A every minute from 0.5 or 1A to 5A at various mass
flow rates and using the various inert gases, all of the operating modes described by
Patterson and Fearn were observed with the exception of regions B and F. The spot
mode results were discussed in chapter 6, and figures 7.37 — 7.40 show a selection of
the discharge characterisation results in the plume mode for the various gases

employed.

Figure 7.41 illustrates the visual observations associated with each of the operating
modes identified in figures 7.37— 7.40.
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Figure 7.41: Visual characteristics of the discharge operating modes

The observed characteristics of the various operating modes were similar to those
described by Patterson and Fearn [40]. When the luminous cloud existed, a general
motion upstream was observed with increasing /, over the range investigated. The

characteristics of the operating modes are here summarised:

Region C: - Is a region in which the discharge was relatively quiet with no
oscillations. A luminous cloud existed downstream of the cathode tip. At high 7z the
luminous cloud was downstream of the keeper and the discharge was virtually noise-
free. At lower 2, the cloud was upstream of the keeper and the noise appreciably
increased. This is consistent with the observed dependence on 7 from above, and is
also in agreement with Patterson and Fearn’s observation that the discharge noise

decreased with increasing flow rate (see figure 7.26).

Region D:- Elevated noise levels were experienced in this region and the discharge
possessed a negative V, - I, characteristic. In this region replacing the operating gas
affected the discharge behaviour. For krypton and Kr/Xe mix, and particularly in the
case of the Kr/Xe mix, the noise levels were significantly reduced to almost region C
values, despite the discharge still exhibiting the general negative V, - I, characteristic.

Visually, the luminous cloud was observed to oscillate in this region in an upstream-
downstream motion. At low 72, when the cloud was close to the downstream edge of

the keeper, increasing the demanded anode current would cause the cloud to oscillate
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violently, moving rapidly in and out of the keeper cavity. This resulted in the highest
observed noise levels in both the keeper and anode traces. Moreover, in spite of being
current controlled, the current drawn from the power supply was seen to fluctuate.
Thus, the rapid movement of the cloud in and out of the keeper cavity was thought to

correspond to the “forbidden current” region described by Patterson and Fearn [123].

Region E:- Is encountered at low flow rates and currents. It visually resembles region
C, with the luminous cloud observed in the discharge. The noise levels in this region

are significantly lower than those in region D.

Region G:- In this region the discharge experienced the low frequency oscillations
described earlier, which are thought to be associated with the cathode’s thermal
inertia. Otherwise, the discharge seems to be relatively stable and, interestingly, has
the same appearance as a discharge in the spot mode, with the only source of light
emission being the cathode spot. The luminous cloud and the plume are both absent

from the discharge.

Anode and keeper potential (V)

0 100 200 300 400 500 600
Time (s)
Figure 7.42: Correspondence between keeper noise and anode low frequency

high amplitude noise when cloud is in keeper vicinity, xenon discharge
m =0.7mg/s, L;=1A4

220



CHAPTER 7 DISCUSSION

Two interesting observations can be made on the keeper behaviour. Firstly, ignoring
the noise on the keeper trace, the keeper potential is always a decreasing function of
the anode current. Secondly, as figure 7.42 illustrates more clearly, when the cloud is
in the vicinity of the keeper orifice, the main features on the keeper trace correspond
to the low frequency, high amplitude oscillations on the anode trace. This implies a

coupling between the two power supplies in this region.

7.4.3 Existing theories for plume to spot transition

In this section we review the various theories in the literature proposed to explain the

process of mode change.

Csiky [28] hypothesised that the discharge behaviour is related to the size and
dimensions of the cathode sheath. Csiky carried out experiments on mercury hollow
cathodes in diode configuration, in which both the spot and plume modes were
observed. Based on Langmuir probe measurements downstream of the cathode, Csiky
concluded that in the spot mode the high electron densities would result in a thin
sheath over the cathode internal surfaces. Electrons emitted from the cathode surface
would be effectively trapped in the cavity by reflections from the sheath. This would
explain the higher electron densities, luminosity at the cathode orifice as well as the
lack of luminosity elsewhere in the discharge in the spot mode. In the plume mode
case, Csiky suggested that the lower electron densities would consequently lead to a
much thicker sheath, which he proposed will be of larger dimensions than the orifice,
and whose boundary exists downstream of the orifice. The emitted electrons thus are
accelerated through the sheath without suffering any collisions, and only collide with
neutrals downstream of the cathode, hence giving the plume mode its characteristic

appearance.

This theory is, however, contradicted by two observations: First, contrary to the
theory’s predictions, the cathode spot is observed to persist in the plume mode in this
work and others [146]. Second, later measurements in the hollow cathode plasma, by

several methods, indicated plasma densities in the range 10'® m™ - 10* m™ in both
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the spot and plume modes. These plasma densities result in sheaths approximately

10" m - 107 m thick, orders of magnitude smaller than the orifice dimensions.

Fearn and Philip [126] found experimental evidence (based on unpublished work by
Wells and Harrison [126]) to suggest that emission from the cathode surface occurs at
constant current density. They further suggest that in the plume mode emission starts
at the very downstream edge of the orifice. As the current demand increases, the
emitting area progressively increases by further movement into the orifice. In the
plume mode emission occurs exclusively from the cathode orifice. Plume to spot
transition occurs when the discharge covers all of the available cathode orifice surface
area. Further increase in current would result in the discharge stepping into the
cathode body and emission is then demanded from the cathode internal walls. Results
from experiments using various orifice sizes seem to confirm their hypothesis, and
gave current densities between 2 — 5x10° Am™. This was further supported by further
tests [46], in which experiments were carried out on a stepped orifice and an orifice
with a smooth contour. The stepped orifice exhibited a double mode change, while the
smoothly contoured orifice showed no abrupt mode transition, indicating a smooth

discharge transfer from the orifice to the main cathode body.

Since the emission area is determined by the discharge current, it is unclear how this
theory can explain the experimentally observed dependence of plume/spot mode
transition on flow rate. Moreover, this theory cannot explain the transition
dependence on geometrical factors such as the cathode-anode separation and the

absence of the plume mode in the full thruster geometry.

Mandell and Katz [102] suggested that events at the keeper and not at the cathode are
responsible for the different operating modes observed. They produced a model of the
discharge, in which for simplicity, ionisation is considered to occur only in the orifice
region. Based on the model predictions of the dependence of ion production on
discharge current and flow rate, they propose that at high current and high 1, the ion
production is sufficient for the keeper to collect current passively from the plasma and
the discharge is in the spot mode. Whereas, at low flow rates and discharge currents
an electron accelerating sheath is required at the keeper, and it is forced to actively

collect current. The electrons accelerated by the sheath, in the keeper area and through
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the keeper orifice are responsible for the production of the light emission in the plume

mode.

However, we note that, based on this theory, the removal of the keeper electrode
should eliminate the plume mode or at least radically alter the discharge behaviour.
This, however, is contrary to experiments carried out in open diode configuration with
no keeper electrode [45, 193], in which the plume mode was still present, and the
general observed discharge characteristics were found to be unaltered by the removal

of the keeper.

The theories and mechanisms described above can each explain part, but by no means
all, of the extensive experimental observations. A unified theory of the plume to spot
transition needs to account, not only for the dependence on the operating parameters,
but also for the observed discharge behaviour including: the noise and oscillatory
behaviour, the visual characteristics of the discharge, the spectroscopic measurements,
the Langmuir probe results, the dependence on keeper configuration and current, the
dependence on discharge geometry as well as the absence of the dual mode behaviour

in a thruster geometry.

7.4.4 Proposed plume to spot transition theory

It is proposed here that the discharge modes and the associated experimental
observations are attributable to the current collection mechanism at the anode. In what
follows, we will demonstrate that this simple hypothesis can not only explain the
overall discharge behaviour but it can also elucidate several hitherto inexplicable

observations in hollow cathode discharges.

Langmuir and Mott-Smith [89], in a series of fundamental papers on gas discharges,
described the impact of the local plasma current density on the mechanism of current
collection at a collecting electrode. This is best illustrated by an example: Consider a

disc shaped anode of unit cross sectional area in a cylindrical discharge tube of the
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same diameter. Assume also that there is a uniform plasma current density at the
anode location of 3Am™, which implies that the anode “naturally” receives (with no
sheath forming or bias relative to plasma potential) a current of 3A from the local
plasma. If the external circuit demands only 1A from the anode, the anode will need
to be negative with respect to the local plasma potential in order to repel % of the
electrons bound in its direction. Thus, due to the plasma current density, the anode
will be surrounded by positive ions forming a positive space charge sheath and hence
there will be a negative anode drop. If the anode area is reduced to 0.33m” (4 of the
tube cross section), there will be exactly enough electrons moving, out of their own
volition, towards the anode to satisfy the 1A current requirement. So the negative
potential drop disappears and the anode operates at the plasma potential. If however
the anode area is reduced further to 0.1m?, the anode will only collect passively 0.3A
of current, and the power supply will need to supply energy to the anode until 1A is
drawn from the plasma. The anode will become positive with respect to the local

plasma in order to actively collect the electron current.

An electrode which is slightly positive with respect to its surroundings will
accumulate an excess of electrons in its vicinity, which leads to the formation of a
negative electron sheath surrounding the anode. All of the rise in potential between
the plasma and the anode will be concentrated within this sheath, with the negative
electron space charge in the sheath being able to shield the local plasma from the
positive charge of the collector, consequently, the field of the collector will not extend
beyond the outer edge of the sheath. Thus, and this is crucial, the electron current
collected by the anode is limited by the rate at which electrons reach the outer edge of
the sheath, or as Langmuir stated [89] “the current increases with the voltage only in
proportion to the surface of the outer edge of the sheath”. Hence, when the diameter
of the electrode is much larger than the thickness of the sheath (as is the case with the
disc anode), the current to the anode cannot significantly increase with rising potential
and the 1A current requirement cannot be satisfied even with the development of a
positive anode fall. The anode potential rises until a suitable value is reached (usually
a few volts above the ionising potential of the gas) for ionisation of the gas in the
sheath by electrons accelerated in the anode fall to be appreciable, and the sheath
breaks down. Only a few ions are required to form for the anode sheath to break

down, one ion for several hundred electrons, because of the relatively long residence
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time of the ions resulting from their larger masses. It is important to note that three
variables will enhance the ionisation process in the sheath: increasing the sheath
thickness for a given neutral density (electron mean free path) will enhance the
ionisation probability, increasing the neutral density at the sheath will decrease the
mean free path and also increase the ionisation probability, and finally increasing the
anode potential will increase the primary electron energy and consequently the
collision cross section and hence the efficiency of the ionisation process. Thus the
formation of a few ions in the sheath will neutralise the space charge of many more
electrons and would decrease the overall space charge of the sheath, causing an
increase in the sheath thickness which in turn further increases the ionisation in the
sheath, and subsequently, the anode sheath suddenly breaks down. The breakdown of
the sheath causes the formation of a highly defined luminous region close to the
anode, which resembles a globular or semi-spherical region (also termed “fireball” by
some authors) of much higher luminosity than the surroundings. This luminous region
is a region of elevated ionisation and conductivity, while without in the ambient
plasma, the conditions remain the same and the plasma is unperturbed. The outer edge
of the luminous region is a double layer with an inner positive space charge and an
outer negative space charge [90], and has been observed to extend to several
centimetres from the anode [148]. The outer edge of the double layer is now
essentially the collecting area for the electrons, forming what could be termed a
“virtual anode”. The thickness and thus the area of the virtual anode is determined by
the ratio of the current required by the power supply and the available random

“passive” electron current.

Returning to the example used above, the 0.1m” anode in a plasma with 3Am™ current
density passively collects 0.3A of current. For it to collect the required 1A, its sheath
breaks down forming a virtual anode with a 0.33m” surface area, which allows its
outer boundary to collect the desired current with no perturbation of the ambient

plasma.

Based on the above discussion, we propose that in the diode hollow cathode tests, at
low discharge currents and mass flow rates where the current density at the anode is
expected to be low, the anode is forced to overcome the limitation on current

collection imposed by its limited area by breaking down its sheath and forming a
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virtual anode of larger surface area. The increased electron collection area and the
increased plasma density near the electrode help to maintain the desired current. This
constitutes the plume mode of operation. The spot mode occurs when the electron flux
from the ambient plasma has sufficiently increased, due to increasing either I, or m,
for the anode to forgo the need for an electron accelerating sheath, and it passively
collects the required discharge current by being at or below the plasma potential. The
details and mechanisms of the transition from plume to spot are more involved than
the preceding description. We will here explain some of the more general
observations of the hollow cathode discharge, deferring the more involved description

to later sections.

The double layer forming the edge of the virtual anode in the plume mode can take a
variety of forms, as illustrated in figure 7.43, depending on the location and number
of the constituting parallel charge sheets. The shape, location, size and geometry of
the double layer are determined mainly by the ion creation and loss rates and the
electron and ion current densities. From the shape of the plasma potential profiles
obtained by Siegfried [146] in the plume mode, figure 7.20, it can be inferred that the
double layer at the edge of the virtual anode has the axial potential profile illustrated
in figure 7.43 by the curve c (type (c) double layer). The reasons behind the formation
of the type (c) double layer in the plume mode and the closely related visual

characteristic of the discharge will be discussed next.

Figure 7.43: Hlustration of a variety of double layer axial potential profiles
corresponding to identical potential differences applied to the system
boundaries. The structures are known as double layers due to the
presence of at least two parallel charge sheets [61].
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Figure 7.44: (a) Visual characteristics of a virtual anode in a discharge with uniform
plasma properties and pressure profile. (b) Expansion of operating gas and plasma
downstream of a HC. (¢) lllustration of the effect of the downstream expansion of
plasma and propellant on the visual characteristic of a “virtual” anode in a HC
discharge

The visual characteristics of the protuberance from the anode, although not elucidated

by Langmuir, can be easily seen to stem from the shape of the collector sheath. Due to
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edge effects, the shape of the sheath on a circular disc collector is an oblate spheroid
[89]. The experiments in which the virtual anode phenomena is observed usually had
uniform, static gas pressure and the plasma properties (and hence the current density)
were also approximately uniform in the collector vicinity [1, 89, 148]. As illustrated
in figure 7.44(a), due to the uniform plasma properties, the rate of arrival of electrons
at the double layer outer edge is the same over the entire double layer surface. These
electrons are then accelerated by the double layer into a region of uniform neutral
density and, for a sheath thickness of the order of an electron mean free path, the high
energy electrons will cause uniform excitation and ionisation of the gas in the interior
of the double layer. This results in the visual observation of a highly defined,
extremely luminous semi-spherical region described in the literature and illustrated in
figure 7.44(a). The boundaries of the luminous region are defined by the double layer,
which due to the uniform ionisation in its interior, as seen in experiments [90, 148],
will have the structure of a type (a) double layer, corresponding to two adjacent space

charge regions, negative on the outer surface and positive on the inner surface.

The situation is however markedly different in a hollow cathode discharge. Due to the
gasdynamic expansion of the gas from the cathode and keeper orifices into the
discharge chamber, as indicated in figure 7.44(b), there is a very rapid decrease in
neutral gas density in both the axial and radial directions, see also figures B.2 and B.5
in appendix B. The plasma extracted from the hollow cathode also undergoes a
similar expansion as indicated by Langmuir probe results (see figure 7.21 and 7.23),
thus the electron current density emitted from the hollow cathode also exhibits a rapid

decrease in the axial and radial directions.

This has an immense impact on the visual characteristics of the discharge as
illustrated in figure 7.44(c). The double layer forming the very upstream area of the
sheath finds itself in a region in space with a relatively high electron current density
which it accelerates. Due to the shape of the double layer in that region, the
accelerated electrons are {ocused in a small area in space. As the neutral density is a
decreasing function of the radial and axial distance from the cathode orifice, that
small area just downstream of the double layer will have the highest neutral density,
and hence the shortest ionising electron mean free path and consequently the highest

ionisation efficiency of any region in the interior of the double layer. The ensuing
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inelastic excitation and ionisation collisions result in a sharply defined region of
extremely high luminosity, which correspond to the “luminous cloud” observed in this
work and discussed earlier. The double layer surfaces just downstream of this area are
influenced by two factors: First, the electron current density of the surrounding space
is much reduced. This is not only due to the greater axial distance from the cathode.
Due to the shape of the sheath, they are also collecting from a greater radial distance
(refer to figure 7.44 (c)); further reducing the electron flux to the double layer.
Second, although the path traversed by an electron in this region is longer, the neutral
density has significantly decreased, due to the axial expansion, and the ionisation
efficiency is reduced in this region. Both factors result in a region of diffuse
luminosity existing just downstream of the highly luminous cloud, the physical extent
of which is not well defined. The final structure in the virtual anode is the region
further downstream adjoining to the anode electrode. The surface double layer of this
region finds itself in a region of space with a very low electron current density. This,
coupled with a further decrease in the neutral density in this region, results in very
few excitation and ionisation collisions taking place, which results in this region
having very little or no luminosity. Thus, the combination of the shape of the anode
electron-accelerating sheath and the expansion of the neutral gas and plasma
downstream of the HC, results in the characteristic visual appearance of the discharge

in the plume mode (figure 7.44 (c)).

It can be seen that the above structure of the virtual anode explains the axial plasma
potential profile found by Siegfried [146] in the plume mode (figure 7.20), what he
termed the “electron free-fall region”. Most of the ionisation necessary to maintain the
area enhancing sheath takes place at the very upstream end of the virtual anode. The
higher concentration of positive charge in this region raises its potential with respect
to the surrounding space. Downstream of the luminous cloud, progressively less and
less ionisation takes place and the plasma potential then gradually decreases with
distance from the cathode. This is indeed the profile observed by Siegfried and
corresponds to a type (c) double layer, i.e. the conditions in hollow cathode discharges
have modified the structure of the double layer that forms the edge of the virtual
anode from the type (a) found in discharges with uniform plasma and neutral gas

properties to a type (c) double layer. Hence, the electron accelerating structure found
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by Siegfried in the plume mode, which he termed an “electron free-fall region”, is

actually the double layer forming the edge of the virtual anode.
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Figure 7.45: Axial potential profile of a “potential hill” detected by Williams and
Wilbur [172] downstream of a HC in plasma contactor, shown to correspond to the
visual structure of the type (c) double layer in the plume mode virtual anode

We also note that the type (c) double layer corresponds to the same structure found by
Williams and Wilbur [172] downstream of a contactor HC at low current, which they
refer to as a “potential hill”. This potential hill is responsible for the formation of high
energy ions detected in several experiments using different cathodes [121, 172,
171,194]. As mentioned above, when the cathode is operating in the plume mode,
most of the ionisation necessary to maintain the area-enhancing sheath takes place at
the very upstream end (the luminous cloud). The high ion production rate and the
highly localised nature of this ion production region would cause its potential to rise

with respect to the surrounding space, to values that can exceed the applied voltage.
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The explanation based on the anode current collection mechanism in the plume mode
indeed gives the underlying physical reason behind the formation of the potential hill,
where the electron-accelerating upstream side of the double layer provides the energy
input necessary to sustain the potential hill and ultimately the size and structure of the
virtual anode. The ions produced in the crest of the ion production region are
accelerated by the potential difference in all directions and constitute the high energy
ion population observed. The whole process of current collection in the plume mode is
critically dependent on the rate of production and escape of these ions from the
potential peak. The above description is also consistent with Williams and Wilbur’s
[172] observation that the high energy ions seem to undergo an isotropic (spherically
symmetric) expansion from their point of creation, which suggests that they originate
from a highly localised region in space. The high energy ions cause the severe cathode
tip erosion observed in the plume mode [132], and they are also responsible for the

sputter erosion found on the face of the keeper facing away from the cathode.

It is interesting to note that although operation in the plume mode is usually
undesirable, this unique ability of a type (c) double layer to produce high energy ions
can probably be used in an interesting small (micro-) thruster concept. A hollow
cathode mounted in diode configuration, where an anode of intentionally small
surface area is used, is operated at low m in the plume mode. The type (c) double
layer will result in an ion population with energies greater than those supplied by the
power supply, which will cause an increase in thrust. Two main problems need to be
overcome for this concept to work; the high electrode erosion rates and the expected
high levels of noise in the plume mode discharge. The high erosion rates on the
cathode and keeper can be reduced probably by using a low sputter-yield carbon
keeper and the use of shielding on the cathode tip. The low frequency noise and

oscillations in the discharge can be mitigated by using a battery supply for example.

The presence of this double layer also explains the higher than expected values of
plasma parameter in the spectroscopic measurements when the discharge was
operating in the plume mode (section 7.2.2). The double layer accelerates electrons
from the ambient plasma, which leads to the breakdown of the sheath and the
formation of a second plasma close to the anode. These primary electrons then

thermalise to a temperature which is higher than they possessed prior to acceleration
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by the double layer (see figure 7.20). With the optical fibre observing the hollow
cathode from 135mm downstream of the tip, the plume results would represent the
global values of n, and T, spatially integrated over the virtual anode region as well as
the HC plasma, leading to the higher than expected results. Plume mode, spatially
resolved, local measurements of the electron temperature and density in the HC

interior plasma would indeed be expected to be lower than those measured here.

Let us recapitulate the general features of the theory: When the current density in the
anode vicinity is insufficient to provide the desired current for the given anode’s
surface area, the plume mode occurs. The anode’s electron-accelerating sheath breaks
down, and the ions formed in the interior cause the expansion of the sheath leading to
formation of a virtual anode with a larger surface area whose edge is a double layer.
Both the increase in the electron collection area and the increased plasma density in
the anode vicinity help to maintain the current balance at the anode surface. In hollow
cathode discharges, due to a combination of propellant gas and plasma expansion
downstream of the HC and the geometry of the anode sheath, most of the ionisation
takes place at the very upstream edge of the virtual anode. This highly localised area,
acting as the main ion production region, is fundamental in maintaining the size of the
virtual anode and determining the shape of the double layer (also called “potential
peak” or “electron free-fall region™). The structure of the virtual anode explains the
visual observations in the plume mode and leads to several of the observed effects
such as the formation of high energy ions, the higher sputter erosion rates on the
upstream electrodes and the observed higher electron temperatures and densities in the

plume mode.

The propellant flow rate and the discharge current drawn from the hollow cathode
determine the electron density and the electron temperature in the cathode. Thus,
assuming no extra ionisation occurs prior to reaching the double layer, the discharge

current, m and the gas expansion determine the random current density
(j, =n, e (kT,/2xm,) ) in the ambient plasma at the double layer vicinity, and

hence dictate the necessary surface area for the virtual anode to collect the desired

current. The assumption that no ionisation takes place in the expansion region
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downstream of the tip and upstream of the double layer is justified by the absence of
any appreciable potential gradients (figures 7.20 and 7.22, see also reference [28]),
thus the ionisation fraction in the external plasma upstream of the double layer can be
expected to remain approximately the same as that in the HC interior [28]. The
dynamic behaviour of the virtual anode with changes in current demand or the
operating parameters upstream can explain the observed discharge characteristics and

is discussed in detail in the subsequent sections.

7.4.4.1 Effect of propellant flow rate

With reference to the results of the discharge dependence on 71 at a constant anode
current I,= 5A and keeper current, figures 7.32 — 7.35 in section 7.4.2, at low m the
current density inside the cathode, and by implication also at the anode location, is
low. Moreover, the neutral gas density in the anode location will also be low, which
means that higher voltages (i.e. primary electron energy) and a thicker sheath is
required to maintain a given ion production rate. Due to both these factors, the current
requirement of 5A in the plots would necessitate a very large current collection area;
the virtual anode has to extend to the interior of the cathode-keeper space to collect
the required current which leads to the enlarged appearance of the cathode spot,
shown in figures 7.32, and the high anode voltages shown in figures 7.32 — 7.35.
Siegfried’s [146] measurements of the double layer indicate that it is of a sub-
millimetre thickness, which allows penetration into the keeper orifice. As mentioned
previously, the current collection requirement and the formation of the virtual anode
are purely phenomena at the collecting electrode, and should not perturb the ambient
plasma upstream of the double layer. However, as will be shown next, the proximity
of the double layer to the cathode tip at low m influences the electron emission from
the cathode and hence does have a perturbing effect on the surrounding plasma (as
illustrated in figure 7.46), and resulted in fhe elevated low frequency noise levels
observed on the anode and keeper traces in figures 7.32 — 7.35 when the luminous

cloud was inside the cathode-keeper space.
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Figure 7.46: Ion current to HC with luminous cloud inside
the cathode-keeper space.

The presence of the double layer in the cathode-keeper space will cause a low
frequency noise on the anode trace due to the following effects: If the double layer is
at position O (see figure 7.46), some of the ions produced at the potential peak will be
accelerated upstream by the double layer, leading to increased electron emission from
the cathode. The increased electron emission is a consequence of the increased
secondary-emission by the high energy ion bombardment and the enhanced Schottky
effect from the higher ion density in the cathode interior and in and around the
cathode orifice. Hence, the presence of the double layer affects the plasma conditions
upstream, and due to the resulting increased electron emission the anode finds itself
collecting more current than the required 5A at position 0. The anode attempts to
collect less current by reducing its potential, which leads to reduced ionisation
downstream of the double layer and hence the virtual anode size decreases and the
double layer is at position 1. This, however, leads to bombardment of the cathode by
smaller ion flux of lower energy, which leads to a lower than expected cathode
emission, the anode thus finds itself collecting less than the required 5A. The power
supply thus orders more current to be collected by increasing V,, the double layer
expands we are back at position 0, and the process repeats itself. If sufficient time is
not allowed for the cathode emission and the virtual anode to reach equilibrium this
process leads to the generation of the low frequency noise observed on the anode

trace.

The keeper, as will be shown in the next section, nearly always has enough electron

current density at its surface for it to be collecting current passively, and an electron
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retarding sheath is formed at its surface. However, with the cloud upstream of the
keeper, the keeper power supply reacts to fluctuations in the plasma current density
due to the motion of the anode double layer and the concomitant changes in the
electron energies and plasma properties behind it, leading to the noise on the keeper
trace. Only after movement of the cloud away from the keeper can the keeper
experience relatively noise-free operation, with the emergence of the cloud from the
keeper orifice usually occurring concurrently with a substantial, abrupt reduction in

keeper noise.

As the propellant flow rate is increased, the neutral density in the cathode increases.
Due to the increased electron-atom collision frequency, this leads to a rise in the
plasma density in the cathode interior, which, assuming an approximately constant
cathode sheath drop (from Siegfried’s [145] empirical results, section 7.3), is

described by equation (7.14) [53] for the volume ion production rate at the cathode
(Ipe):

d
= CZ =, 1,0, (7. 14)

pe

where n, is the neutral density, n,, is the density of the primary electrons accelerated
through the cathode fall, o; is the ionisation cross-section and v, is the primary
electron velocity. The resulting higher current density at the anode would necessitate a
smaller virtual anode collection area for the desired current of 5A. Increasing the flow
rate would also result in a higher neutral density downstream of the double layer,
which leads to a lower voltage requirement for a given virtual anode ion production
rate and hence a given sheath thickness. Taking both of the above factors into
account, increasing s, at a constant anode current requirement, consequently leads to
a lower anode potential and a smaller virtual anode, which explains the negative
gradient on the V,-m curves in figures 7.32 — 7.35 and the downstream motion of the

cloud. This situation continues until the cloud emerges from the keeper orifice.

With the luminous cloud emerging from the keeper orifice, a different scenario
unfolds. The increase in 77 would result in a higher electron current density upstream
of the double layer, as above, requiring a smaller virtual anode collection area for the

5A requirement and the cloud moves downstream out of the keeper cavity. Movement
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outside of the keeper-cathode space would however result in a drastically reduced
neutral density downstream of the double layer, which would necessitate an increase
in the voltage across the double layer from its previous value, increasing the primary
electron energy and hence the ionisation probability. The power supply current
demand precludes increasing the sheath thickness, as any increase will result in the
collection of more current than necessary. The ionisation process becomes highly
inefficient due to the reduced neutral density downstream of the double layer. This
manifests itself in several ways: 1) Increasing V,, as mentioned above, and exhibited in
figures 7.32 — 7.35 for all gases, to enhance the ionisation probability. ii) Due to the
consequent higher primary electron energy and the lower collision frequency with the
less dense gas, the spectroscopically measured electron temperature (section 7.2.2)
increases as the cloud moves outside the cathode, as illustrated in figures 7.13 & 7.15
and in table 7.2. iii) The inefficiency of the ionisation process exhibits itself most
prominently in the spectra of the discharge in figure 7.36, with the relative intensity of
the neutral lines (which is essentially a loss mechanism to the ionisation process)
increasing radically with respect to the first ionisation lines when the cloud was
downstream of the keeper. This even led to the observation of neutral lines which
were undetectable when the cloud was upstream of the keeper or when the discharge
was in the spot mode. Siegfried [146] and Monterde [115] reported the same

observation with discharges operating in mercury and xenon respectively.

With the cloud now downstream of the keeper, increasing the propellant flow rate
further leads to the continued increase in the current density upstream of the virtual
anode. This is met at the anode by a decrease in the required virtual anode area for the
collection of the SA, thus decreasing the required ionisation rate and hence the
required double layer potential. This results in V, decreasing with sz as shown in
figures 7.32 — 7.35. The downstream motion of the double layer results in a longer
electron mean free path (although the neutral density increases for a given position
with 7z, it decreases at a higher rate with downstream axial motion, compare figures
B.2 and B.6 (Appendix B), with the net result being a lower neutral density
downstream of the double layer with increasing #1). This, combined with lower
electron energies due to a smaller double layer fall, would result in a more diffuse and

less defined luminous cloud as illustrated in figure 7.47 and observed experimentally.
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Increasing s, jel =

Luminous cloud
/ more diffuse and
ess well defined

Lower n,
Lower v,

Lower AV across
double layer

Figure 7.47: Effect of increasing m at constant I, on the
visual characteristics of the discharge

Accordingly, the luminous cloud moves further and further downstream and
becoming more and more diffuse and less well defined, until finally the current
density at the anode becomes sufficient for the sheath area required for current
collection to be of the scale of the anode dimensions. No further area enhancement is
therefore necessary, thus the virtual anode and associated double layer, downstream
ionisation and luminosity all vanish. Consequently there is a sudden drop in 7, of the
order of the ionisation potential of the gas, and the anode collects current passively in
the spot mode, where by far most of the energy of the power supply is expended at the

cathode.

Song et al. [148] formulated a relation for estimating the dependence of virtual anode
size on the neutral number density. Assuming, for simplicity, a spherical virtual anode
with uniform volume ionisation, stretching from the anode surface upstream towards
the cathode a distance given by its diameter D. We can relate electron and ion fluxes

into and out of the virtual anode by:

®, DO',.(Vd,)no =@, (7.15)

where 0( V) is the ionisation cross-section of primary electrons accelerated through a
double layer with a potential fall V; ¢,andg,, the electron and ion fluxes

respectively, are linked by Song using Langmuir’s relation for charge flow across a

double layer:
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@, =(—') @, (7. 16)
m

Equation (7.15) basically states that the rate of ion production in the virtual anode
must equal the rate of ion loss to the ambient plasma. The ion loss rate for the

spherical surface is given by 47 (D/ 2)2(0,.. The ion production rate is approximately

4r(D/2)* DoV, )n,@,, where DoV, )n, is the ionisation probability for an
electron, which is simply the ratio of the electron path length inside the virtual anode
(D), to the ionisation collision mean free path for an electron accelerated through the

potential difference Vy (1/ [ai(Vd, )1, ]). Combining equations (7.15) and (7.16) gives:

%
1 m,
D_ Ui(Vd[ ) n() ( J (7 17)

Equation (7.17) predicts a decreasing virtual anode diameter with increasing neutral
density, in good qualitative agreement with the experimental results. Furthermore,
using xenon as an example, for a flow rate of 1mg/s, the neutral density at the anode
location was estimated to be approximately 3%x10"*m™ from extrapolation of
computational modelling results (Appendix B) and from the measured vacuum
chamber pressure. Vg is estimated approximately at 20V from Siegfried’s [146]
Langmuir probe measurements (section 7.4.1.1), which gives a collision cross-section
for xenon of &,(V,)=2.7x10""m*[63] and results in an approximate virtual anode
diameter of 3cm. At 1mg/s the luminous cloud was observed to be just downstream of
the keeper orifice (table 7.2), i.e. approximately 4cm upstream of the anode. The
calculated diameter, in spite of the approximate nature of the figures and the

simplifying nature of the equation, is of the order of the observed extent of the virtual

anode.

7.4.4.2 Effect of discharge current

The random current received by an electrode of surface area A, immersed in a plasma

at a given location in space with random current density j,, is given by:
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I=A4j, :Aene,/ikTe /Zn'mei (7. 18)

Generally, for arc discharges the electron temperature is a very weak function of arc
current [89]. This was also shown to be true for HC discharges from Langmuir probe
measurements inside the cathode (see section 7.3 and reference [145]). It was also
observed that 7, is spatially invariant in the coupling plasma [117]. Moreover, j. is a
weak function of electron temperature, scaling with the square root of 7,. We can
hence assume, to a first approximation, that the current collected by a collector of a

given area, at a certain flow rate, is a function of 7, alone.

We define a variable (1), , which gives the ‘required” electron density at the anode
location for the anode to passively collect the current demanded by the power supply

at the plasma potential. From equation 7.18, (n),, varies linearly with current

demand, as illustrated in figure 7.48, with a slope given by Aen, w/ikTe [27wm, ).

Electron density

T T T T

I
Discharge current

Figure 7.48: Functional dependence of the electron density at the anode location due
fo the expansion of the HC plasma (n., 4 ), and ((n,) , = ) the required density at the
anode location for passive current collection on I,

The electron density inside the HC was shown experimentally to increase with current

drawn from the cathode. The modified Siegfried-Wilbur model predicted an

approximately quadratic dependence for the cathode electron density on Ip (figure
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7.18). We introduce another variable n,,, , which gives the electron density at the
anode location due to the expansion of the HC plasma, when no potential gradients,
like the double layer, exist in the space between the anode and cathode. In other words
n.,, gives the actual electron (and current) density at the anode produced by the
cathode. n,,, will also have a quadratic dependence on Ip, as illustrated in figure
7.48, since it is the result of pure expansion of the HC plasma with no potential

gradients and consequently no extra ionisation and the same ionisation fraction.

Figure 7.48 illustrates the functional dependence of n, and (1.),, on Ip. At low

values of Ip (< I.), the electron density at the anode location will be less than that
required for the collection of the current demanded by the power supply. The power
supply increases the anode potential, breaking down the sheath and resulting in the
formation of a virtual anode of sufficient surface area to collect the desired current.
Under these conditions, the discharge is in the plume mode. As the discharge current
is increased, the hollow cathode’s electron production (represented by n,,, ) increases
at a higher rate than the requirement at the anode for passive collection (represented

by ()4 » ). This continues until a critical value of current (I.) is reached, where the

current density at the anode can exactly satisfy the power supply requirement. The
anode, no longer requiring a current collecting sheath, collects current passively at the
plasma potential. The discharge has thus made the transition to the spot mode. Further
increasing the discharge current causes the local current density to exceed demand.
Consequently, the anode becomes negative with respect to the plasma potential to
reject the excess current. For discharge currents greater than /., the rate of increase of
current density at the anode with discharge current exceeds that for the demand. This
forces the anode to become more and more negative with respect to the local plasma
potential, and causes the negative V-I, characteristic observed in the spot mode (figure

6.23).

The reader would note that there are no units on the graph in figure 7.48. This is
intentionally done because a second important parameter, 1, fixes the position of the
transition point where the two graphs intersect. As previously discussed in section
7.4.4.1, increasing i would result in a rise in the plasma density in the cathode

interior, and consequently, at the anode location. This translates (as indicated in figure
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7.48) to a shifting of the n,,, curve to higher electron densities, which causes the
curves of the supply and demand to intersect at a lower value of discharge current.
Thus over the same current range, increasing the value of m at which the discharge
characterisation is carried out would cause the plume to spot transition to occur at
progressively lower values of discharge current, with the opposite effect occurring if
m is decreased. This is indeed the experimental observation, and is best illustrated by
observing the boundary of the transition between regions B and A in the
Fearn/Patterson [45] characterisation of the T6 (figures 7.25 and 7.51). It is intuitive
to see that, at a high enough value of 71, a point is reached where the n,,, curve will

always be higher than that for (ne),, , and the two curves will not intersect. This

explains why, above a certain value of 1, the plume mode is never encountered and
the discharge is always in spot mode. The opposite is also true, if i is decreased, a

value is reached where the n,,, curve will always be lower than that for (1), , in the

range of usable discharge currents, and they will again never intersect. For lower
values of 71, the plume mode is always encountered under all discharge currents and
no plume to spot transition is possible. These predictions are confirmed
experimentally by virtually all investigations of the cathode discharge behaviour

(refer for example to figures 7.25 and 7.51).

Plume mode characteristics

We now move on to describe the detailed behaviour of the discharge in the plume

mode (Ip < I, in figure 7.48), using a similar analysis to the one used above.

It can be conceived, based on conditions at the anode that increasing the current
demanded by the power supply would result in an increase in the current collection
surface of the virtual anode and lead to an upstream motion of the double layer. This
analysis, however, oversimplifies conditions in the HC discharge, as it implicitly
assumes that plasma conditions upstream are independent of the discharge current.
The discharge behaviour in the plume mode is primarily dictated by the virtual anode,
the behaviour of which is determined by changes in ambient plasma conditions and

changes in current demand.
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Figure 7.49: (a) Functional dependence of the electron density upstream of double
layer (n.,) on Ip from the modified Siegfried-Wilbur model, along with linear
increase of (ne);,., the electron density required to keep virtual anode at same position
O (figure 7.50) with Ip. (b) Comparison of rate of change of (n.), and n, with Ip
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Figure 7.50: The three possible scenarios for dependence of the virtual anode size on

discharge current: a) at low Ip, the rate of increase of upstream electron density with

current demand is less than that required to maintain the virtual anode at position O

and the virtual anode expands. b) both rates are equal and the virtual anode remains

the same c) rate of electron production at cathode is greater than that required at O
and virtual anode contracts

For a virtual anode located at an arbitrary position O, as illustrated in figure 7.50, if

the current demand is increased by the power supply, it can only remain at position O

if the electron density upstream of the double layer increases linearly with anode

current. The condition of a stationary double layer is described by a variable (72,),.,
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which gives the required upstream electron density for the double layer to remain at a
position O for a given current. From equation (7.18), (n,.)., varies linearly with

current demand, illustrated in figure 7.49(a), and hence the rate of change of (7).,
with discharge current (%j is a constant given by A, e+(kT,/27m,) (figure

7.49(b)), where Ay is the surface area of the double layer at position O.

The electron density in the cathode, as predicted by the modified Siegfried-Wilbur
model, will show an approximately quadratic dependence on the current drawn for the
cathode. By implication, the electron density upstream of the virtual anode location

(1), as illustrated in figure 7.49(a), will also demonstrate the same quadratic

dependence on Ip. The rate of increase of n,, with discharge current, d—zli thus varies

linearly with discharge current, as shown in figure 7.49(b).

Let us start from a virtual anode at position O, of surface area (As),, , with an electron

density n, , upstream of the double layer. The size and current collection of this virtual
anode initially satisfy the demand of the power supply of a low current /. The
situation that develops is as follows: For a double layer at position O at low I,
increasing the discharge current ‘would result in an increased electron density
upstream of the double layer. However, the rate of increase will be less than that

required to maintain the double layer at position O with the increased current demand

{%’«[%} ] . The virtual anode finds itself collecting less current than required, it is
a ro

then forced to increase its current collecting surface area, and expands to a new
location upstream as illustrated in figure 7.50 and observed experimentally in this
work. This situation continues with the virtual anode expanding with increased

current demand until, as figure 7.49(b) illustrates, the rate of increase of n,, with

. . . . in,, (dn
current demand exceeds that required to remain at a given position (%%[%] J
roo

and the virtual anode has to contract to avoid collecting excessive current. From here
on the virtual anode proceeds to shrink with increasing current demand until the
electron density is sufficient to preclude an area enhancing sheath; the virtual anode
disappears, leading to a discontinuous drop in potential due to the elimination of the

need for sheath ionisation, and the anode collects current passively in the spot mode.
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The latter case of the virtual anode moving downstream with increasing /, was not
observed in this work due to the limitations on discharge current. Siegfried [146], who
was using an anode with a larger surface area, did however observe this predicted

downstream motion preceding plume to spot transition.
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Figure 7.51: Reproduction of the discharge characteristics and discharge
mode map of Patterson and Fearn [45], with lines of constant m inserted

We now proceed to describe the detailed operating characteristics of the discharge, to
that end the detailed operating map of Patterson and Fearn [45] is reproduced here as

figure 7.51 with lines of constant 72 drawn through them.

Starting with line (1) at a mass flow rate of 0.32mg/s:
dny, /dl < (dn, /dl),.. At very low values of discharge current the current density at

the anode plane is sufficient to supply the small current collection requirement,
precluding the need for an area enhancing sheath. The discharge is then in region G,
which explains both the visual observations (figure 7.41) and the quiescent nature of
the discharge. This region was also observed by other investigators at very low
discharge currents [51, 131]. As current demand increases, although the electron
density at the anode increases, the required electron density ((72.)..) increases at a
higher rate, thus the anode needs to increase the sheath potential in order to collect the

required current. The situation continues until, the current collection limit is reached
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for the physical size of the anode, the anode increases its potential until sheath
breakdown ensues and a virtual anode of greater current collection surface area is

formed.

The formation of the virtual anode moves the discharge to region D. The appearance
of the virtual anode has several effects on the HC operation: i) It increases the ion
current to the cathode, which reduces the electron current required at the anode at a
given discharge current ( [,=I,+1; ). ii) The increased ion current would result in an
increase in the emitted electron current density at the cathode due to secondary
emission and enhanced Schottky effect. The cathode would be thus emitting more
electrons than the discharge requirement, which leads to the emission at the cathode
becoming space-charge-limited; the extra electrons which are not accelerated by the
field congregated near the cathode surface creating a space charge which suppresses
further emission. When more current is permitted to flow, the plasma density at the
cathode will increase due to the increased input power, the cathode sheath narrows
due to the higher plasma density and the potential drop across the cathode falls [58]
(note that although the voltage decreases with increasing current, the input power VxI
increases). This situation continues until all the electrons from the cathode are drawn
into the arc and the cathode makes the transition from space-charge-limited to
emission limited operation, then the potential drop of the cathode rises with increasing

current.

This has a profound effect on the characteristics of the discharge; ignoring the small
potential gradient in the intermediate plasma column, the potential supplied by the
anode power supply (V,) is approximately the sum of the cathode fall (V,) and the

anode fall (V,4), as shown by equation (7.19):

Va = ‘/(7 +Vad (7 19)

The cathode potential, as mentioned above, will decrease with increasing discharge
current. Remembering, however, that we are in the region where the rate of increase
of electron density upstream of the double layer with discharge current is less than
that required for the double layer to remain stationary (dn,, /dl < (dn. /dl).,), the

virtual anode will need to expand with increasing current and hence the anode fall V4
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increases. If the rate of decrease of V. with discharge current exceeds the rate of
increase of Vg4, the discharge experiences a negative voltage-current characteristic, as

observed experimentally.

As observed and conclusively demonstrated by Patterson and Fearn [40], the
interaction between the discharge and the power supply control loop in this region
causes the observed low frequency oscillations. In a current controlled power supply,
there always exists a current ripple in the power supply output, which Patterson and
Fearn identified as the inducing factor for the oscillations. The output current cycles
between values that are slightly higher or lower than a nominal set value. This process
is due to the power supply voltage increasing slightly to achieve the nominal set
value. The voltage, however, overshoots and too much current is allowed, so the

voltage 1s then reduced again and the cycle continues.

For a discharge with a positive V,-1, characteristic in the dn,, /dI < (dn, /dl);, region,
a requirement for an increased current would require a concurrent increase in both V..
and V4 as, although there is an increase in the electron production at the cathode, this
needs to be augmented by an increase in the virtual anode size to provide the current.
With the current ripple in the power supply, in a region with a negative V,-I, the
situation changes. To achieve an increase in current, the power supply voltage is
raised and this results in the usual upstream expansion of the virtual anode. At the
cathode, however, increasing V, results in a decrease in the electron current density,
thus the virtual anode finds itself collecting less current than required at its new
position. The power supply reacts to this by further increasing its voltage and this
situation continues until, as reference [122] describes, a point is reached when too
much current is allowed to flow. The power supply’s reaction now is to decrease the
applied voltage. On re-entering the negative V,-I, region, decreasing the applied
voltage would result in the desired motion of the virtual anode downstream.
Concurrently at the cathode, however, a reduction of the applied voltage would result
in an increased electron production, causing the virtual anode to collect more current
than required. This causes the power supply to reduce its potential further and further
until the discharge exits the negative V,-I, region, wherein the power supply finds

itself collecting too little current and the cycle repeats itself. This explains the low
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frequency oscillations and the movement of the virtual anode explains the flickering
and the upstream-downstream motion of the luminous cloud observed in region D.

This situation persists until, with increasing current, all the available electron current
is drawn from the cathode and the cathode makes the transition from space-charge-
limited to emission-limited operation represented by region C. In this region the
absence of the negative V,-I, characteristic causing the discharge-power supply
interactions leads to the reduced noise levels in the anode trace. Increasing the current
demand in this region would simply result in the observed upstream motion of the
virtual anode, with no observed fluctuations in luminosity or position. Reference
[121] suggested that a plasma focusing mechanism downstream of the cathode tip is
necessary to explain the visual observation of the “beam mode”, especially with a
chamfered cathode orifice, in region C. It is interesting to observe that our proposed
mechanism of current collection in the plume naturally provides such a mechanism.
As illustrated in figures 7.44 and 7.45, the double layer shape introduces a lensing
effect to the plasma electrons reaching its outer surface. These accelerated electrons
then cause luminosity downstream of the double layer, which can, under the right

conditions, resemble a beam emanating from the cathode.

dn,, /dl > (dn, /dl),,. By increasing the current further the discharge eventually

leaves region C and enters region B. The rate of electron current production has been
increasing steadily with discharge current (see figure 7.49(b)). A point is reached, as
has been earlier described, when the rate of increase of electron production at the
cathode with discharge current exceeds that required to keep the virtual anode at a
given position, and the virtual anode has to retreat downstream to avoid collecting
excessive current. Hence, if more current is demanded, the cathode increases its
sheath potential (V,), at the same time the virtual anode has to decrease its size so V,q
decreases, and if the rate of decrease of V,, with discharge current exceeds the rate of
increase of V. the discharge experiences another negative voltage-current
characteristic. Due to its negative V,-I, characteristic region B will also experience the
low frequency oscillations induced by the current ripple on the power supply output

as described earlier for region D.

With increasing I, the virtual anode size progressively decreases with increasing

current density upstream until the required collection area is of the order of the
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physical anode. This removes the need for sheath ionisation, so there is a
discontinuous decrease in voltage and the anode then collects current passively from

the plasma and the discharge is in the spot mode.

Increasing m to 0.5mg/s, line (2):

Due to the increased plasma density in the cathode with increasing i, the available
current density at the anode for a given current value would increase. This would lead
to the expansion of the low current region where the anode can collect current
passively (region G) to a higher current range. Increasing i also results in a thinner
sheath across the cathode due to the greater plasma density. This reduced sheath size
and drop would lead to a smaller space-charge-limitation effect at a given current, i.e.
the discharge is expected to make the transition from space-charge-limited to emission
limited operation at lower /,. Resulting in the boundaries of region D narrowing with
increasing m as observed in figure 7.51. As discussed earlier in figure 7.48,
increasing m shifts the cathode production to higher densities and causes the n,, 4 and

(n.) 4,p CUTVES tO intersect at a lower value of Ip. This leads to the shifting of the

boundaries of region B to lower discharge currents with increasing it , with transition

to spot mode occurring at lower values of I as illustrated in figure 7.51.

Reducing m to 0.15mg/s represented by line (3):
As m 1is reduced, the electron current density at the anode decreases until an area
enhancing sheath is required even at very low [,. This results in the elimination of

region G, and so region D now expands to occupy the lower I, regions.

Further reduction of m leads to a lower plasma density in the cathode, this in turn
decreases ion bombardment and the cathode runs cooler (see figure 7.29 from
reference [45] for cathode temperature dependence on sz ). Thus, at a low enough m
there is not enough emission to produce space-charge limitation on the cathode, even
with the virtual anode present, and the cathode is emission-limited even at low [,.
Thus region E, the neutraliser mode, is essentially the same as region C and hence has
the same visual appearance (figure 7.41) and due to the lack of space-charge
limitation is relatively quiet. Region E is essentially the low I, and low 7 branch of

region C and must connect to it, which is indeed what figure 7.51 shows.
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Song et al. [148] demonstrated that below certain values of pressure, an electrode
cannot settle into the double layer state of electron collection. The discharge is unable
to “lock on” to this state permanently and observed surges in the electrode current.
This is illustrated in figure 7.52, with figure (a) showing the spatially resolved
Langmuir probe measurements of plasma potential in front of a collector during the
formation stage of a type (a) double layer for current collection, and figure (b)

showing its subsequent destruction.
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Figure 7.52: Time resolved plots of plasma potential in front of a current collecting
disc at low pressure during (a) formation of double layer and (b) destruction of
double layer [148]

The process of destruction of the double layer is related to the higher rate of ion loss
from the potential peak of the double layer, due probably to the decreased ion-neutral
collision rate at low pressure allowing a greater rate of ion escape than ion formation.
The ions escaping upstream cause a potential rise in the ambient plasma, which
lowers the potential difference across the double layer to less than the ionisation

potential of the gas causing the double layer’s subsequent collapse.

The above process is thought to occur in region F of a HC discharge. As mz is very
low in this region, the double layer is expected to be very close to the cathode, and to
maintain it in such a position, the anode potential will need to be high to ensure
sufficient ionisation downstream of the double layer in a relatively low density gas.

Region F was shown [122] not to be able to maintain the discharge current even
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though it was not operating at the maximum power supply voltage, which indeed fits

the description given above for the destruction of the double layer structure due to the
high ion escape rate in a low density gas. The formation and reformation cycle of the
double layer will also account for the severe noise observed. As mentioned earlier in
section 7.1.1., electrons such as these accelerated through high potentials have a low
ionisation cross-section, and cannot dissipate much of their energy in ionisation, the
extra energy is deposited at the anode, causing the significant anode heating observed
by Fearn and Patterson [44]. The keeper, which usually collects current passively,
receives a higher current than necessary from the double layer because of its
proximity, and although it attempts to lower its potential to repel the electrons, it is
unable to do so because of their high energy. Hence the keeper supply, in spite of
being current regulated, will be forced to increase its current output. The ions
escaping the double layer during its destruction phase form what could be termed *“ion
waves” streaming upstream towards the cathode. Because of the proximity of the
double layer and their high energy, the streaming ions cause the anomalous cathode

pressure increase observed in region F (figure 7.27).

Turning our attention to events at the keeper: The keeper voltage trace generally
showed a decreasing trend with I, (figures 7.37 — 7.40), which indicates that the
keeper, due to its proximity to the cathode, always has sufficient current density at its
vicinity to collect the required 1A current passively. When the anode current is
increased, this causes an increase in the current density at the cathode and hence at the
keeper location. The keeper then has to reduce its potential to repel the extra electrons
and to collect only the 1A demanded, thus explaining the negative Vi - I, trend. The
oscillations on the keeper trace were found to correspond to those on the anode trace
(figure 7.42), particularly in the regions with a negative voltage-current characteristic.
In these, the keeper supply is simply reacting to the fluctuations in the keeper’s
plasma environment. For example, fluctuations in the flux and energy of ions
bombarding the keeper surface originating from the virtual anode caused by rapid
motion of the double layer. The most violent of these oscillations are observed when
the double layer initially attempts to move upstream into the cathode-keeper space.
This causes fluctuations in the current output of the current regulated supplies and is
thought to correspond to the forbidden current region observed here and by Patterson

and Fearn [123] with a battery supply. It is proposed that this is due to the presence of
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the double layer in the immediate vicinity of the keeper, which disrupts the keeper
current supply. The double layer can only exist upstream or downstream of the keeper
location, with the forbidden current region being the condition corresponding to a
double layer at the keeper location. This causes a coupling effect between the anode
and keeper, with the keeper supply reacting by adjusting its potential to draw the 1A
current required from it, and the desired anode current can not be drawn. This
produces the observed violent fluctuations with a regulated power supply, or a jump

in current with a battery supply.

Switching off the keeper would result in decreasing the current extracted from the
cathode. This inevitably results in the reduction of the plasma density at the cathode
and anode locations for a given anode current (see section 7.3 for dependence of
electron density on discharge current). The expected outcome of switching off the
keeper would hence be that the boundaries of the various regions shown in figure 7.51

would shift to higher currents, which is indeed the observed result [123].

7.4.4.3 Geometrical factors influencing discharge behaviour

Effect of electrode separation:

Siegfried [146], Philip [131], Csiky [28] and Rawlin [195] all reported that if the

discharge was operating close to the transition point, plume to spot transition can take
place spontaneously when the anode-cathode separation is reduced, with the opposite
effect occurring if the process is reversed. This can be easily understood in terms of
the expansion of the plasma from the cathode, where there exists a strong axial
gradient in the plasma density. By physically moving the anode upstream, it is
exposed to a region in space of a higher electron current density. If the discharge was
operating close to the transition point, by moving the anode closer to the cathode,
there comes a point when the available current density is sufficient to provide the
desired current so that no area enhancing sheath arises, and the discharge makes a

spontaneous transition to the spot mode.

Patterson and Fearn [123] reported, as illustrated by figure 7.31, that increasing the
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cathode-keeper separation (d;) resulted in shifting the boundaries of the discharge
modes to higher currents. This was initially very puzzling, as the keeper separation
was not expected to significantly influence conditions at the anode. It was then
realised, however, that changes in d; in the Patterson/Fearn experiments were effected
by moving the cathode, which was mounted on a micro-manipulator (see figure 7.24).
Thus, by decreasing dy, they were effectively moving the cathode closer to the anode
and hence causing mode change at lower I,, with the opposite effect occurring when
dr was increased and the cathode was moved away from the anode. It has to be noted

here that in these experiments the cathode was only moved a few millimetres (<4mm)

with the anode being ~60mm from the cathode. However, if the discharge was
operating close to the transition point, even small reductions in the cathode-anode
spacing can lead to plume to spot transition due to the large axial gradient in plasma
density. Therefore the experiments carried out by Patterson and Fearn on d, are
equivalent to those carried out earlier on the cathode-anode separation and have
indeed yielded the same results, which have been shown here to be connected to the

anode current collection mechanism.

Effect of cathode orifice diameter:

Enlarging the cathode orifice, at a given m, causes a reduction of the neutral and
plasma density inside the cathode. This decreases the ion bombardment heating of the
surface and the cathode runs cooler, as shown in figure 7.29. Therefore, for a given
current, increasing the orifice diameter reduces the electron current density at the
anode, causing the boundaries of the discharge regions to move to higher currents.
This effect was observed by Patterson & Fearn [40], Davies & Charlton [126] and
Fearn, Singfield et al [51].

Effect of keeper configuration:

Using an enclosed keeper configuration would be expected to increase the neutral and
plasma densities in the cathode-keeper space. With the enclosed keeper now acting as
the effective orifice for expansion, the plasma density at the anode is expected to
increase for the same flow rate and discharge current values. Thus, mode change is
expected to occur at lower values of I,, as demonstrated experimentally by Patterson

and Fearn [123].
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Effect of cathode orifice profile:

Similar phenomena to the ones described above for a current collecting electrode
occur when an arc passes through a tube of variable diameter [26, 90]. If the tube
profile undergoes a gradual decrease in cross-section in the direction of the anode, the
random and drift (or arc) current densities will increase in unison, smoothly and in the
same proportion, which leads to no discontinuities forming in the axial potential
profile. If however a sudden decrease in tube cross-section, such as the one shown in
figure 7.53 exists, and if, as reference [90] states, the product of the smaller cross-
sectional area and the random current density in the larger section is less than the drift
current in the small tube, then a potential difference must arise at the boundary of the
two regions to enhance the ionisation in the smaller section and hence increasing the
random current density in the small area tube. This potential difference is furnished by
an electron accelerating double layer at the boundary, negative on the cathode facing
side and positive on the anode facing side. Experimental investigations of discharge
constrictions reported the formation of a clearly defined glow protruding from the

smaller tube into the larger cross-section tube (see figure 7.53).

In one such investigation, Crawford and Freestone [26] formulated an expression for
the potential difference between the two regions. With reference to figure 7.53, noting
that the electron densities and temperatures in the smaller tube, region 2, will be
higher than those in region one (1n,; > n,.;, 7,2 > T,;), and taking into account the drift
current from region 1 (I,;), the potential step (V) at the double layer between the two

regions can be found from:

n, (T, ) I
V,=T,In == = — (7. 20)
i ny \ T, I,-1,

el

If the discharge current requirement is greater than the drift current at the entry of
region 2 (i.e. I, > j, (JZ (d,) )/ 4), the current collection surface of the double layer is

compelled to expand into the low density region.
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Figure 7.54: (a) Schematic of HC with “fireball” indicated (b) Measured axial
plasma potential and electron temperature profiles with “fireball” present [69]

Jacobsen and Eubank [69], from measurements in similar devices, proposed the
formation of a “fireball” upstream of the HC orifice as illustrated in figure 7.54(a).
The results of their Langmuir probe measurements (figure 7.54(b)) indicated a step
jump at the fireball edge and increase in 7. inside the fireball in comparison to the
ambient plasma. Jacobsen and Eubank did not give any physical reason for the
formation of the fireball, although they related the location of the fireball edge to the
electron drift velocity exceeding the ion acoustic velocity. We can, however, conclude
based on the preceding discussion, that what they observed was obviously a double
layer formed due to the constriction in the discharge. Further corroboration comes
from the observed effect of the fireball edge moving further upstream with increasing
current (figure 7.55(b)), which is simply the double layer current collection surface

expanding to collect the higher current, as described by Crawford and Freestone [26].
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The formation of a double layer at the upstream edge of the orifice can provide
explanation for several of the observed HC discharge characteristics. It can explain
the visual observation of the exceedingly bright cathode spot, which is due to the
electrons from the cathode interior gaining energy across the double layer. This is
dissipated in inelastic collisions with neutrals in the orifice and heating of the
secondary electrons resulting in the observed luminosity. When the ratio of the
diameters of the two tube sections was large the discharge experienced more severe
oscillations and increased plasma ball luminosity [26]. The absence of the sudden
change in section and the associated double layer hence explains the benign operating
characteristics of curved orifice hollow cathodes [46]. Qualifying the effect of
changes of the orifice diameter to cathode internal diameter ratio on discharge noise is
difficult, due to the concomitant impact of its variation on cathode internal pressure
and the boundaries of the various discharge regions. There is, however, an impression
that decreasing that ratio generally results in a reduction in the high frequency noise

[196].

7.4.5 Full thruster configuration

We now examine the factors contributing to the suppression of the plume mode in the

full thruster geometry:

a) Anode surface area: Gridded ion thrusters utilise cylindrical anodes, which are

typically of much larger surface area than those employed in diode tests. For
example, the cylindrical anode of the UK-25 thruster has a surface area over 11
times larger than the disc anode used in the present study. This increase in the
physical collection surface allows for passive current collection even at the low

values of current density expected at low m and [,.

b) The baffle disc: The larger anode area is not in itself sufficient to suppress the

plume mode operation because of the strong variation of plasma density with radial
distance (figure B.5 in appendix B). Indeed, the first introduction of hollow

cathodes resulted in comparatively poor and inefficient operation of the thrusters,
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which previously utilised the more diffusely emitting thermionic emitters [33].
This was due to the peaked electron density radial profile and the uni-directional
nature of the electron jet emanating from the cathode. The problem was eliminated
by using a baffle disc positioned perpendicular to the downstream end of the inner
pole piece. The baffle disc creates a more uniform discharge plasma and enhanced
ionisation by the production of mono-energetic primary electrons. The potential
difference between the coupling and discharge plasma regions determining the
energy of these electrons results from the formation of a double layer at the baffle
aperture region [112]. This process increases the current density at the anode and

contributes to plume mode suppression

c) The magnetic field and main discharge flow: The axial, divergent magnetic field

traps the primary electrons emanating from the coupling plasma in spiral paths
along the field lines. The electrons travel back and forth along magnetic field lines
due to reflection from the thruster sheath surfaces, increasing their path length and
thus effectively increasing the probability of them achieving an ionising collision.
The main discharge flow is introduced through the thruster backplate, with a
typical ratio of cathode flow to main discharge flow of 3:7 in the UK-25 thruster. A
primary electron spirals along the magnetic field lines until it participates in an
ionising collision with a gas neutral. The thermalised primary and resulting
secondary electron continue to spiral round the field lines and may take part in
further ionising collisions until they diffuse across the field lines to the anode. The
discharge chamber is the area where most of the ionisation takes place. The
combination of magnetic field and main discharge flow hence causes ionisation in
the anode vicinity, thus increasing the electron current density for a given discharge

condition and also further inhibiting the plume mode in the thruster.

7.4.6 Implications of the theory

A theory has been proposed for the observed plume to spot transition in hollow
cathode discharges. It relates the plume and spot modes and the transition between

them to the current collection mechanism at the anode. This theory, applied self-
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consistently, was shown to explain virtually all of the discharge behaviour observed in

this work and others.

The major implication of this theory in the author’s opinion is the recommendation
made here for the abandonment of the diode configuration in its current form as a

means of characterising hollow cathodes.

From the above theory, characterisation in diode configuration leads to several

adverse effects:

e Diode tests result in a lack of reproducibility in comparing studies conducted by
different investigators. To illustrate, Patterson and Fearn [45], using an identical
cathode to the one used here, found for xenon that at a discharge current of 5A
transition from plume to spot occurred at about 1.1mg/s (see figure 7.25). In the
xenon part of this study, plume to spot transition was not possible at flow rates
below 2.35mg/s, for the same anode and keeper currents. The required flow rate
had more than doubled for, it has to be remembered, an identical cathode, both in
diode configuration! This effect is due to their anode having nearly twice the
surface area of ours, and the presence of the TS5 discharge chamber, which
increased the electron density at the anode in the Patterson/Fearn experiments.

Thus any characterisation study, in diode configuration, is only valid under the

strict geometrical arrangement in which it was conducted. This, however, is often

overlooked, resulting in considerable confusion and irreproducibility even when

using the same cathode, and makes comparison of different cathodes speculative.

e Any on-axis, spatially-averaged measurements of the HC plasma whether from
upstream [101, 115] or downstream (the present study), will overestimate the
plasma parameters during plume mode operation. Also, any spatially-resolved
measurements, especially in the inter-keeper-anode space, will be affected by the
presence of the virtual anode double layer creating a non-Maxwellian mono-
energetic electron population. The character of these measurements will also
depend on which region of the discharge they were obtained, for example, it is
expected to be more difficult to conduct Langmuir probe measurements in regions

B and D due to the elevated noise levels. Furthermore, the boundaries of these
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regions are a function of the anode arrangement, which brings back the difficulty
of comparing and reproducing such measurements in different arrangements
without an exact knowledge of the discharge mode in which these measurements

were taken and the relative position of the double layer.

¢ Conducting life-tests in diode configuration (except in the cases of neutraliser and
Hall-thruster cathodes) will definitely not reflect conditions occurring in an
operational thruster. Testing in the plume mode will result in severe sputter erosion
and abnormal heating of the cathode, brought about by the formation and

acceleration of high energy ions in the potential peak of the double layer.

e Any diode investigations of discharge noise will also suffer from the lack of
fidelity to conditions in the thruster and from lack of reproducibility. The noise in
the plume mode is partly due to the formation of the double layer and its

interaction with the supplies.

e Finally and most fundamentally, the diode configuration was utilised as a simple,
accessible means of characterising hollow cathodes. The plume mode of operation
was, however, shown here to be a product of circumstances extraneous to the
hollow cathode, with no bearing on its intrinsic behaviour. The complication of
having to account for plume mode behaviour in any model or description of hollow
cathodes has caused significant problems and confusion in the past. Thus,
operating in diode configuration has in some ways hampered the complete

understanding of the underlying physics of the hollow cathode.

Possible alternatives to the current disc anode, such as a low diameter to length ratio

cylindrical anode, can be used if characterisation is required at low [, orm .

Another implication of the theory not related to mode change, is the possible
beneficial consequences of using a smooth cathode orifice to thruster performance.
This was demonstrated experimentally in a previous work [46], with this study giving

the underlying physical reasoning behind this effect.



Chapter 8
CONCLUSIONS

The relatively limited body of work available makes the first objective of any study
on HC physics the collection of as much empirical data as possible. A wide range of
tests were thus conducted on a T6 HC using a variety of propellants, namely argon,
krypton, xenon and a Kr/Xe mix in the naturally occurring ratio. The study utilised a
variety of instrumentation and investigated both the discharge initiation and steady-
state phases of operation. Consequently, some new insight has been gained into the
underlying physics of HC operation. This chapter summarises the main conclusions

drawn from the present work.

8.1 The HC breakdown characteristics

A systematic study of the breakdown characteristics of four propellants has been
conducted. A study of such a scope has not been previously attempted, and is unique
in the literature. The observed values of breakdown voltages were generally very low.
Breakdown was assured for all the gases at potentials below 50V, even at 0.2mg/s
flow rate and 929°C tip temperature. This was primarily due to the joint effect of the
presence of low work function material and of the heating of the HC, leading to nearly
an order of magnitude increase in Townsend’s second coefficient. The breakdown
voltages were found to scale with the first ionisation potential of the gas, being
consistently lowest for xenon and highest for argon under a given set of cathode

conditions.

The dependence of breakdown voltage on two of the key determining cathode

operating parameters (71 and T ) was investigated. Breakdown behaviour with
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propellant flow rate was found to show, as previously seen in the open keeper T6 with
Xe [124], a severe departure from the classical Paschen behaviour for all the gases
employed, exhibiting a double minimum instead of the expected one. This anomalous
behaviour was shown here to be a manifestation of Penning ionisation taking place in

the HC.

The Penning effect, which has not been previously associated with HC behaviour,
occurs for gas mixtures satisfying the condition that the ionisation potential of the
admixed gas is lower than the energy of the metastable levels of the main constituent
gas. The metastable atoms then cause Penning ionisation of the admixed gas, which
can result in orders of magnitude rise in the ionisation efficiency for a given imposed
field. The process is highly efficient, as it effectively eliminates the electron energy
loss to excitation, and the high probability of the event makes the effect of even
minute concentrations of the admixture (as low as 107%) appreciable. Barium,
evaporating from the activated insert, was identified as the trace element in the gas,
which does indeed satisfy the prime requisite for Penning ionisation to occur with its
ionisation potential being lower than the energy of the metastables in all the inert
gases. The barium evaporation rate from inserts of the same type as used in this work
has been studied extensively [15, 27]. The evaporation rate is a strong function of the
insert temperature, and is estimated to increase by several orders of magnitude when
tip temperature is increased from 929°C to 1299°C. Barium was shown conclusively
to exist in the HC discharge by the detection of Ball emission lines in the emission
spectra and the discovery of traces of barium in the deposit found on the anode. The
metastable concentration was estimated to be roughly comparable to the concentration
of positive ions in the HC discharge. Consequently, the HC seems to have all the
requirements for Penning ionisation to occur. The breakdown behaviour of the
Penning mixture will thus exhibit two minima. The first, at low (Pxd), corresponds to
that due to direct ionisation of the inert gas, while the second is formed by the
enhanced electron production due to the Penning ionisation of the barium atoms by

the metastables.

Broadly speaking, the results for tip temperature show that it has little influence on

breakdown above 1100°C. When reduced below that value there is a dramatic increase
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in breakdown potential. The breakdown behaviour for all the gases was found to be,
contrary to previous experience with Hg [48], essentially completely reproducible
over the entire range investigated. The spread in result was found to be a function of

the cathode temperature, increasing when the temperature is lowered.

A comprehensive analysis of the breakdown statistics in HC’s addressed the issue of
reproducibility. The probability of a successful breakdown and the time to achieve it
are functions of the rate of electron production, the gas pressure and the applied
overvoltage. Increasing the HC temperature causes a higher thermionic electron
production rate, hence increasing the probability of finding a significant number of
initiatory electrons and reducing the probability of an interrupted avalanche for a
given overvoltage. Increasing the HC temperature thus reduces the spread in results as
observed experimentally. Raising the HC flow rate, at a given temperature, ensures a
greater probability of a non-arrested avalanche by increasing the electron-neutral
collision frequency, subsequently also leading to more reproducible results. 3-D
computer simulations [25] have shown much greater levels of electric field
penetration in the T6 when compared to the T4 cathodes used in the early Hg work.
This was owing to the larger orifice diameter and the bevelled cathode gip. The higher
field penetration and orifice size increased the probability of finding Initiatory
electrons at the right location for acceleration by the field and, subsequently, directly

resulted in the more reproducible breakdown results in the newer cathode.

To complete the breakdown investigation, an unprecedented photomultiplier tube
study of the breakdown plasma was also conducted. The PMT study exposed the
temporal behaviour of the keeper voltage and the breakdown plasma emission, and
their variation with changes in 7 and mi. It’s most significant result is that the
transitory period between the keeper voltage collapse and the establishment of a
stand-by discharge can be divided into two parts: an initial phase characterised by a
rapid and noisy drop in Vi, followed by a linear, quiescent increase (recovery) in Vi
till voltage levels for a stand-by discharge are attained. Reaching a stand-by discharge
takes a period of the order of Ims, with the duration of the noisy period and the total
time to stand-by discharge being inversely proportional to the gas flow rate and

cathode tip temperature.
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8.2 Characterisation of the steady-state HC discharge

The study of the HC discharge in steady state, although hampered by limitations on
the discharge current drawn, covered a wide range of flow rates employing the three

inert gases and the Kr/Xe mixture.

Both the plume and spot modes of operation were observed in the diode tests with all
the various propellant discharges. The value of flow rate at which transition between
the two modes occurs was found to be species dependent; increasing with the first
ionisation potential of the gas. In the spot mode, the discharge had a negative voltage-
current characteristic, indicating a fall in plasma impedance with discharge current.
The keeper voltage generally showed a negative Vj - I, characteristic regardless of
discharge mode, and was largely insensitive to changes in flow rate. Notwithstanding
the differences in the flow rates required to achieve it, the discharge voltages in the
spot mode for the alternative gases were only a maximum of 2.3V higher than those

for xenon.

The dependence of emission line intensity on discharge conditions was investigated
for argon, krypton and xenon. In the spot mode, the first ionisation lines showed an
instantaneous increase in intensity with discharge current. The increase in the first
ionisation line intensity, which represents the degree of ionisation, was demonstrated
to be a quadratic function of discharge power. On the other hand, the first ionisation
line intensity decreases with increasing m for a discharge in the spot mode. This was
ascribed to the decrease in electron mean free path and energy with increasing neutral

density.

8.3 The HC discharge plasma parameter estimation, modelling and
theory of operation in the plume and spot modes

As demonstrated by an earlier study on xenon [115], the HC internal plasma cannot
be described by either the LTE or corona equilibrium models, and is best described by

a Collisional-Radiative model. This was established here to be also the case with
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discharges in krypton and argon. Full emission spectra were obtained for several flow
rates at a fixed discharge current of SA with argon, krypton and xenon. This enabled
the estimation of plasma parameters in both the spot and plume modes. Several
methods were considered to that end. The LTE Boltzmann plot method was shown to
be applicable to plasmas in the C-R regime. The method was used, with great success,
in estimating the electron temperature. Providing a good estimate of the plasma
density was, however, more difficult. The simple C-R model used was found to be
inadequate for the range of T, and n, of interest, estimating 7, to within six orders of
magnitude. The electron density was eventually evaluated using an LTE model, which

was assessed to overestimate the density by roughly an order of magnitude.

The electron temperature (integrated over the line of sight) in the spot mode was
calculated to be 0.98+0.20eV for Xe, 1.28+0.13eV for Kr and 1.32+0.05¢V for Ar,
1.e. increasing with the first ionisation potential of the gas. The result for xenon
compares well with previous measurements of around 1.1eV using a different cathode
[101, 115). The corresponding values for electron density were 6.99x10"cm™,
1.35%10'%cm™ and 7.3x10"*cm™ for xenon, krypton and argon respectively. Estimates
of the HC internal plasma parameters in the plume mode were found to be distorted

by the presence of a double layer, causing the formation of a second plasma in the

intervening space between the optical fibre and the HC tip.

The enormous benefits of possessing knowledge of the plasma conditions in the HC
were also illustrated. Modifications were made to the Siegfried-Wilbur model and the
spot mode plasma parameter estimates for xenon were inserted to predict the cathode
operating conditions. The model’s predictions of 2.55x10°A/m? for the insert
emission current density, a 36% contribution from volume ionisation to the total
discharge current, a plasma potential of 8.95V and an insert surface work function of
2.17eV at the cathode operating condition of 5A and 3.29mg/s, were all in excellent
agreement with experimental observations and estimates of these parameters found in
the literature. The model’s predictions were extended, via simple experimentally
derived assumptions, to the full range of discharge currents. The resulting values for
cathode operating temperature were in excellent agreement with empirical

measurements on the T6 [44]. The success of this model, which assumes field-
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enhanced thermionic emission as the sole mechanism for insert electron emission,
gives strong support to the theory that this emission mechanism predominates in the

HC under normal operating conditions.

Observations from the various experimental investigations were brought together
leading to a new theory of HC operation in the plume and spot modes. The theory
relates the plume and spot modes and transition between them to the current collection
mechanism at the anode. The plume mode occurs when the anode physical area is
insufficient for collecting the required current. The power supply current demand
causes an increase in anode potential until the anode sheath breaks down, forming a
virtual anode of greater surface area, whose edge now forms the current collecting
area. Increasing the current density at the anode, by increasing rior I,, ultimately
removes the requirement for the enhanced current collection. The voltage then
experiences a discontinuous drop, the anode is now collecting current passively and

the discharge has completed transition to the spot mode.

This theory, applied self-consistently, was shown to explain virtually all of the

observed discharge behaviour, in this work and elsewhere, including:

e The visual character of the discharge and its variation with cathode operating
parameters

e The dependence of the mode transition on both #1 and [,.

* The fine structure observed for the plume mode, including the noise and oscillatory
regions in the discharge and the regions with a negative V-1, characteristic.

e The formation of the high energy ions in the plume mode and the associated
elevated electrode sputter erosion rates.

e The Langmuir probe profiles downstream of the cathode.

e The spectroscopic observations in the two modes.

e The dependence of the transition on keeper configuration and current.

e The discharge and transition dependence on geometrical factors such as electrode
separation, cathode orifice diameter and profile.

e The suppression of the plume mode in the full thruster geometry.
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8.4 Novelty and applicability of the work

A wide ranging study has been conducted, which is geared towards gaining a deeper
physical insight into the poorly understood HC region of an ion thruster. Due to the
range of applications for these devices, from primary electron source in a variety of
thruster configurations to spacecraft space charge control, the results of this work
have wide ranging applicability. Some of the areas where the results of the work hold

significance to thruster design are here summarised.

Since alternative lighter propellants seem to be required to enable deep space
missions, this study has aimed to characterise HC discharges operating on some of
these gases. Although the discharge efficiency is expected to decrease, the diode tests
with argon and krypton have demonstrated that operation with these gases is feasible
with slight increases in the operating potentials. However, tests in full thruster
geometry and with beam extraction are required if any direct comparison or
performance assessment is to be made. The impact of the lighter propellants on
thruster durability, through sputter erosion of thruster components, will also need to

be qualified.

The Kr/Xe mix offers significant cost savings with minimal reduction in HC
performance. Its use in a full thruster is however complicated by the difficulty of
matching the ion optics to two atomic species. Nevertheless, this does not preclude its
use in plasma contactors, in HC micro-thrusters and in ground test characterisation of

hollow cathodes.

The breakdown study has certainly provided some insight into the processes taking
place in this transient phase of HC operation. One important corollary is that judicious
cathode tip design, coupled with reliable heater technology, can eliminate the need for
the keeper high voltage supply. This would result in a reduction of thruster mass and

complexity.

Acquiring measurements of the HC plasma temperature and density is of profound

importance to the understanding of its basic physics. Using these results, a simple
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phenomenological model was capable of good, useful predictions of cathode
operating parameters, which can be used by designers for cathode scaling and lifetime
optimisation.

The novel features of this work are summarised next:

Discharge initiation studies

e The systematic study of breakdown dependence on cathode parameters for four
different gases is unique in the literature. Moreover no prior investigation exists for
HC breakdown dependence on argon, krypton or a Kr/Xe mix.

e The PMT investigation of the temporal behaviour of HC breakdown is
unprecedented.

e To explain the anomalous breakdown dependence on cathode flow rate, the
Penning effect was invoked for the first time to explain HC behaviour. This also

constituted the first observation in the literature of Penning ionisation of barium.

HC steady state investigations

e Characterisation of discharge behaviour of four different propellants is new to the
T6 cathode, noting that no prior characterisation exercise was carried out on a
Kr/Xe mix discharge.

e This work also included the first spectroscopic investigation of an ion thruster HC
discharges in argon and krypton. It is also the first such measurements to be carried
out in the T6 even for xenon.

e The development of a simple model for the HC discharge, largely based on the
Siegfried-Wilbur model for mercury, which was implemented successfully.

e A considerable achievement of this work is the development of a qualitative
theoretical explanation for the HC modes of operation, which was demonstrated to

explain practically all the observations in the extensive literature.

The instrumented T6 HC and the sapphire optical fibre probes

This development work, which occupied the initial period of this PhD and is

described in Appendix A, forms a significant feature of this work. The instrumented
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HCl/optical probe assembly gives unprecedented access to the HC cavity for spatially
resolved plasma parameter evaluation in both the steady-state and during the transient
breakdown phase. The sapphire optical fibre probes in particular constitutes a new
type of non-intrusive diagnostic for in-situ evaluation of plasma properties in high
temperature environment, which can thus be used in other research areas such as
combustion research. This is now the subject of another study and is currently

showing promising results.

8.5 Recommendations for future work

The present study has tackled a number of issues pertaining to the HC region of an ion
thruster. The empirical data set produced is a notable addition to a field which has not
received much attention, and where such measurements are sparse. Some of the issues
have been investigated successfully. However, some questions still remain and new
ones have been posed. Here, a few recommendations are presented for research
projects that can help to further our understanding of this region. Some of these

recommended studies are already being pursued.

e Carrying out experimental investigations using the instrumented T6/optical probe
assembly to attain spatially-resolved plasma parameter profiles in both the steady-
state and discharge initiation phases. This investigation should also include
measurements of the insert temperature profile, which is critical to cathode life

time, and its variation with discharge conditions.

e Development of a model of the HC breakdown, which can elucidate the
mechanisms of formation and growth of the plasma. The model’s predictions

should then be verifiable by comparison with experimental observations.
e Thrust measurement of HC micro-thrusters, particularly during plume mode

operation, where the virtual anode double layer is predicted here to lead to the

production of high energy ions and probably higher thrust. This study should be
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complemented by full Langmuir probe mapping of the inter-electrode space to
determine the properties of the double layer and by measurements of the ion

energy using a retarding ion probe.

o Full comparative assessment of the performance of alternative propellants, in full
thruster configuration, including life testing of thrusters operating on these

propellants.

e The development of a more rigorous Collisional-Radiative model of the HC
plasma, taking into account the excited states, particularly the metastable levels of
the atomic species, and producing population rate equations and detailed level
kinetics. If possible, the model should also attempt to take into account the
presence of impurity species and their effect on equilibrium. This model should

result in better estimates of the plasma electron densities.

e Performing Optogalvanic Effect spectroscopy on the HC plasma, possibly using
the instrumented cathode, to determine the role of metastable atoms in a HC

discharge.
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THE INSTRUMENTED T6 HOLLOW CATHODE

This appendix deals with the work that occupied the first two and a half years of this
PhD. The work had several novel features and potential for giving new insight into
the HC phenomena. Disappointingly, it was dogged by incessant delays on the part of
the manufacturers. In spite of the completion of the design, manufacture and
procurement phases of all but one of its components, this necessitated its
abandonment at a late stage in favour of the work presented in the main body of this
thesis. The work included here has become the subject of another PhD, and is
currently demonstrating in practice the considerable promise it was envisaged to have

at the outset.

The stated aim of the project was to achieve, through empirical study, a deeper
understanding of the physical processes occurring in the HC. The starting point was
the definition of an experimental project compatible with this aim, which included the
selection of a subject cathode for study, the design of suitable diagnostic probes, the
design of the experimental set-up and procurement of the experimental hardware
required to conduct a study of the HC behaviour in both steady state and during

discharge initiation.

From a review of the few studies conducted on the HC plasma (refer to chapter 2), it
was clear from the outset that the nature of the method employed to diagnose the
plasma had to be non-intrusive. This precluded Langmuir probing, which has been
shown to induce significant plasma perturbation, and directed the study towards

spectroscopic methods.
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A.1 The modified T6 hollow cathode

Siegfried [146] has shown, through Langmuir probe measurements, that most of the
ionisation takes place near or at the cathode orifice, and that appreciable gradients,
especially in electron density, are observed with distance from the orifice. This spatial
dependence of plasma parameters and the fact that the plasma only penetrates a short
distance into the cathode (~2mm), has made the provision for spatial resolution in the
plasma measurements highly desirable. However, the very limited physical size of the
cavity makes such measurements very difficult, and the results of the earlier
spectroscopic studies were only an average over the entire length of the cathode [101,
115]. This necessitated a cathode of modified design for this study, which is capable
of providing spatially resolved optical access to its interior. Consequently, this also
put a simultaneous requirement for minimising the size of these probes so as to
decrease the impact of providing probe access on the operating characteristics of the
HC. In this way, the characteristics of a cathode with probe access will not be

substantially different from a cathode without.

Preliminary consideration of the required cathode design, and extensive consultations
with DERA (now QinetiQ), has resulted in the decision that DERA, with their long
experience in development of HC’s for space applications, should undertake the
manufacture of the HC in a collaborative effort with the University of Southampton.
After discussions, it was decided that the cathode would be largely based on their

highly successful T6 cathode. Figure A.1 illustrates the final design
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The proposed cathode was essentially a standard T6 hollow cathode with few

modifications. Only the major ones are mentioned here:

1. T6 cathodes usually have two heater wires, one primary and the other redundant.
The requirements of this project necessitated the removal of the redundant heater

winding to allow probe access.

2. Drilling of 0.6mm diameter radial holes from the opposite sides of a diameter
through the cathode. They are spaced axially to coincide with the gaps left by the
redundant heater, avoiding the primary heater winding. This dictates a pitch of
2.8mm and a stagger between opposing holes of 1.4mm. The configuration has the

added benefit of maximising the spatial resolution available.

3. One of the two holes at the cathode tip will be a blind hole, to allow the attachment

of an R-type thermocouple for tip temperature measurement.

Having a cathode based on a well tested design had several advantages: i) If the
manufacturing was completed (with the only significant concern being drilling
through the porous tungsten insert matrix) then it is highly probable that the
instrumented cathode will operate successfully. ii) Assessing the impact of the probe
access holes will be a relatively straightforward exercise, through simply comparing
the instrumented cathode’s operating characteristics with the readily available data on

the T6.
The design of this cathode was finalised with DERA (QinetiQ) in October of 1999,

with the agreement that DERA would undertake the manufacturing of this cathode.

A.2 Development of the sapphire fibre optic probe

An optical fibre waveguide system formed the ideal means to guide the light emission
from the cathode interior plasma to a given detector. The high temperatures expected

at the cathode insert and tip surfaces, however, precluded the use of the common
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quartz or silica core fibres, which devitrify at around 1100°C. A more exotic and

temperature resistant type of fibre had to be sought for.

After an exhaustive search, a company called Saphikon® was found which
manufactures a novel type of optical fibre with a sapphire core. The optical fibre core
has a maximum operating temperature of over 2000°C, which satisfies our high
temperature requirement. However, there were several issues to be addressed. The
fibres have not been used in vacuum before, and they were usually used for delivery
of surgical lasers and have never been used as a sensor before, except for in-situ
pyrometry in high temperature environment. Both these applications limited its use to
the IR region. As a result, the manufacturer had no transmission data below 500nm, as

shown in figure A1.2.

ATTENUATION (d8/m)

1000 ‘ 2000 l 3000
WAVELENGTH (nm)

Figure A.2: Manufacturer’s transmission plot
Jor VIS-IR grade sapphire optical fibre

Sapphire, as a material, has good transmission properties from near UV to mid IR.
Characterisation tests with samples of the sapphire fibre carried out here in the
Astronautics Research Group using the Hg(Ar) calibration lamp (see section 5.3.5.1),
indicated good transmission down to 300nm, which demonstrated possible use for

spectroscopy in the VIS region.
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It was important to minimise the size of the optical fibre probe to mitigate any impact
its presence might have on the normal operation of the HC. Thus, it was decided to
use a 0.15mm diameter VIS-IR grade sapphire fibre to make the probes. In order to
prevent the sapphire fibre from blocking the working section of the hollow cathode
and to protect the fibre from debris and damage, a metallic protective sheath was
designed to surround the fibre core. The protective sheath consists basically of two
welded metal tubes, which naturally divide it into two parts: the high-temperature
region, and the low-temperature region. The high-temperature region is made of a
tantalum tube with an outer diameter of 0.51mm and an internal diameter of 0.21mm
and is 50mm long. The low-temperature section, to allow the probe to be bendable, is
made of a stainless steel tube with an outer diameter of 1.lmm and an internal

diameter of 0.685mm and is 500mm long (see figure A.3).

5 PTFE buffer
gt.:x.niess ﬁel tube length 10D

id. 0685
length 500405

<

SIMA 005
Connector

Quantity
X=8.45:0.02 2 off
X=8.05:0.02 3 off
Total 5 off

All dimensions in mm

Figure A.3: Schematic of the sapphire fibre optic probe

The high temperature section penetrates into the hollow cathode body and operates at
temperatures higher than the softening point of stainless steel. The stainless steel
sheath outer diameter is larger than the hole for probe access in the cathode body
(0.6mm) so that it acts as a locator for the probe and prevents it from contacting the
internal plasma. Figure A.3 shows the complete sapphire fibre probe. Two different

lengths were used for the high-temperature section since, as can be seen with
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reference to figure A.1, the probes penetrating into the cathode orifice will need to be

longer than those used for the insert region.

At the end of the stainless steel pipe a PTFE buffer coats the optical fibre core which
is then surrounded by a PEEK jacket. These can withstand much lower temperatures
(< 260°C). The PEEK jacket is epoxied to the stainless section using Torr Seal. The
probe terminates in an SMA-905 connector, used to connect the probe to an FC-VFT-
UV200 vacuum feedthrough, which in turn transmits the light to the exterior of the
vacuum chamber. Care was taken to ensure that all the components of the sapphire
probe were vacuum compatible. Figure A 4 is a photograph of the completed probe
and table A.1 summarise the sapphire fibre’s technical data.

Figure A.4: Photograph of sapphire optical fibre probe

Core diameter 0.15mm
Usable transmission range 300 nm - mid IR
Minimum bend radius 20mm
Effective Numerical Aperture (NA) 0.12
Maximum operating temperature 2053°C

Table A.1: Technical specifications for the sapphire optical fibre

As with every new device, to arrive at the final design shown above, involved
numerous tradeoffs and the manufacture of the probe was fraught with many technical
difficulties, which required some innovative solutions to overcome them. In this
limited space, the author does not wish to include an exhaustive list. However, the

two most significant and noteworthy are here described:
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e Following an exhaustive search, only one manufacturer was able to supply the
tantalum high temperature tube, due to the small dimensions and tolerances
required. However, the tube bore was not clean and was observed to have
irregularities and burrs. Samples of the sapphire fibre could not be inserted through
the tube, and some attempts resulted in breaking the fibre. Despite the
manufacturer’s best efforts, this problem could not be overcome. Contact with
companies offering deburring services did not offer any solution due to either the
metal type or the small tube size. An innovative solution was eventually found for

cleaning the tubes which involved the following steps:

1. A 0.Imm diameter tungsten wire is dipped in lubricant and generous amounts
of the lubricant is also applied to the Ta tube interior using a syringe. The W
wire is then forced into and out of the Ta tube at least 20 times. Every two
times the wire end is snipped and passed through metallographic grinding
paper. This is done to avoid fraying the W wire end which would result in the
wire getting stuck inside the tube. Lubricant is then reapplied and the
procedure is repeated.

2. A weak emulsion, containing lubricant and a diamond abrasive putty is then
made. The diamond putty contains small diamonds in a suspension and is
usually used to polish metallic surfaces. The W wire is then dipped in the
emulsion, which is also applied to the Ta tube interior using the syringe. The
wire is again inserted into and out of the tube 20 times, interrupted by
snipping and cleaning the W tip and reapplying the coating every two times.

3. The tube is then removed and put in an ultrasound bath to clean its interior
from debris.

4. The wire is then dipped into the full strength diamond abrasive putty and
inserted in and out of the Ta tube 20 times observing the above precautions.
In the final stages of this step in the process, the amount of putty used is
increased by applying it to the end of the Ta tube. At the end of the process
the tube is put in an ultrasound bath.

S. Steps 1 through to 4 are then repeated using 0.15mm and 0.175mm diameter
W wire. At the end the tube is removed and cleaned using methanol and in an

ultrasound bath.
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The above procedure, although time consuming (it took the author over 10days to
clean all the Ta tubes), produced an extremely smooth bore and was finally tested
by inserting samples of the sapphire fibre.

e Owing to the small dimensions of the tantalum and stainless steel tubes, laser
welding was found to be the only means capable of welding the two tubes. This
involves focusing a high-power laser at the intersection of the two metals which
melts the metals and creates the bond without significant risk of deforming the
tubes. Almost all the companies contacted felt that it cannot be done due to the two
dissimilar metals (whether or not a metallurgical bond can be formed) and the gap
between them. Only one felt confident in undertaking the task. However, they did
not possess the necessary equipment to locate the two tubes to the high tolerances
required. The high tolerances were required in the axial direction to prevent the
high temperature section from protruding into the plasma and suffering excessive
damage, which would result in a significant reduction in the fibre’s transmission
capability. It was also a requirement that the centrelines of the two tubes should
coincide, so that the distance between them is ~87um, thus making the laser weld
feasible. A special jigging assembly was designed and manufactured here in the
department to fulfil the above requirements and to facilitate the welding.

Figure A.5: Manufactured jigging assembly for laser welding
of optical probe metal sheath.
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A photograph of the completed assembly is shown in figure A.S. It consists of two
parts, a clamp section and an end cap section. The clamp section is intended to
hold the stainless steel part of the metal sheath. It is made by drilling through a
block of mild steel. A hypodermic needle with an i.d. matching the o.d. of the
stainless tube is then inserted and glued in place. A portion of the block is then
slowly ground down to the centreline. The end cap section is made in a similar
fashion. The block is, however, not drilled through: it is drilled to a depth greater
than that required for the tantalum tube protrusion. The depth is then measured and
the length of the block is ground to the required Ta tube length. Two
interchangeable end caps were manufactured, for making different optical probe
lengths for the insert and tip regions. The clamp section had provision for holding

the tubes in place while the welding was taking place.

The two tubes were welded using four spot welds around the circumference. This
was done to minimise thermal transmission to the stainless steel tube and the low
melting point components down the length of the optical fibre probe. The laser
weld was successful and the resulting metal sheaths were then sent to Saphikon®

for integration into the completed sapphire fibre optic probes.

A.3 Experimental arrangements

The aim of the experiments and the design of the cathode/optical probe assembly was
twofold: First, to achieve a spatially resolved measurement of plasma properties in the
steady state using spectroscopic means. Second, to not only achieve a better
understanding of the starting phenomena by studies of breakdown dependence on
cathode parameters, but also to achieve a spatially, temporally as well as spectrally
resolved picture of the formation of the breakdown plasma. In particular,
understanding the mechanisms by which the plasma penetrates into the hollow

cathode cavity under an opposing neutral flow.

Figure A.6 shows the experimental arrangement envisaged for the discharge initiation

experiments in the modified T6 hollow cathode. Tip temperature is measured using an
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R-type thermocouple inserted into a blind hole in the hollow cathode tip (see figure
A.1). A PC equipped with an A/D converter is used to read the calibrated tip
temperature. Three fibres are inserted into any of the sixteen available access holes
depending on the region in the cathode under scrutiny. Two of the fibres are
connected directly to a PMT with no spectral resolution, hence observing the
broadband emission. To achieve spectral resolution, light from one optical fibre probe
is coupled to a TJA MonoSpec18 monochromator with a PMT at the output slit. The
signals from the PMTs are acquired, digitised and stored by a fast digitising

oscilloscope.
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Figure A.6: Proposed experimental arrangement for spatially resolved
discharge initiation experiments

At a specified mass flow rate and tip temperature, the keeper voltage is gradually
increased until breakdown of the gas is achieved. Acquisition of the PMT signals is
triggered by the first negative slope on the keeper voltage trace. The broadband PMT

signals are used to establish the speed and extent of plasma establishment in the
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hollow cathode cavity. The reproducibility of the discharge initiation in the T6 (see
sections 2.2.5.2 and 6.2) allows an incremental picture of the process to be pieced
together by repeating the experiment at the same tip temperature and mass flow rate.
Thus by repeating the experiment under the same conditions, a single emission line
can be tracked through the cathode interior (by coupling the monochromator to
sapphire fibres at different locations) or different emission lines can be observed at the
same location. A combination of the two creates a complete picture of the breakdown

plasma, with spectral, spatial and temporal resolution.
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Figure A.7: Proposed experimental arrangement for spatially resolved
spectroscopic measurements of the HC plasma in steady state.

Figure A.7 shows the experimental arrangement for spatially resolved steady state
spectroscopy of the T6 hollow cathode internal plasma. The Oriel MS1271 imaging
spectrograph (section 4.4.1.1) is capable of multi-channel spectroscopy. The output

from each cathode location is imaged separately on the CCD array’s y-axis and the
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results can be read off to produce a picture of the plasma properties at different
locations in the hollow cathode. The keeper and discharge voltages are monitored and
stored using a digitising scope, thus, monitoring the change in plasma properties with

discharge conditions is also possible with this arrangement.

The two studies detailed above constituted the main goals of the development effort.
However, the versatility and novelty of the instrumented T6/optical probe assembly

provides the possibility of several, hitherto unfeasible, investigations. These include:

e Monitoring the temperature distribution over the insert surface:- The use of the
CCD array during steady state enables the observation of the black body radiation
in a given location from the opposite hot insert surface, which can then be used to
determine its temperature, and also the temperature distribution along the cathode

surface.

e [nvestigations on cathode life-limiting factors:- Monitoring barium emission lines
enables direct spectroscopic observation of Ba emission sites and the impact of
changes of cathode operating conditions on evaporation rate. This study would also
be able to qualify the highly complex process of cathode ageing by monitoring the

long term decrease in barium line intensity at the emission sites.

o [nvestigating the role of metastable atoms in the HC discharge:- As mentioned
earlier, the sapphire fibres in the optical fibre probes were designed primarily for
delivery of surgical lasers. This is due to their high melting point and high laser
damage threshold (1200J/cm?). This provides for a unique and interesting
experimental investigation. As has been shown in this thesis, the metastable
population plays a substantial role in determining the starting characteristics of the
HC. Their role in steady state, whether in causing secondary emission from the
insert surface or through secondary gas processes (i.e. Penning ionisation) is,
however, unclear. The instrumented T6/optical probe assembly provides an
opportunity to determine this by enabling a spatially resolved Optogalvanic Effect
Spectroscopy (OGE) of the cathode plasma (refer to section 7.1.1.2). This involves

shining a laser light, of frequencies that depopulate the metastable levels, via the
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optical fibre probes, at a given location in the HC and monitoring the effect on the
voltage-current characteristics of the discharge. Consequently, the study will not
only determine the role of the metastable species but also, where in the HC will

this effect be significant.

A.4 Conclusion

The design of the Instrumented T6 hollow cathode was finalised with DERA in
October of 1999. Work was then directed towards designing and manufacturing the
sapphire probes and the design, procurement and setting up of the experimental
apparatus. These tasks were completed a few months later, which left the hollow
cathode as the only component required to start the experimental side of this work.
Regrettably, the instrumented cathode was a low priority at DERA. In spite of
repeated attempts on our part to induce commencement of construction, they have
failed to deliver the cathode to us. With two and a half years of the PhD already gone,
the situation became intolerable, and this has lead to the abandonment of this project
and to a redesign of the experimental apparatus in the spring of 2001 to conduct the

experiments, which are the subject of the main body of this thesis.

Fortunately, the value and potential of this work was recognised by Dr. S.B.Gabriel,
who instigated another PhD to continue the experimental part of this work. With the
only task remaining being the delivery of the instrumented HC, negotiations with

DERA (now QinetiQ) have finally resulted in the delivery of the HC in May of 2002.

The author is very happy to relate that initial cathode characterisation has shown good
performance, with the access holes not seeming to have an adverse effect [200].
Tentative initial results with the optical fibre probes have led to the detection of the
internal plasma in a HC argon discharge and the observation of several Ar lines. The
results have also indicated a limited extent to the plasma penetration. Furthermore,

some tentative estimates are now being made of the insert temperature.
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With their demonstrated operation, the author believes that the results from the
instrumented HC will indeed go a long way towards reaching a complete
understanding of the physics of hollow cathodes, eventually making, it is hoped, the
task of their design and scaling routine. The sapphire fibre optic probe forms a new
type of non-intrusive diagnostic for in-situ evaluation of plasma properties in harsh,
high-temperature environments. Its unique properties give it a wide scope of
application that extends beyond HC’s, and it is hoped that they maybe used in

applications such as combustion research in the future.

The final figure in this appendix, figure A.8, shows the long-awaited modified T6

cathode.

Figure A.8: Photograph of the completed modified T6 hollow cathode
(Photo courtesy of QinetiQ))
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COMPUTATIONAL MODELLING OF HC
NEUTRAL FLOW

In parallel with the experimental program reported here, a complementary study was
undertaken at the Astronautics Research Group of the University of Southampton to
gain a better understanding of the plasma discharge in the HC via the alternative route
of numerical simulation. This ongoing study by Crawford and Gabriel [25] aims to
model both the neutral gas dynamics as well as concurrently modelling the plasma
dynamic behaviour both inside and downstream of the HC cavity. With the goal of the
study being that the code will ultimately form a design tool tailoring the geometry of
the versatile HC to the variety of propulsive and space charge control applications.
The neutral flow part of this study contributed some useful insight to the analysis

presented in this thesis and deserves special acknowledgement.

The typically rarefied neutral flow through the cathode is modelled using a Direct
Simulation Monte Carlo (DSMC) technique, which takes into account the energy
input into the stream from a heated insert. Only the predictions of the DSMC model
will be discussed here and the reader is directed to the above reference for a detailed
description of the model. The results presented are for the reference geometry shown
in figure B.1, which approximates the enclosed keeper experimental arrangement used
in this work. For a 1mg/s xenon flow adjoining an insert at 1473K (1200°C), figures
B.2 - B.4 illustrate respectively the centreline: neutral number density, gas pressure,
and axial velocity profiles. Figure B.5 shows the radial density drop at an axial

location Imm downstream of the anode facing side of the keeper.
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Figure B.1: Reference cathode geometry [25]
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The neutral gas is accelerated by the expansion to velocities of several hundred m/s.
Upstream of the orifice constriction, the neutral number density is in the 10°m’ range
and the absolute pressure is of the order of 1000Pa. The kink observed downstream of
the cathode orifice corresponds exactly to the position of the keeper, and is found to
disappear in its absence. This is thought to be due to the energy input from the keeper
to the cold expanding gas.
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Figure B.6: Pressure (a) and neutral density (b) as a function of mass flow rate at
various locations (indicated in Figure B. 1) on the cathode centreline.
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Figure B.6 illustrates the model’s predictions for the variation of pressure and neutral
density with 7 at various locations along the cathode centreline. It shows, as would

be expected, that both quantities increase with increasing propellant flow rates.
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Spectral line width and profiles

Ever since the work of Lorentz in 1905, it was recognised that the broadening and
profile of a spectral line is a complex function of the environment of the radiating
atom or ion. Hence it became a useful tool as a non-intrusive probe for the estimation

of the plasma parameters.

The two dominant causes of line broadening are the Doppler effect and the Stark
effect. Table C.1 lists the theoretical line half widths due to pure Doppler broadening
or pure Stark broadening of two prominent hydrogen and helium lines at typical
values of temperature and electron density. This is included to give an indication of
which broadening mechanism is important at a certain combination of electron density
and temperature and the amount of experimental spectral resolution required for
precise measurements. It can be seen that Doppler broadening is independent of
electron density and generally becomes more important at conditions of high
temperature and low plasma density, while the reverse conditions cause Stark

broadening to dominate.

T,=10" °K T,=4x10" °K
ne=10“cm'3 11,3=1017cm'3 n,3=1014cm'3 ne=1017¢111'3
. A4S, 0.42 48 0.42 50
Hp (4861A) -
4A°, 0.35 0.35 0.7 0.7
.| a1s 0.27 24 0.29 32.5
Hell (3203A) 12
AL 0, 0.16 0.16 0.32 0.32

Table C.1: Calculated Stark ( AL, ) and Doppler ( AA [, ) half-widths (in A)
for two prominent lines at typical values of T, and n, [65].
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In this appendix only a brief overview of the mechanisms responsible for line
broadening is attempted. For detailed reviews of this extensive subject the reader is

referred to the works of Griem [59, 201], Wiese [65] and Traving [94].

C.1 Natural broadening

The process leading to natural broadening of spectral lines is easily understood
through classical considerations. According to Maxwell’s equations, an accelerated
charge looses energy by radiation. For an oscillator this energy loss can be envisaged

as a frictional (damping) force acting on the oscillator with the damping constant [94]

Y, = Equation C.1

3
3mc

where w, is the frequency at the line centre. Solving the equation of motion for the
damped oscillator (for y, << ,), then taking the Fourier transform of the
corresponding decaying wave, leads to the so-called Lorentzian profile for the
intensity of an emission line:

1 W,

L(w)=——; - Equation C.2
7w, +(o-w,)

where w,, is the half width at half maximum (HWHM), which is half the width of the
spectral line, in frequency units, at the point where the intensity reaches half its
maximum value. The full width at half maximum (FWHM) of the line in wavelength

units is independent of wavelength (A), and is given by:

= 27[027/(' = 47[6; =1.18x10 nm Equation C. 3

w 3mc

0

Ad,,

Thus, because of its small value, natural line broadening is always negligible in

applications of plasma spectroscopy.
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C.2 Doppler broadening

The motion of the radiating particles towards or away from an observer results in a
Doppler shift in the observed wavelength of the emitted line. For a radiating particle
having a velocity component u, in the direction of observation, the wavelength

appears shifted from the central wavelength 4, by an amount:

M=+2) Equation C. 4

0
C

Assuming that the velocities of the emitting particles are purely thermal, and hence
described by a Maxwellian distribution, the fraction of particles moving in the line of

sight with velocity components between i, and u+du, is given by:

dN _ __1_1_ exp _[/1 4, ] d(4A) Equation C.5
N ﬂA Ad, A4,

With the Doppler width A4, defined as:

Al =u/c)d Equation C.6

172

where u = (ZRT/ ,u) is the most probable particle velocity, R is the gas constant

and y is the atomic weight.

In a plasma that is optically thin, the intensity I of an emission line is proportional to
the concentration of radiating particles. Thus for a purely Doppler broadened line, the

line profile, in the wavelength interval A4 =A— A, has a Gaussian profile given by:

0’

I a4 Y .
L(4A)= A exp{— (A/lo j } Equation C.7

Where I, is the total line intensity. From equation C.7, we can see that, at the point

where the line intensity reaches half its maximum value, the full width at half

maximum is:
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AR =2 (22 44, =7.16x107 A(T/ u)*  Equation C.8

A being in angstroms and 7 in °K units. Hence, Doppler broadening is most

pronounced for lines from light atoms at high temperature.

C.3 Stark broadening

Stark broadening is a special case of the more general pressure broadening, which is
the collective name for the phenomena of line broadening due to the interaction of the
emitting species with the surrounding particles. Pressure broadening can be due to
interaction of the emitters with either 1) atoms of the same kind (resonance
broadening), or ii) atoms or molecules of a different kind (Van der Walls broadening),
or iii) charged particles, i.e., ions or electrons (Stark broadening). In plasmas with at
least 1% ionisation, the neutral particle broadening mechanisms are negligible and the
long range Coulomb perturbations, represented by Stark broadening, predominate

[65].

The presentation of the highly complex theory of Stark broadening and its general
validity criteria is far beyond the scope of this work. In order to calculate the Stark
broadening of an emission line of a given element, the Stark parameters must be
known for the experimental conditions. These are derived for the element through a
process of complex theoretical calculation and experimental verification. The Stark
broadening of the more intense hydrogen lines is well documented [65]. The
relationship between the experimental FWHM and the electron density, for the
hydrogen alpha and Balmer lines, can be given by:

A, ,,=2.5x107a,,, n,> Equation C.9

1727

Here «,,, is the theoretical half width of the reduced Stark profile. The theoretical

situation for heavier elements is less developed, particularly for those of interest in ion
thrusters (namely Xe), where there is a lack of extensive reliable information on the
theoretical Stark broadening of their lines. Investigators in such a position usually

resort to introducing an impurity concentration of hydrogen into their plasmas, and

291



APPENDIX C SPECTRAL LINE WIDTH AND PROFILES

use the well known broadening parameters of the resulting hydrogen lines to infer
their plasma properties. This approach was attempted by Monterde [115] and
Malik[101] in their respective studies of the HC internal plasma, where the xenon
plasma was seeded with a hydrogen impurity concentration of around [00ppm. Both,
however, could not detect any of the hydrogen lines. This is due to the inherent
limitations of this method: the amount of hydrogen doping has to be small since even
low concentrations of impurity can perturb overall plasma behaviour [17]. As a

consequence, the hydrogen emission was too weak to be useful in the HC discharge.

To conclude, spectral line broadening can be a useful tool in the non-intrusive
measurements of plasma properties. However, its utility for the plasmas of interest in
this work is tempered by the complexity of the theoretical treatment and the lack of

extensive information on many of the heavier elements.
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