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Abstract

Magnetoplasmadynamic (MPD) thrusters have demonstrated performance
and power handling capabilities which make them attractive for use on thrust-
intensive and high energy missions, such as Earth to Mars transfer of a cargo
vehicle or a crewed Mars mission. However, the performance and lifetime
demonstrated so far with gaseous propellants are at best marginal for these
missions. Thermionic cathodes have been long identified as the run-time
limiting components in both steady-state and pulsed devices making them a
priority in the development of future high power MPD thrusters.

In this dissertation, an experimental and theoretical investigation of high-
current hollow cathodes performance is carried out to provide guidelines for
scaling and increasing MPDT lifetime. It is found that, whether the cathode
technology, quasi-steady application results in erosion rates not compatible
with any real mission duration. As a consequence, a theoretical model is
derived for the performance evaluation of steady-state thermionic cathodes
and verified by comparison with experimental data available in the literature.
The model includes the effect of non-equilibrium multi-step ionization and
allows for estimation of the plasma penetration length. It is shown that the
cathode operative temperature can be effectively reduced by using low-work
function refractory ceramics or by seeding the gaseous propellant with alkali
metal vapours. However, since the seed neutral number densities required for
an effective covering of the surface are in the order of the propellant density or
higher, an emitting layer can be maintained only at very high seed mass flow
rates. It is thus concluded that the use of non-diffusing low-work function
insert is preferred.

The physical insights obtained from this study can aid in defining design
criteria and general guidelines for high-current hollow cathode design and
performance evaluation.



Acknowledgements

I wish to express my sincere gratitude to my thesis advisor, Professor M.
Andrenucci, for his guidance and motivation during the course of this inves-
tigation. Special thanks are also extended to Professor F. Paganucci for his
enlightening discussion concerning this work.

Finally, and most importantly, I would like to thank those closest to me. 1
thank all my friends for sharing with me some of the most precious moments
of my life. I am greatly indebted to my parents and brothers for all the
moral support and for their unshakable confidence in my abilities for which
my mere expression of thanks likewise does not suffice.

A very special thank-you goes to my wife Chiara for her relentless encour-
agement and loving support through both the good times and bad times.

Introspection

It comes the time to say ”this is it”, to stop adding paragraphs to a document
that will neither be as clear nor as extensive as I would like it to be and admit
to myself that I did my best.

This thesis has had a complicate evolution throughout the four years of my
PhD. Plans had to change, the title itself changed twice since the start and
I had many difficult times that made me question my skills, my inclination
and ultimately my direction in the years to come. But I did not give up,
thanks to the support from the people around me.

Now that it is almost done, I stop and think for a while. So I realize that the
most important thing I have learnt during this PhD is the incredible extent
to which scientific research can be frustrating: whenever one is trying some-
thing new, there is just no way to tell how it will end up, to guess whether
any interesting result will come up at all.

When I started this long journey, I thought it was the new discovery, how-
ever small, that would make me happy and give me the energy to keep going.
Never mind how difficult the path, because the nice part of researching is
finding. Yet, it was difficult to realize that I was completely wrong. With
such an attitude, I had a very hard time and I was not happy at all, my mind
was not focussed and doing a good job became more and more challenging.
Eventually, I understood that I had to love what I was doing every day, re-
gardless of the results I was getting. Only loving doing research and not the
results of the research there is a chance to become a good researcher.

A peaceful mind works better and results come spontaneously. Perhaps.



Contents

MPD Thrusters and Cathode Operation

Introduction

1.1 Electric Propulsion - Overview . . . . .. ... .. ..
1.2 The MPD Accelerator . . . . . . . ... ... .....
1.3 Hollow Cathode Operation . . . .. ... ... ....
1.3.1 Multi-channel Hollow Cathode . . . . . . . ..
1.3.2 Orificed Hollow Cathode . . . .. .. ... ..
1.4 Dissertation Objectives and Outline . . . . . . . .. ..

Experimental Investigation

2.1 MPD Thruster Design . . . . . .. ... ... .....
2.2 Apparatus and Diagnostics . . . . ... ... ... ..
2.3 Results and Discussion . . . . .. ... . ... ....
2.3.1 Data Reduction . . . ... ... ... .....
2.3.2 PerformanceData . . . ... .. ... ... ..
2.4 Cathode Operation . . . . . ... ... ... .....

MPD Thruster Theoretical Model

3.1 Phenomenological Performance Model . . . . . . . ..
3.2 Theoretical Results and Insights . . . .. .. ... ..
321 Alta100-kW . . . . . ...
3.2.2 Hybrid Plasma Thruster . . . . . . .. ... ..

Physical Processes in Hollow Cathodes

Electron Emission Physics

4.1 Thermionic Emission Fundamentals. . . . . . . . . ..

© g W W

15
15
16
19
19
19
23

27
27
33
33
34

37

39



iv CONTENTS

4.1.1 The Value of A in Thermionics . . . . . ... ... ... 42

4.1.2 The Nature of the Work Function . . .. .. ... ... 43

4.1.3 Electron Emission in Accelerating Fields . . . . . . . .. 44

4.2 Theoretical Model for Thermo-Field Emission . . . . . . .. .. 46
421 Results. . ... ... .. ... 49

4.3 Low-Work Function Coatings . . . . . .. .. .. ... ..... 53
4.3.1 Work-Function of Surfaces with Adsorbed Layers . . .. 55

4.3.2 Adsorption Isotherms . . . . .. . ... ... ... ... 59

5 lonization Processes in Hollow Cathodes 67
5.1 The lonization Region . . . . . . . . .. ... ... ... ..., 68
5.2 Physical Processes in the lonization Region . . . . . ... ... 71
5.2.1 Electron Relaxation and Thermalization Times . . . . . 71

5.2.2 Gas Heating Mechanisms . . . . . ... .. ... ... .. 74

5.3 Multi-step lonization Model . . . . . . . .. ... ... ... 80

6 Fundamental Erosion Processes 87
6.1 Cathode Erosion in Quasi-Steady MPD Thrusters . . . . . . . . 87
6.1.1 Physical Characteristics of Type-2 Spots . . . . . . . .. 88

6.1.2 Determination of the Main Erosion Mechanism . . . . . 89

6.2 Cathode Erosion in Steady-State MPD Thrusters . . . . . . . . 91
6.3 Recommendations for Improving Cathode Lifetime . . . . . . . . 92
6.3.1 Alternate Cathode Materials . . . . .. ... ... ... 93

6.3.2 Dispenser Cathode . . . . . ... .. ... ....... 94

6.3.3 Propellant Seeding . . . . . ... ... 94

7 Hollow Cathode Theoretical Model 97
7.1 Hollow Cathode Performance Model . . . . . .. .. ... ... 97
7.1.1 PlasmaModel . . ... ... ... ... ... ... ... 98

7.1.2 Cathode Heating and Pressure Model . . . . . . . . .. 101

7.1.3 Plasma Penetration Length . . . . . ... ... ... .. 103

7.1.4 Analysis of the Neglected Processes . . . . . ... ... 103

7.2 Theoretical Results . . . . ... .. ... ... ... ...... 104
7.2.1 Effect of the Propellant Seeding with Cesium . . . . . . 108

7.3 Hollow Cathode Design: Rules of Thumb . . . . .. ... ... 109

8 Conclusions 113
8.1 Summary of Major Results . . . . . ... ... ... ... .. 113
8.2 Recommendations for Future Developments . . . . . . .. ... 115

Bibliography 116



CONTENTS v

List of Figures 135

List of Tables 139



Part |

MPD Thrusters and Cathode
Operation






Chapter 1

Introduction

The idea of using electrical means to propel a spacecraft was formulated as
early as 1906 by Robert H. Goddard and independently described by Tsi-
olkovsky in 1911 [1]. Goddard believed electric propulsion would ”go forward
at some time in the future, as interest in the subject refuses to die, in spite
of the frowns of some authorities” [2]. He left the work of achieving scientific
respectability to others like Herman Oberth in Germany and Shepherd in
Britain. The first systematic analysis was undertaken by Ernst Sthulinger
who, during the period from about 1929 to early 1950’s, showed that practi-
cal electric propulsion system could be made offering substantial performance
gains over chemical rocket systems. It is interesting to reflect on the fact that
the primary concern of the early electric propulsion visionaries and pioneers
was with the prospect of human piloted interplanetary travel, which still re-
mains the raison d’étre of the electric propulsion to the present day. In the
recent past, both Russian and American scientists have considered again the
manned mission to Mars as a viable long-term goal encompassing great op-
portunities for the future of humankind. Perhaps electric propulsion will play
a vital role in turning this long-held dream into reality.

1.1 Electric Propulsion - Overview

The objective of all rocket systems is to induce a reaction force by expelling
mass drawn from propellant tanks onboard a spacecraft. The magnitude of
this force is given by the expression

T = () | (1.1)

where (rhu.) represents a mean value of the product of propellant flow rate
and velocity component along the thrust axis. The effect of applying such
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a force on a space vehicle in an environment where gravitational forces are
negligibly small is to change the velocity of the vehicle itself by an amount
given by

Av = (u) In [m} , (1.2)

where (u.) is the mass-averaged value of the propellant exhaust velocity mea-
sured relative to the thruster along its axis while m; and m are the spacecraft
masses before and after the thrusting event, respectively. For a particular
propulsion system to be attractive, its mass should be small, as should the
propellant mass Am = m; —my required to accelerate the final mass through
the velocity change Av. However, it is apparent from equation (1.2) that sub-
stantial changes in vehicle velocity, i.e. interplanetary missions, necessitate
a very large initial-to-final vehicle mass ratio unless the propellant exhaust
velocity is also large.

The great advantage of the electric propulsion over conventional chemical
rockets is that the exhaust velocity (or specific impulse!) capabilities of elec-
tric thrusters are much greater and, as a result, the amounts of propellant
required for a typical mission can be orders of magnitude lower. Since the
cost for launching a satellite into low Earth orbit (LEO) is currently around
20 k$/kg, the benefit of using electric propulsion systems is evident.
Considering equation (1.2) alone might lead to conclude that the optimum
exhaust velocity for a spacecraft approaches infinity. Generally, this is not the
case since an energy source is also required so that a mass penalty associated
with supplying this energy must be taken into account. In the case of chem-
ical thrusters the energy is stored in the combustible fuel/oxidizer mixture.
For an electric thruster, however, an external power source is required and its
mass must be subtracted from the final mass to determine the useful payload
delivered. The ratio of the electrical power Pg to the mass of the power plant
mp is defined as « and is referred to as the specific power. Its value hinges
on technological advances and the electric thruster module configuration. At
present, typical values of « range between 100 and 200 W /kg. The impact
of the specific power on the optimum exhaust velocity is defined, in turn,
by a number of mission considerations which reflect the fact that electric
thrusters tend to be power limited rather than energy limited. In addition,
even though a high exhaust velocity is mass-efficient, trip times using contin-
uous, low-thrust trajectories may be longer than that for chemical propulsion
using impulsive maneuvers. For a constant acceleration, a = T'/Mg, where

!The specific impulse is historically used as a thruster performance parameter. It is
defined as the thrust per unit earth-weight propellant consumption rate and it is approxi-
mately equal to the mean exhaust velocity divided by the sea-level gravitational accelera-
tion, Isp = (ue)/go. It is expressed in units of seconds.
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T is the thrust and Mg is the mass of the spacecraft, the trip time can be
expressed as the total velocity change divided by the average acceleration of
the vehicle, namely 7 ~ Awv/a. Since typical values for the acceleration are in
the order of 107 go, for a 5 km/s Av mission a total thrusting time of about
8 weeks is needed. It is apparent, therefore, that a time penalty for operating
at low continuous thrust must be considered. However, the optimum exhaust
velocity of an electric thruster delivering a given payload in a reasonable time
lies in the 10! — 102 km/s range [3]. Such exhaust velocities are still an order
of magnitude greater than those for the best chemical rockets and, as a result,
the initial masses of electrically propelled vehicles are substantially less than
those for chemical systems delivering the same payload.

Since Goddard’s early work, it has been recognized that plasma thrusters
can be classified according to the mechanisms for plasma production and
acceleration. Plasma production and heating is achieved by either direct-
current biased electrodes or alternate current antennas. Plasma acceleration
mechanisms are best identified in the MHD momentum equation,

Vopuu=¢ey(V-EYE+jxB-V-P, (1.3)

where p is the mass density, u is the fluid velocity of the plasma, j is the
electric current density, P is the pressure tensor, g is the vacuum permittiv-
ity while E and B are the electric and magnetic fields, which can be either
applied externally or self-induced by the plasma. Both p and u are deter-
mined by the massive ions, while the main contribution to 5 comes generally
from electrons. The prevalence of any of the three terms on the right-hand
side of equation (1.3) classifies a plasma device as electrostatic, electromag-
netic or electrothermal thruster. However, this classification is by no means
exhaustive and some concepts may fall into more than one category.
Electrothermal devices, such as arcjets, involve electrical heating and subse-
quent acceleration of a propellant through a nozzle to induce a reaction force.
The maximum temperature of the working gas is limited by the melting tem-
perature of the thruster structure. Since I, o VT, the operative tempera-
ture places a ceiling on the specific impulse that electrothermal thrusters can
actually attain, typically between 500 and 1200 seconds [4]. Moreover, the
high temperature of the thruster walls limits the lifetime of the arcjet to no
more than 10% hours [5].

Electrostatic devices, such as ion thrusters (GIT), rely on Coulomb forces to
accelerate a propellant composed of charged particles. Since the magnetic
field is negligible in the acceleration region, the electrostatic thrusters must
have a non-zero net charge density pe to generate thrust. In electron bom-
bardment ion engines, ions are created by bombarding the neutral flow with
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high energy electrons. The ions are then accelerated to energies of few keV
by a pair of grids biased at different voltages [6]. Downstream of the accel-
eration region a hollow cathode is required to supply electrons into the ion
beam to prevent spacecraft charging. The main drawback of ion engines is
the space-charge limited ion current density as given by the Child-Langmuir
law, namely j; o V3/2 where V is the applied voltage. The previous relation
explains why the ion thruster is a high-voltage, low-current device encom-
passing a bulky and sophisticated power processing unit [7, §].

Hall effect thrusters (HET) are a widely commercialized electric devices in
direct competition with the ion thrusters. Since its introduction in the field,
there was considerable discussion about the classification of such thruster
according to its acceleration mechanism. In the light of equation (1.3) the
HET is an electromagnetic plasma accelerator, where the plasma momentum
gain comes mainly from the magnetic force due to the interaction between
the azimuthal current density and the applied near-radial magnetic field [9].
However, at the kinetic level, the axial Lorentz force which transfer the thrust
to the thruster body through the magnetic field lines comes mainly from an
electrostatic acceleration of the unmagnetized ions by the ambipolar electric
field created in the plasma volume [10]. Moreover, since the condition of
quasi-neutrality is satisfied within the closed-drift region, there is no limita-
tion on the attainable ion current density by space-charge effects. All in all,
the discussion about its clssification seems to be somewhat academic since
the Hall accelerator may be thought of as a crosslink between an ion engine
and an electromagnetic thruster. Considering that in a HET the thrust scales
as T o vV much like the ion thrusters, it was decided to include it among
electrostatic thrusters. A Hall effect thruster typically operates with xenon
as propellant at discharge voltages in the range 200-400 V. These thrusters
achieve specific impulses of 1500-2000 s with thrust efficiencies in the 45-55%
range.

Electromagnetic devices, such as magnetoplasmadynamic (MPD) thrusters,
are characterized by a net-current free plasma so that no external neutralizer
is required. When operated in the pure electromagnetic regime, i.e. magnetic
Reynolds number much greater than unity, the plasma acceleration comes
from the interaction between the magnetic field, either externally applied or
self-induced, and the discharge current density [11, 12]. Since the transition
between the electrothermal to the electromagnetic regime requires discharge
currents of few thousand amperes [13], the MPD thruster is a high-power de-
vice only. The current lack of such outstanding in-space power plants along
with its modest thrust efficiency (<40% using noble gases) have hampered
the development of such a thruster, relegating it to a status of laboratory
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technology in need of much refinement [14, 15].

1.2 The MPD Accelerator

Magnetoplasmadynamic (MPD) thrusters? are simple and compact devices
that rely on steady-state crossed electric and magnetic fields to produce a
continuous stream of high-velocity plasma. Among its many engineering
attractions, MPD propulsion system can count a wide range of attainable
exhaust velocities, thrust densities of 102 — 10% N/m?, utilization of a broad
gamut of space-compatible propellants, minimal power-processing interfaces
to space power sources and good ranges of in-flight throttleability. Among
its potential debits are its low efficiency of conversion of input power to axi-
ally directed plasma acceleration, reduced lifetime associated with electrodes
erosion and the onset of a strongly unstable regime when operated above a
critical value of the discharge current for a given mass flow rate. Despite all
shortcomings, MPD thrusters still basically remain the only possible option
among electric propulsion concepts for future interplanetary missions.

The MPD plasma accelerator consists of a central cathode, an annular coax-
ial anode and a suitable interelectrode insulator, configured in variations
like those sketched in Fig. 1.1. The propellant, either noble gas or metal
vapor, is introduced axially through the backplate or through a central hol-
low cathode, whereupon it is ionized by its passage into an intense radial,
azimuthally uniform, electric field. When the self-generated azimuthal mag-
netic field interacts with both radial and axial arc current, an axial and radial
body-force component is exerted on the plasma stream, directly accelerating
it downstream and compressing it toward the thruster centerline. Subsequent
axial expansion combined with the direct axial acceleration, yields to exhaust
plume velocities in the order of 10! — 102 km/s and thrust levels in the range
10~ — 102 N. The optimum power range for the operation of such accelera-
tors is delimited on the underside by the desirability of full ionization of the
propellant along with fractionally small electrode losses while, on the topside,
by the onset of plasma instabilities and untoward erosion of the electrodes.
It has been theoretically shown by Alvén [16] that full ionization is attained
for a total arc current I higher than a critical value given by

. 11/2 1/4
m 2e;
Iy = {b] []\Lj ) (1.4)

2The appellation "MPD arcjet” is sometimes used, especially in the Japanese literature.
It is advisable to avoid using the term arcjet since it has traditionally been reserved to
denote a class of arc-heated electrothermal devices in which electromagnetic effects are not
dominant. Antiquated names like ”"plasma-jet engine”, "plasma jet boosters” and "plasma-

tron” appear in the older and Soviet literature.
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Figure 1.1: lllustration of self-field and applied-field MPD thrusters

where ¢; is first ionization potential of the propellant, M, is its molecu-
lar weight and b = T/I? is the electromagnetic thrust parameter, typically
b~ 2x 1077 N/A? [14, 17]. Using 3 g/s of argon, I; is then about 12
kA, at which current the terminal voltage settles to about 10? V yielding to
a thrust of 25 N and a total power of about 1 MW. Moreover, the anode
fall voltage was found to be almost constant over a wide range of discharge
currents resulting in a decreasing fraction energy deposition with increasing
total power, so that the anode fall reaches tolerable proportions only in the
megawatt range [18]. It is thus clear that self-field MPD thrusters operate
most efficiently in the 10° — 10! MW power range, which is more than an
order of magnitude higher than the available power on-board present space-
crafts. In addition, since the acceleration mechanism based on the Lorentz
force relies upon collisional momentum transfer between electrons and ions,
the inherent frictional dissipation limits the maximum attainable thrust effi-
ciency at 65 — 70% [19-21].

Nevertheless, it was found that the addition of an applied magnetic field
arranged so as to diverge in a nozzle fashion toward the exit significantly
increases the thruster performance at power levels lower than 500 kW [22].
The applied longitudinal magnetic field induces an azimuthal current in the
plasma so that the resulting axial Lorentz force adds to the contribution of
the self-field By, the radial applied field B,, namely f = j.By — jyB,. Since
By o< I, at low discharge currents the self-field is negligible and the applied-
field MPD thruster should be considered as an independent thruster with
T « BI in contrast to self-field MPD thruster where T oc I? [11, 23].
Beyond the realism of available in-space power sources, the upper bounds on
MPD operation are set by excessive electrode erosion rates and the incep-
tion of the so called onset phenomena which induce intense fluctuations of
thruster terminal voltage. Even though the number of contributions to this
topic is enormous, embracing a host of different physical phenomena, most of
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the accepted theories fall into two categories: plasma instabilities [24-26] and
anode starvation [27-29]. As a matter of fact, any current-carrying plasma is
potentially unstable to oscillations of character and frequency dependent on
the plasma state and the magnitude of the current driven through it. These
oscillations are manifested in local plasma densities, electric fields, electrical
conductivity and other transport processes that may precipitate macroscopic
instabilities, enhanced internal dissipation and electrode erosion. The anode
starvation model, which is often referred as the triggering mechanism for
plasma instability, argues that the radially inward directed component of the
Lorentz force reduces the density of charge carriers nearby the anode up to
the point at which it can no longer collect the total current imposed by the
external circuit. As a result, the current transport to the anode is largely
inhibited leading to the so called current saturation, which is supposed to
trigger a macroscopic unstable behavior of the accelerator. At whatever level
of sophistication these issues are approached, the essential point is that any
anomaly, by definition, is a significant departure from some pattern of es-
tablished behaviour which, for MPD accelerators, is yet to be fully defined.
Clearly, some understanding and control of such anomalies is requisite to the
enhancement of MPD thruster performance.

Considerable experimental studies of electrode erosion processes have also
been undertaken, reaching its most sophisticated form in a sequence of ra-
dioactive surface-layer ablation studies that can track monolayer erosion rates
inside an operating thruster as functions of positions and time [30]. Such
studies have identified the cathode as the primary limiting component of the
thruster assembly. Since the erosion processes depend on a complex coupling
between plasma discharge characteristics, plasma-wall interactions and elec-
trode phenomena, a deeper theoretical and experimental understanding of
the factors driving the cathode phenomena is of paramount importance for
the lifetime prediction of MPD thrusters.

1.3 Hollow Cathode Operation

In its simplest configuration, a hollow cathode consists of a thin-walled refrac-
tory metal tube operating at surface temperatures high enough to guarantee
a proper electron thermal emission, i.e. between 2500 and 3000 K. This
configuration is usually called open-channel or single-channel hollow cathode
(ScHC) and is shown in Fig. 1.2. The thruster propellant, or a significant
fraction of it, must be supplied through the cathode while an anode, located
downstream of the cathode exit section, establishes the potential needed for
the self-sustainment of the arc discharge. Under these conditions a dense
nearly-Maxwellian plasma is formed within the tube. Typically, the cathode
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interior plasma is characterized by modest electron temperature and plasma
potential, namely 7T, ~1 —2¢eV and V ~ 10 V.

Electrons emitted from the cathode surface via field-enhanced thermionic pro-
cess are accelerated into the plasma bulk through the sheath. These electrons,
also known as primary electrons, acquire sufficient energy to enable ioniza-
tion of the neutral atoms through multi-step inelastic collision processes. The
region of the cathode from which electrons are emitted, called active zone,
is located adjacent to the exit section of the tube [31]. The length of this
region is in the order of the mean free path for energy exchange, A*, due
to the degrading collisions between the primary electrons and either neutral
atoms or thermalized electrons [32]. Each primary electron yields, on the av-
erage, one additional electron due to ionization, meaning that the volume and
surface processes equally share the total discharge current. Neither emitted
electrons nor thermalized electrons can reach the cathode surface, because
of the adverse potential gradient which exists at the cathode sheath. As a
consequence, they leave the cathode cavity at their rate of supply so that in
the plasma bulk the current conduction is electron-dominated. Moreover, the
electrostatic confinement of the primary electrons force them to expend most
of their energy in ionization and excitation events leading to a higher ion-
ization efficiency with respect to conventional solid rod cathodes [33]. Since
the sheath thickness is on the order of several Debye lengths, Ap o< \/T¢/ne,
and in high current plasmas this is typically less than a mean free path for
ionization, the sheath region can be considered collisionless. Ions created in
the cavity bombard the internal surface, helping the cathode to maintain the
temperature needed for the thermionic electron emission. It is interesting
to note that since in the bulk plasma most of the current is carried by the
electrons while in the sheath region a substantial fraction of the current must
be carried by the ions to generate the positive space charge that shields the
plasma from the cathode potential, a zone over which a transition between
these two current conduction mechanisms occurs must exists. This region
is known as ionization zone and is of primary importance in the physics of
hollow cathodes. If the cathode wall is fully catalytic, all the ions recombine
at the internal surface and re-enter the plasma bulk as neutral atoms. The
required rate of neutral atom supply is determined by the need of maintain-
ing \* oc ng V'~ D¢, where ng is the neutral number density and D¢ is
the cathode diameter [32]. Unfortunately, when working at high currents,
as for MPD accelerators, the tube diameter must be large in order to main-
tain the current density below the critical value for which the lifetime of the
cathode would be unduly curtailed, typically 105 N/m?2. In this case the
mass flow rate must be greatly increased to guarantee proper operation of
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Figure 1.2: lllustration of hollow cathode configurations

the cathode, thereby reducing the performance of the propulsive system. To
overcome this limitation, two variants of the open-channel configuration were
developed: the multi-channel hollow cathode (McHC) and the orificed hollow
cathode (OHC).

1.3.1 Multi-channel Hollow Cathode

A multi-channel hollow cathode consists of a refractory metal tube containing
several longitudinal, parallel channels through which the gas flows into the
thruster acceleration chamber. Such a structure can be achieved by laser-
drilling longitudinal holes in a solid metal plate placed on the downstream
end of the cathode or by introducing a bundle of refractory metal rods where
channels are created by the inter rod spacing. Once the discharge has been
ignited, the rods fuse together creating a single structure with the external
tube. Each of those channels can be thought as a ScCHC characterized by a
large axial pressure gradient along its length. However, unlike ScH cathodes,
thermal conductive and radiative losses are greatly reduced in McHC for
mere geometrical reasons since a fraction of the outward radially directed
energy from each channel is transferred to the contiguous ones. The improved
thermal coupling between the channels leads to a reduction in the discharge
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voltage for a given operating temperature [34]. Although McH cathodes are
well suited for MPDT applications due to their limited gas flow consumption,
previous studies indicate that no substantial reduction in wall temperature
can be accomplished through simple geometric changes of the electrode [35].
As a matter of fact, McH cathodes were employed almost exclusively on
lithium-fed MPD thrusters (LiLFA), where the observed negligible cathode
erosion is much likely due to alkali-induced work function reduction rather
than to the multichannel technology itself [36].

1.3.2 Orificed Hollow Cathode

An orificed hollow cathode, like the one shown in Fig. 1.2, consists of a
refractory metal tube that is electron-beam welded to an orifice plate. These
cathodes usually come with a low-work function insert located within and
electrically connected to the main tube. Before the discharge initiation, the
emitter is heated to thermionic emission temperatures by an external source,
typically a resistive heating element in physical contact with the exterior of
the tube. The orifice plate serves as a physical barrier acting to retain the
neutral gas pressure inside the insert region, increasing the propellant stay-
time and thus the ionization probability. Most of the pressure gradient is
located within the orifice, so that the inert region acts as a reservoir for the
propellant with a nearly constant total pressure.

Orificed hollow cathodes are generally classified according to the nature of
the emitting surface used, namely dispenser cathodes, rare-earth cathodes
and elementary emitters. The insert of a dispenser cathode consists of a
refractory-metal porous matrix filled with an emissive compound such as Ba
or Sc carbonates. The porous metal matrix acts as a reservoir from which the
emissive material can diffuse to the surface where a low-work function active
layer is formed. Even though no other cathode can provide the same stability
of operation and the low work function of the dispenser cathodes (~ 2 eV'),
they are prone to oxygen contamination. Since no chemistry is involved in
establishing the low work function surface, rare-earth emitters, such as LaBg
and C'eBg, provide a superior resistance to contaminants ad moisture along
with a reduced evaporation rate at the additional cost of a fairly higher work
function (~ 2.7 eV'). Finally, elementary emitters have no low-work function
insert and no external heating device so that the electron emission is directly
from the walls of the main tube. Since typical work functions of refractory
metals are about 4.5 eV, this type of electron source has a lifetime of no more
than few hundred hours. At the discharge currents inherent in MPD thrusters
(~ 10 — 10* A), the use of dispenser hollow cathodes is largely hampered
by the excessive evaporation of the emissive compound [37] and elementary
emitters have been long recognized as impractical for long-duration missions
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due to their excessive erosion rates [38]. Pioneering works of Goebel showed
that rare-earth emitters are suitable for prolonged operations at few hundred
amperes maintaining the lifetime in the 10% — 10* hours range. These results
are encouraging and may pave the way for substantial improvements in the
lifetime of MPD accelerators [39, 40].

1.4 Dissertation Objectives and Outline

The ultimate goal of the present research is to get a deeper insight into the
physical processes involved in the cathode of an MPD thruster. Interest in
such processes derives from the need to achieve design guidelines to narrow
the gap towards space-qualified accelerators. To achieve this goal both ex-
perimental and theoretical methods were used with a particular focus on the
following questions:

o What are the dominant power dissipation components in MPD thrusters?

Which is the dominant power sink in MPD thrusters and how different
plasma parameters and material properties affect the power distribu-
tion?

o What are the main physical processes determining the performance of
hollow cathodes?

Specifically, what is the main electron emission mechanism? Which is
the dominant ionization mechanism in high-current hollow cathodes?
Is it possible to derive simple scaling relations for the cathode behavior?

o [s it possible to devise a method to extend the cathode lifetime?

Since the lifetime is directly tied with the cathode temperature, is there
any mean to significantly reduce the maximum cathode temperature for
a given operative condition?

Using both empirical data and theoretical models, this thesis attempts to
draw conclusions for each of the above questions.

The remainder of this dissertation presents the theoretical models and the ex-
perimental data used to validate them. Chapter 2 describes the experimental
apparatus, the testing facility and illustrates the main results of the exper-
imental investigation. Chapter 3 is devoted to the analytical performance
model used to derive physical insights on the power distribution in MPD
thrusters. In the same Chapter, the theoretical results are then compared
to the experimental data. In Chapter 4 and Chapter 5 the main electron
emission and ionization mechanisms are reviewed and simple models for the
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field-enhanced thermionic emission and for the multi-step ionization in a hol-
low cathode are presented. In Chapter 7 a model for the prediction of the
voltage drop, the temperature and the plasma penetration length is formu-
lated and validated against the experimental data. Finally, in Chapter 8 a
summary of the most important findings is presented along with a discussion
concerning the open questions raised during this work.



Chapter 2

Experimental Investigation

In this section the results of the experimental campaign concerning the 100-
kW AF-MPD thruster are presented and discussed'. The primary goal of
these experiments was to assess the thruster performance in terms of thrust,
thrust efficiency and specific impulse. Moreover, a multi-channel hollow cath-
ode (McHC) was employed in the present experiments to investigate the effec-
tiveness of such a technology in pulsed, quasi-steady applications. The data
collected provided a complete characterization of AF-MPDT operation and
significant insights into McHC behaviour. In addition, the results acquired
in these experiments have been obtained extending the current pulse dura-
tion to 0.5 s allowing for a time-resolved thruster measurement. The present
data indicate that the thrust scales linearly with the product of the discharge
current and the applied magnetic field strength suggesting the predominance
of the swirl acceleration mechanism in the thrust generation. Moreover, the
use of a central McHC did not provide substantial benefits in terms of termi-
nal voltage or erosion rate even though some significant insights into hollow
cathode operation were achieved.

2.1 MPD Thruster Design

A coaxial plasma accelerator driven by protracted pulses of current in the
range of 102 — 10 A and synchronized mass flow rates from 60 to 120 mg/s
of argon was designed and tested. The thruster, designed after the Russian
"Ageyev-type” high-current plasma accelerator and shown in Fig. 2.1, em-
ployed a central multichannel hollow cathode and a coaxial flared anode [35].
A molybdenum alloy (TZM) cathode with an inner diameter of 40 mm and

!The experimental results discussed in this chapter were presented at the 32nd Interna-
tional Electric Propulsion Conference held in Wiesbaden, Germany [41]



16 2. Experimental Investigation

Insulator

*\f\—l Solenoid

Gas Inlet Anode

Cathode

i

T

Electrical 3 ]‘

Connector

Figure 2.1: Schematic of the 100-kW AF-MPD thruster

a wall thickness of 2 mm was used. The inside of the cathode was tightly
packed with 330 W-La rods of 2 mm diameter and 40 mm length each. The
open cross section after filling, A,, was about 220 mm?, leading to a packing
porosity of approximately 17%. A slightly divergent (a ~ 20 deg) oxygen-
free copper (OFC) anode having a minimum diameter of 100 mm was used
for a maximum anode-to-cathode radius ratio R = R, /R, of about 3. The
anode and the cathode assemblies were electrically insulated form each an-
other by an acetal resin (Delrin® 100 NC010) flange. The use of copper
and non-refractory ceramics is justified by the negligible thermal loads when
the thruster is operated in pulsed regime. Clearly, steady-state operations
require a fairly different material selection. The applied magnetic field was
provided by a 430 turns coaxial solenoid capable of generating a magnetic
field strength up to 130 mT with a current of about 60 A. The solenoid was
designed to minimize the total mass (mg ~ 5 kg) and the thermal power
losses (Ps < 5 kW) at the nominal magnetic field of 80 mT as measured
on the thruster centerline at the cathode tip. In this condition the applied
magnetic field strength is of the same order of magnitude of the self-induced
one, namely B = By/Bgy ~ 4.

2.2 Apparatus and Diagnostics

The measurements reported herein were conducted in the IV-10 facility at
Alta. The chamber consists of a cylindrical stainless steel section of 10 m in
length with an inner free diameter of about 6 m. The pumping system con-
sists of eight pumps and five cold panels capable of an ultimate vacuum level
lower than 2-10~Y mbar and a pumping rate of about 300,000 1/s (for xenon).
The pressure was monitored by three Leybold-Inficon ITR90 Pirani/Bayard
sensors placed symmetrically on opposite sides of the vessel. The vacuum
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chamber operated at a base pressure in the low-10"° mbar range and ap-
proximately 2 - 1074 mbar during the thruster operation without cryogenic
pumping. After each pulse, a minimum of 10 minutes was required for a
complete recovery of the initial base pressure.

High-purity argon, grade 4.8, was used as propellant. The gas feeding system

Figure 2.2: IV-10 vacuum facility (right) and the 100-kW AF-MPD thruster
before operation (left)

consisted of a 8.5 1 main reservoir positioned inside the vacuum chamber to
prevent air contamination. This system was designed to guarantee a top-flat
gas pulse of about 2 seconds for a maximum pressure loss of approximately
10%. Prior to each shot, the reservoir was filled with argon up to a given
pressure corresponding to the desired mass flow rate; 225 mbar and 380 mbar
for 60 mg/s and 120 mg/s, respectively. The propellant was injected through
the cathode by means of a fast acting solenoid valve (FAV). The time delay
between the opening of the FAV and the achievement of a top-flat gas signal
was recorded during the calibration procedure [42] and used to trigger the
discharge process. This procedure allowed for a mass flow rate measurement
with an overall uncertainty within +5% of the value.

The quasi-steady current pulse to the thruster was provided by a bank of four
Maxwell Technologies BMOD-0165 supercapacitors (SCs) in series. Each 165
F capacitor is capable of delivering a maximum peak current of 5000 A for a
rated charging voltage of 48 V leading to a maximum bank voltage of about
190 V. Prior to each firing, a dedicated power supply charged the SCs to the
voltage value corresponding to an estimated discharge current. The relation-
ship between the charging voltage and the discharge current was preliminary
estimated on the basis of previous test campaigns and refined by a dedicated
test session. A pulse forming network (PFN) was used as thruster igniter.
The PFN, widely used in previous MPD tests with short pulses (up to 5 ms)
at Alta [43], consists in a bank of 180 capacitors and inductances allowing to
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store energy at a rate of 600 J/s from a HVL Series 311-6203 charging unit.
The PEN circuit was isolated from the SCs bank via high-currents Semikron
SKN-240 diodes. The initiation of the gas breakdown was controlled by the
closure of a mercury vapor igniter. A customized 240 kW DC power supply
was used to provide the current pulse to the solenoid. A schematic of the
electrical feeding system is shown in Fig. 2.3

The thrust measurements were recorded using a single axis, double-pendulum
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Figure 2.3: Schematic of the electrical feeding system

thrust stand. The thrust balance was mounted on a tilting platform to guar-
antee a proper leveling during the calibration while an electromagnetic cali-
brator was used to generate a reference force of 2 N in order to check the re-
sponse of the thrust stand prior to each firing. The sensing elements are based
on high-precision optical stain gages measuring the strain on the flexural el-
ements. The thrust stand frequency response is about 15 Hz for a maximum
thruster mass of 25 kg. For the performance measurements, thruster opera-
tion was monitored in real time by a Tektronix TDS224 digital oscilloscope.
The monitored properties include the solenoid current, discharge current and
voltage along with the thrust. The terminal voltage was evaluated by inde-
pendently measuring the cathode-to-GND and the anode-to-GND voltages
via Tektronix P5100 voltage probes connected to the feedthrough terminals
at the vacuum chamber header. The voltage drop was then obtained by
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subtracting one signal from the other. The discharge current was measured
using a single LEM LT-4000S probe at the cathode cable. The error associ-
ated with the DC voltage measurements was +2% while a relative error of
+1% was evaluated for the current measurements. Thrust, specific impulse
and thrust efficiency measurement uncertainties were found by accounting for
all aforementioned errors resulting in 5%, £7% and +11% relative error,
respectively.

2.3 Results and Discussion
2.3.1 Data Reduction

Three non-sequential measurements for each operating condition were per-
formed in order to asses the repeatability of the data. For each data point the
standard deviation of the sample mean was obtained over an automatically-
defined time window. Figure 2.4 shows typical measured arc current and
voltage signals along with the considered time window. Through the exper-
imental determination of the thrust, 7', and mass flow rate, 7, the thruster
performance was calculated in terms of thrust efficiency nr = T2/ (2/mP) and
specific impulse Iy, = T'/ (gorn). The required power to operate the solenoid
was not included in the calculation of the thrust efficiency since P > P; for
all the operative conditions investigated. Error bars account for both the
standard deviation and the measurement uncertainty. Where not explicitly
indicated, the dimensions of the symbols used are larger than the related
error.
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Figure 2.4: Typical filtered current (left) and voltage (right) signals

2.3.2 Performance Data

Values of current and voltage for different mass flow rates and applied induc-
tion fields are reported in the electrical characteristics of Fig 2.5. The V-1
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Figure 2.5: Electrical characteristics for different mass flow rates of Ar.
Dashed lines are a guide to the eye.

data are in good agreement with other experimental observation reported in
the literature as far as concerns the increase in terminal voltage with the
magnetic field strength [44-46]. This result is widely known and frequently
reported as the magnetic field affects the radial electron mobility toward the
anode. The electron mobility in the confining ExB electron drift is provided
mainly by the electron-neutral collisions entailing an increase in frictional dis-
sipation and, thus, in terminal voltage. For a given magnetic field strength,
the voltage was found to be almost constant for a wide range of arc currents
(500-2500 A) implying a reduction in the overall load impedance, as shown in
Fig. 2.5. Similar results were also reported by Myers [45-47] in an extensive
series of experiments on a 100-kW class steady-state thruster as well as by
Wegemann [48] and Winter [49] during the testing of the ZT-3, steady-state,
thruster. This trend may indicate that the full ionization regime was not
achieved. Under full ionization conditions, the propellant is exhausted at a
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velocity close to the so called critical ionization velocity (CIV) and it is only
after the full ionization condition that the thruster complies with the typical
V o I? law. For a self-field device, the discharge current corresponding to
the full ionization is given by Iy; = +/me;/b, where b = T/I? is the elec-
tromagnetic thrust coefficient. However, no such scaling relation exists for
applied-field thrusters and thus no estimations can be made to prove the hy-
pothesis of a partially ionized propellant. As regards the terminal voltage at
80 mg/s, the experimental results are somehow unexpected since a decreas-
ing V-I trend does not comply with any characteristic electrical response of
the thruster. This behavior might be tied with an increased erosion at high
currents and, thus, to an higher electron density in the discharge chamber.

A typical trace of the calibration signal and thrust measurement is shown in
Fig. 2.6 where three thrust measurements refer to 60 mg/s of argon, 110 V
charging voltage, at different magnetic induction levels. The calibration sig-
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Figure 2.6: Typical thrust calibration signal (left) and thrust measurement at
110 V SCs bank charging voltage (right)

nal is also depicted and intentionally shifted to allow for a better comparison
with the experimental data. It has to be underlined that the thrust signals
do not correspond to a constant discharge current since the current delivered
by the SCs bank depends upon the load impedance which, in turn, depends
upon the applied magnetic field strength and the mass flow rate. The T-I
curves reported in Fig. 2.7 show the effectiveness of the applied magnetic field
in increasing the thrust for a given discharge current. The thrust increases
almost linearly with the discharge current for all the applied magnetic field
strengths. This result indicates that the most important contribution to the
thrust is the so called "swirl acceleration” which is expected to scale with I B4
as the directed azimuthal ion kinetic energy is converted into axial kinetic
energy by conservation of the magnetic moment in a decreasing B-field. The
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Figure 2.7: Thrust measurements for different mass flow rates of Ar. Dashed
lines are a guide to the eye.

thrust-to-power ratio shows that the thrust efficiency increases much slower
than the specific impulse for increasing discharge current indicating that a
larger fraction of the total arc power is lost to the electrodes. Moreover, the
results suggest that at high current levels the specific thrust levels off at about
10 mN/kW independently of mass flow rate and magnetic field strength. As
the power supply mass for a given thrust scales as mp oc (T//P)~!, the results
show that it may not be worthwhile to adopt high current levels since it may
yield to a high power supply mass without significant improvements in thrust
efficiency. The specific impulse and the thrust efficiency as a function of the
discharge power are shown in Fig. 2.8. The increase in thrust efficiency with
increasing arc power and applied field is shown to be more sensitive when the
mass flow rate is reduced. This corresponds well to the theoretical prediction
of the back-EMF voltage scaling ~ 1B%/m, as recently shown by Lev [50].
Moreover, the thrust efficiency increases linearly with the specific impulse
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2.4 Cathode Operation

The post-test visual inspection performed after few hundred ignitions (~ 500)
revealed that most of the erosion was localized at the main tube annulus.
Moreover, as shown in Fig. 2.9, the cathode external surface showed cur-
rent paths twisted in a helical fashion all along the cathode length indicating
that the hollow cathode condition was not fully achieved. Provided that

Figure 2.9: McHC frontal section (left) and helical current paths (right)

the external magnetic field has a component parallel to the cathode surface,
the motion of the ignition sites deviates from random becoming increasingly
directed with increasing magnetic field. Under the influence of an axially ap-
plied magnetic field, the arc spots rotate around the cathode as they travel
down the length, leaving a trail of crater-like features arranged in an open
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helical fashion as shown in Fig. 2.9. Since the azimuthal velocity is propor-
tional to the axial magnetic field, uy o< B,, the spot depth is expected to
be lower at the cathode tip since, in this location, the time spent by the arc
in each crater along its track is minimum. However, a high spot density is
expected at the cathode tip since the pitch of the helix scales as p < B, 1.
The time 7, required to heat the cathode spot up to the melting temperature

Figure 2.10: Close up of the McHC external surface for different cathode
material. Molybdenum alloy (left), stainless steel (right)

AT ~ 2500 K is given by
2Q\/mh, = AT\/7K?/§ , (2.1)

where () is the heat power density, x is the thermal conductivity and § the
thermal diffusivity. At the flux Q = jV. ~ 10! W/m? on a molybdenum
surface of radius ry ~ 1076 m, the characteristic time is 75, ~ 1076 s, implying
a frequency in the MHz range. Moreover, assuming a typical spot velocity of
us ~ 10—15 m/s, the mean spot displacement is in the order of 107> m. Since
the estimated total length of the current track is L; ~ 4 m, the time required
for the spot to move from the cathode tip to the thruster backplate 7 ~ L;/us
is approximately 0.2-0.3 s. The effect of the spot motion on different cathode
materials is shown in Fig. 2.10. As suggested by Daadler [51] in his Joule
heating model for hemispherical spots, the equilibrium crater radius scales
as rs o I.[karccos (Ty/T;,)] ! so that, for a given current I, and local cath-
ode temperature Ty, the mean spot dimension on a stainless steel cathode is
expected to be higher by a factor rfs / ré‘/f ¢ ~ 2 —4. High-speed photography
displayed a preference for attachment on the outer surface lasting for at least
0.1 s from the initial breakdown for most operating conditions. As shown in
Fig. 2.11, after 0.4 s the current seems to attach mostly to the frontal cavities
as expected during the hollow cathode operation. No significant variations of
the terminal voltage were detected as a consequence of the different cathode
operating modes. Moreover, Fig. 2.11 revealed that the number of ignited
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channels increases with the discharge current undergoing a self-adaptation
of the cathode cross section to the variable current requirements. However,
inactive channels were observed at all the tested conditions, suggesting an
oversizing of the cathode open cross section. Numerical analysis indicated

) t ~ 100 ms, I ~ 500 A (b) t ~ 400 ms, I ~ 500 A

(c) t >~ 100 ms, I ~ 1500 A (d) t ~ 400 ms, I ~ 1500 A

(e) t ~ 100 ms, I ~ 2500 A (f) t =~ 400 ms, I ~ 2500 A

Figure 2.11: Thruster front view - 7 = 80 mg/s, Ba = 80 mT

that the cathode approached an equilibrium temperature of about 2900 K
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after 7.4 ~ 10 s from the initial breakdown. Since the discharge characteris-
tic time, 74, was always much lower than the equilibrium time,7y < 74, the
cathode bulk remained cold (< 1000 K) so that the thermionic current was
at no point a significant fraction of the total discharge current. The current
conduction was thus achieved through locally constricted arcs, even though
it was not possible to resolve this phenomenon by the present experiment.
Tracks of erosion craters left by the spots were found mainly at the cathode
tip where the azimuthal component of the apparent spot motion is dominant.
Some qualitative precedent for this finding is provided by Auweter-Kurtz [52]
and Polk [53]. Since in pulsed applications the filling rods did not experi-

(c) Stainless steel (AISI 316) (d) Stainless steel (AISI 316)

Figure 2.12: Close up of the McHC frontal surface

ence gross melting, the mechanical stability of the multi-channel pattern is
questionable. Figure 2.12 shows the tungsten rods after few hundreds pulses
for molybdenum alloy and stainless steel main tubes. Post-test inspections
revealed that in both cases several rods were moved forward or even taken
out of the pattern, probably due to thermal deformations of the outer tube
combined with the propellant flow back-pressure. This effect was less evident
for the stainless steel case, probably due to the fact that melted material was
trapped beneath the rods fixing them together.



Chapter 3

MPD Thruster Theoretical Model

In order to assess the role of the electrode energy deposition on the thrust
efficiency and lifetime, a theoretical model for the performance prediction
of applied-field MPD thrusters was formulated. The validity of the model
was then verified through a systematic comparison with the experimental
data presented in Chapter 2 as well as with the data available in the litera-
ture. Finally, conclusions were drawn on the physics of the electrode power
dissipation along with its scaling with respect to the thruster operational
parameters.

3.1 Phenomenological Performance Model

The thrust produced by a SF-MPD thruster arises from the interaction be-
tween the radial component of the discharge current and the self-induced
azimuthal magnetic field resulting in an axial thrust component described by
the well-known Maecker [54] relation

Ho Ra 2
Top = — |1 —_— . . Nl
5P 4 [H<RO> +K] ! (3-1)

In the equation above the constant K takes a value between 0 and 3/4 de-
pending upon the current attachment distribution over the cathode surface.
For these devices the Lorentz force consists mainly of the gradient of the
magnetic pressure B2/(2p0) and is exerted primarily on the backwall of the
acceleration chamber. Since By o I, at low discharge current the MPD
thruster acts as an electrothermal device with a thrust component, T p,
given by

Tap = mag + pcAc , (3.2)
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where ag is the plasma sound speed and p¢ is the pressure at the cath-
ode exit section, A¢c. At typical operating conditions of SF-MPD thrusters
the electrothermal component is expected to be much smaller than the elec-
tromagnetic component [55] so that the overall thrust can be expressed as
T = Tsr + Tep ~ Tsp. Nevertheless, equation (3.1) was shown to be of-
ten contradicted by experimental thrust measurements [56] since the thrust
coefficient O = (47 /o) (T/1?) is invariant with 1,7 and the type of pro-
pellant used. An improvement of the Maecker formula was suggested by
Tikhonov [57] for a quasi-one-dimensional, isothermal plasma under the as-
sumption of high magnetic Reynolds numbers, R,, > 1. In this condition
the thrust coefficient is given by Cr = [(y+ 1) /2] + 1/(2 - AZ) where Ay is
the ratio between the magnetic pressure and the gasdynamic pressure at the
cathode exit section, namely Ay = [B3/(2u0)] [vAc/(aor)] o 1% /1. 1t is in-
teresting to note that this expression is independent of the thruster geometry.
As a result, the self-field thrust component can be written as

Top = 5—7‘; [7;1 + 2;%] I (3.3)
Since the self-field magnetic force depends quadratically on the discharge
current, the exhaust velocity u. and the specific impulse I, are propor-
tional to the parameter x = I?/rh. Therefore, it is of advantage to operate
these thrusters at high current levels and low mass flow rate. Yet, from the
early beginning of experiments with self-field MPD arcs, one surprising re-
sult has been the fact that for a fixed propellant and a given geometry of
the electrodes, a maximum I? /7 exists beyond which undesirable effects oc-
cur, e.g. electrode ablation accompanied by terminal voltage fluctuations.
Malliaris [58] and Devillers [59] emphasized the role played by Alfvén critical
velocity u4 in the definition of the critical value (I% /1) since it was found
that applying the minimum power principle to a completely single ionized
plasma and assuming a pure electromagnetic thrust mechanism, an analyti-
cal expression relating the maximum x—parameter and the thruster operative
condition can be written, namely

I? UA
=) =22, 4
" <m>cm't b (3 )

Furthermore, in conjunction with equation (3.1), equation (3.4) yields to an
upper limit for the specific impulse which depends only on geometrical fac-
tors of the electrode arrangement and the kind of propellant. Even though
Oberth [60] and Bruckner [61] demonstrated that w4 is not an ultimate limit
of the attainable exhaust velocity, the specific impulse I, ~ ua/go still re-
main a good approximation for the performance of self-field MPD thrusters.
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When an external magnetic field is applied to create a field with merid-
ional lines of force (B,/B, < 1, B4 ~ B,), two electromagnetic acceleration
mechanisms are expected: the interaction of the azimuthal component of
the discharge current with the applied magnetic field, Ty, and the interac-
tion of the radial component of the discharge current with the applied field,
Tsw. Since the electron Hall parameter scales as 0, = w7, x B ATE‘:’ 2 /De,
for moderate applied fields the Hall contribution is small if compared to the
swirl acceleration, Ty /Tsw ~ By/B,-Q. [22, 62]. As a consequence, it is pos-
sible to express the overall thrust produced by an applied-field MPD device
as T >~ Tsp + Tsw + Tagp. Which mechanism prevails in thrust production
depends on the selection of operative parameters and thruster geometry. If
the electromagnetic body force is predominant, the ions transmit thrust to
the thruster body through a magnetic pressure force exerted mainly on the
solenoid.

The interaction between the applied magnetic field and the discharge current
results in azimuthal electromagnetic force. The directed azimuthal ion kinetic
energy can be converted into directed axial kinetic energy by conservation of
the magnetic moment and total ion energy in a decreasing B-field. As the
magnetic field decreases, B ~ 72, so does the thermal energy perpendicular
to the applied field in favor of the axially-directed energy. Such mechanism
of thrust production was initially mentioned by Ellis [63] and Hess [64] with-
out dwelling upon a model based on the rotational energy conversion. Later
on this assumption was used as a basis for several theoretical efforts [65-68]
aimed at deriving simple relations for the thruster performance. In partic-
ular, Fradkin [65] showed that the torque exerted by the interaction of the
discharge current with the applied field within the acceleration chamber can
be written as

1 _
T, = /(j X B)ydV = 5BAIRQC (R?-1) . (3.5)
14

Since the mechanical torque of a hollow cylinder is T, = 1/ ZMwR% (RQ + 1),
the plasma angular velocity is given by

Bal 2
oAby 2 ) 3.6
v m( R2+1) (36)

It is interesting to note that, for typical values of I ~ 103 A, By ~ 1072 T
and 7 ~ 102 mg/s, the predicted plasma rotation frequency is 10* — 10? kHz
in good accordance with the experimental data presented by Allario [69] and
Zuin [70]. When the plasma rotates as a rigid body [71], the axial thrust due
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to a complete conversion of the azimuthal kinetic energy can be written as

d (1 R? -1
¢ 2 (R? +1)

Equation (3.7) represents an upper limit for the swirl acceleration since only
a fraction of the electrical power can be converted into rotational kinetic
power. Moreover, the viscous forces in a collisional-dominated plasma reduce
the efficiency of conversion from rotational to axial flow [65, 72]. Recent
experiments have shown that the conversion factor to an ideal azimuthal
acceleration is 0.2 < ¢ < 0.5 [73]. In the present analysis a { ~ 1/4 was
found to appropriately capture most of the experimental data. Since the
applied-field to self-field thrust scales as Bs/Bgsp, the overall thrust of an
applied field MPD thruster can be expressed as
Ba

T=Tsp+& Tsw =Tsp <1+f(R’£’AO)BSF) : (3.8)

The terminal voltage can be estimated as the sum of four contributions: the
back-EMF voltage, the ionization and plasma heating voltage and the losses
at the electrodes, namely

+ = + 9o+ 5

17?2  1(qe; +3/2kgT,)m 5kpT. A
V—;Vz—lm 7 m; 27(] + Va4 + Ve (3.9)

where ¢g; is the propellant first ionization potential, ¢ is the elementary charge
and ¢, is the work function of the anode. The plasma is assumed to be singly
and fully ionized since the characteristic transit time 7 is typically much lower
than the characteristic recombination time 7,¢., namely 7 ~ L/v < (neﬂ)_l.
Multiple ionization, excitation and radiative processes are not included in
the present model. The bulk electron temperature was taken to be 5 eV as
measured by Serianni [74] over a wide range of discharge current and mag-
netic field values while the electron temperature at the anode sheath layer,
Te, 4 was set at 2 eV as measured by Myers [75]. Moreover, the electron tem-
perature was assumed to be constant with the discharge current as observed
by Myers [76] and Randolph [77]. The cathode fall voltage was taken to be
of the same order of magnitude of the propellant first ionization potential,
VC ~ 5,‘1.

In applied-field MPD thrusters the anode voltage drop was found to scale
linearly with the current and the applied magnetic field [78-81]. This effect

1A more detailed cathode model is presented in Chapter 7.
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is commonly attributed to the magnetization of the anode fall region. Never-
theless, since the ratio between the electron gyro radius to the Debye length
is in the order of 10! — 102, the anode sheath is unmagnetized. The effect of
the magnetic field on the anode voltage is rather tied with the reduction in
plasma density at the sheath edge due to the increase of the radial inward
component of the thrust as measured by Serianni [74] and Gallimore [81]. In
addition, the anode fall was found to drop with increasing propellant flow
rate and reduced discharge chamber radius [82] corroborating the interplay
between the plasma density depletion near the anode and the sheath voltage
(anode mass starvation).

With this picture in mind, the anode fall voltage was determined assuming
that the discharge current is carried to the anode by thermal electrons and
ions thus neglecting the thermionically emitted electrons. The validity of this
assumption is limited to pulsed, quasi-steady devices in which the character-
istic discharge time, 74, is much lower than the anode heating time scale,
Tq, namely 7, ~ C,mAT /P, < 74. Moreover, thermionic electrons need an
extracting field to overcome the back-pulling force of the emitting surface
so that the anode can actually deliver a net thermionic current only if the
plasma potential is higher than the wall potential, AV =V, — Vp < 0, i.e.
an electron-repelling sheath is needed [83].

Several authors have experimentally shown that this condition is verified
in high-current arc discharges when the ratio of the available current from
the plasma to the discharge current is of order unity or greater, namely
qUeAs/I > 1 where I'. = —D) - O,n, is the transverse electron flux [84-88|.
As a matter of fact, measuring the anode fall voltage immediately after the
startup and after that the anode had reached about 2300 K, Myers found no
substantial differences in the near wall potential of the Princeton Benchmark
Thruster operating between 15 kW and 30 kW [75]. Preliminary calcula-
tions based on Myers’s experimental data have revealed a positive (electron-
attracting) anode sheath lending credence to our understanding.

Under the previous hypotheses, the net current density from the anode,
j = 1I/A,, can be written as

J=Jer — Ji — Jth = Jer — Ji < Jsat » (310)

where j; is the ion current density and je, is the electron thermal flux collected
at the anode surface and jy, is the thermionic current density. Assuming
Vp = 0, from equation (3.10) it is possible to determine the voltage drop as

\/ mi/me _ j
. (0.61@) n (1 " 0.61qns\/kBTe7A/mi>] - (311)
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where ng is the electron number density at the sheath edge.

It has to be noted that both Subramaniam [89] and Lev [90] have neglected
the ion current density term in equation (3.11). This assumption is not fully
justified since, as pointed out by Hiigel [79], its contribution is essential to
maintain the space-charge neutrality at the sheath edge as well as the heat
flux at the anode surface. According to Merinov [83] the ion heating can
account for 10-30% of the total anode heating power. In the present treat-
ment the ion current density contribution was retained to assess its relevance
to the anode sheath voltage drop. The anode fall voltage was shown to be
related to changes in the electron number density nearby the electrode [86]
and, since the electron density at the sheath edge is proportional to the trans-
verse magnetic field, a relation between the plasma density and the thruster
operative conditions must be found. The phenomenological approach taken
here to evaluate the radial plasma number density variation is based on the
work of Lev [90] and Niewood [91]. Using the MHD momentum equation in
the radial direction, under the hypothesis of steady state operation, 0y = 0,
and azimuthal symmetry, dy = 0, it follows

ou, ou, u?g dp
mqgn (Urar + Uy az - 7‘) == f?“ - E y (312)

where f, < 0 is the radial force density and p = nkp (T, + T;) = nkpT is the
local plasma pressure. Assuming a constant radial electron temperature and
Uy > up ~ 0, uy > u, along with d,u, ~ 0, it is possible to write

on 1

nr m; D
o= o U+ mon®r) = U0 [abo + TRBRPF ()] (313)

kT
which states that the radial force density, acting to pinch the plasma toward
the thruster centerline, is balanced by the centrifugal force and the density
gradient. Assuming that the radial force density scales as the thrust [11], it
is possible to recast equation (3.13) as

on 2 2 72

gy = T (k1Bal + koI? — ksB317) (3.14)

,
where k2 are fitting coefficients. The integration of equation (3.14) between
the thruster centerline and the anode radius leads to the following Gaussian
profile
ng =mngexp [— (k1Bal + koI® — k3 B31%) R%] (3.15)

where the plasma density at the thruster centerline is estimated as ng = k4
meaning that an increase in mass flow rate leads to an increase in plasma
density at all radial positions.
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Fig. 3.1 shows the ratio between the plasma density at the sheath and the
number density at the thruster centerline, { = ng/ng, along with the an-
ode sheath voltage as a function of the discharge current and the applied
magnetic field. The results suggest that both the discharge current and the
applied magnetic field tend to pinch the plasma toward the thruster center-
line reducing the plasma density nearby the anode surface of few orders of
magnitude. As a consequence, the anode fall voltage increases almost linearly
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Figure 3.1: Radial number density contraction factor ¢ and anode sheath volt-
age fall as a function of the discharge current and applied mag-
netic induction. Constants k; = 0.2 ko = 2 x 107° kg =
0,ky =5 x10'8,

with increasing current and applied magnetic field. It is worthwhile to note
that an electron-attracting anode sheath is predicted by the model for all
the B4 # 0 conditions. For the present exemplary thruster (Rc = 10 mm,
R4 = 100 mm) operating as a self-field accelerator, the anode sheath reversal
occurs at about 600 A inhibiting the thermionic electron emission in almost
all the operative conditions investigated.

3.2 Theoretical Results and Insights

The results of the semi-empirical model are here compared with the experi-
mental data of two different thrusters: the 100-kW class AF-MPD thruster
described in Chapter 2 and the so called Hybrid Plasma Thruster jointly
developed by Alta and RIAME-MATI in 2001 [92].

3.2.1 Alta 100-kW

By analysis of the dependence of the thrust components on discharge current
it was found that, for the present thruster design and operative regimes, the
gasdynamic component can be neglected since (Tsp + Tsw)/T > 0.9 and
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hence the total thrust was calculated according to equation (3.8). Moreover,
the maximum swirl to self-field thrust component is (Tsw /TsF)maz =~ 1 —
5. The trend of a increasing terminal voltage with both applied magnetic
field strength and discharge current is captured by the model as shown in
Fig. 3.2. Results indicate that the back-EMF term accounts for 5% — 30%
of the predicted terminal voltage while the anode contribution accounts for
15% — 45%. Moreover, the satisfactory agreement between the theory and
experiment, confirms the intricate scaling of the terminal voltage with the
magnetic field and discharge current.
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Figure 3.2: Theoretical and experimental thruster performance, k; = 0.2,
ko =2x107% k3 =0, ky =5 x 108

3.2.2 Hybrid Plasma Thruster

The Hybrid Plasma Thruster (HPT) is an axisymmetric MPD thruster with
an applied magnetic field, a central acceleration chamber and a peripheral
ionization chamber. The thruster has a central 20 mm in dia hollow cath-
ode, an anode consisting of a cylinder 200 mm in dia and eight straps. The
anode divides the central chamber from the ionization chamber where eight
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Figure 3.3: Applied-field to self-field thrust ratio and voltage apportionment
for 50 mT, 120 mg/s

peripheral hollow cathodes 12 mm in dia are installed. The external solenoid
is capable of producing an induction field up to 100 mT as measured at the
thruster centerline. The aim of the peripheral chamber is to ionize a small
fraction of the propellant by means of a secondary, low-power discharge be-
tween the peripheral cathodes and the anode. The ionized propellant then
flows in the acceleration chamber, increasing plasma density near the anode.
The thruster was operated in a pulsed, quasi-steady mode (pulse length up
to 2.5 ms), with argon as propellant for instantaneous power inputs ranging
from 100 to 450 kW.

The results reported in Fig. 3.4 demonstrated the effectiveness of applying
an external magnetic field to increase the thrust as well as the thrust ef-
ficiency of MPD thrusters. The comparison with the thrust measurement
data undoubtedly supports the model’s scaling law, namely T" ~ BjlI. For
the HPT the back-EMF contribution to the total voltage drop was found to
be less important than the plasma ionization and heating voltage, especially
at low current levels. Since the thrust efficiency is given by nr = Vep,p /Viot
this result indicates a very inefficient accelerating process where much of the
input power is squandered at the electrodes (9% — 55% to the anode and
18% — 38% to the cathode) and in resistive plasma heating (8% — 60%).
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Chapter 4

Electron Emission Physics

The role of the cathode as a part of the circuit is to serve as an interface
between current conduction in the solid state and conduction in the plasma.
Current continuity across this interface occurs primarily by the emission of
electrons from the cathode surface to the discharge. Electron emission oc-
curs when emissive materials are subjected to high temperatures T' (thermal
emission), applied electric fields F' (field emission) or when photons provide
sufficient energy to overcome the confining potential barrier. For thermal
and photoemission, the extraction field is small compared to field-emission
standards and a common approximation is that all the electrons with energy
in excess of the barrier height are emitted (emission over-the-barrier). Con-
versely, field emission assumes that the thermal component is negligible and
the tunnelling current is significant (emission through-the-barrier). In most
applications, however, the electron emission tends to be a compromise be-
tween these mechanisms.

The present chapter will, therefore, provide a review of both thermal and
field emission processes as modified by adsorption phenomena as well as in
case of bare metals. A thermo-field emission equation is also provided given
its relevance in the field of discharge cathodes for MPD thruster applications.
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4.1 Thermionic Emission Fundamentals

Electrons in the conduction band of a metal behave according to Fermi-Dirac
quantum statistics and have an energy distribution function (EDF) given by

I (5 0) = e ) oy

which describes the probability that a state of energy F will be occupied
in thermal equilibrium at a temperature T, expressed as § = 1/kgT. The
chemical potential p at temperature 7' = 0 is called Fermi energy, u(7T =
0 K) = up = Er and can be defined as the highest energy of occupied states
at the absolute zero. For metals, the temperature dependance of u(7T') can

be written as [93]
2 4
“21—1(W)—1(”) . (4.2)
1o 3\ 2p08 5\ 2p0

As can be seen in Fig. 4.1, even at 3000 K, p/up ~ 0.998 so that, for any
practical use, the temperature dependance of ;1 can be neglected and taken
as interchangeable with Fp. Since the Fermi energy depends only on the
electron density, namely Fr ng/ 3, the highest occupied energy level in the
conduction band depends upon the cathode material. It is evident that the
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Figure 4.1: (left) Fermi distribution function versus electrons energy at differ-
ent temperatures. (Right) Normalized chemical potential versus
surface temperature.

EDF differs from its zero temperature value only in a small region about Epr
of width a few kpT'. Moreover, according to the Fermi-Dirac statistics, only
a small fraction of electrons can acquire energies above the Fermi level even
at high surface temperatures. Notwithstanding the high values of energy of
some electrons at 0 K, they remain within the metal, since forces exerted
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by the positive ions and by other free electrons prevent them from escap-
ing. To overcome the above-mentioned attractive forces, an energy equal
to E, (also called vacuum level) is needed for an initially-at-rest electron.
For electrons already possessing a kinetic energy equal to the Fermi level, a
smaller energy, E, — Er, is required. As a consequence, it is assumed that
all the electrons striking the surface with a normal component of the velocity
z greater than zy = (2E,/m.)"/? can actually leave the metal, thus con-
tributing to the thermionic current. By letting 1/2m.2? = E,, the normal
energy, and N (FE,)dE, the number of electrons moving to the surface having
normal energies between F,, and dFE,, it is possible to write the Fermi-Dirac
distribution as [94]

4dTme,

N(En) = =5

kT log {1+ exp [-B(E, — EF)]} . (4.3)

As shown in Fig. 4.2 at absolute zero, N(FE,) is a linear function of the
energy while at higher temperatures N (F,,) decreases gradually above E,. By
forming the integral of N(FE,,)dE, between the limits E, = E, to E, — oo,
the electron current per unit area can be expressed by the following relation

AT exp (B (B, — Br)] = 24T exp <—k:‘;°T> o (4.4)

where the gap between the Fermi level and the top of the potential well is
called work function, namely E, — Er = ¢g. Equation 7.3 holds only for
E, — Er > kgT, which is usually the case in high-current cathodes. It

10

1 : 10
=~ g ol il “g
w = T =3000K = | O L
> 08 gooa VE = "__,-
S 5 g 10° Piadel
g 0@ 2 .
g S § ,°
c £ ,
S 04 52 54 58 58 S b _
g Energy, eV 2 107 —_—,=2¢eV
s IS ---@,=4eV
2 0.2 S
a o S e 9,=6eV
0 e 1072
0 2 4 6 8 1000 1500 2000 2500 3000
Energy, eV Temperature, K

Figure 4.2: (left) Normalized distribution function N (E,,) versus electrons
energy at different temperatures. (Right) Thermionic current den-
sity for different work function values.

is worth noting that the well-known Richardson-Dushman (RD) relation in
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equation (7.3), exclusively depends upon the barrier height, so that the RD
equation is independent of whether a rectangular, triangular or image charge
potential barrier is used. Moreover, it was assumed that the potential barrier
is uniform throughout the surface and hence effects of atomic modulation,
crystallographic structure and direction were neglected [95]. Because of these
simplifications, the experimental values of the constant A vary widely.

4.1.1 The Value of A in Thermionics

A finite metallic volume may be modeled as a potential well. As shown by
Fowler [96], according to the wave mechanics, not all the electrons in the
metal reaching the surface with a normal energy greater than F, will escape
since a certain fraction will be reflected back. The emission equation must,
therefore, be multiplied by the so called transmission probability, T}, defined
as the ratio between the transmitted and incident current densities for a given
momentum p, = hk = \/(2m.FE). Conservation of particles across a potential
barrier demands that jirans + jref = Jine S0 that T},, =1 — R, , where R, is
the reflection probability. Therefore, equation (7.3) can be written as

o 2 _ Yo ) _ P2 %o
Jjr = 2AT* exp < k:BT> 2A(1 — R,) T exp < kBT> , (4.5)
A

where R, is the average of R,, over a Maxwellian distribution. The mean
value of Rp depends upon the temperature and the topology of the potential
distribution on both sides of the surface boundary. The discontinuous slope of
potential Nordheim [97] used in his computations led to a value R, = 1/2; in
this case Ag = A again. For a continuous slope, namely an infinite potential

step, R, ~ 0 for E,/E, > 1 so that

Aqa~120-10* Am2 K2

It is known from experiments that the value of Ag depends to a great extent
on the chemical purity of the surface. As will be shown later on, adsorption
of electropositive elements decreases the value of Ag, whereas adsorption of
electronegative elements increases the value. Experimentally found values
for Ag depend upon the state of the surface and vary for niobium in the
range (57 — 120) - 10* and for hafnium from 14-10* to 22-10* [98]. Measure-
ments on pure metals, however, gave values for Ag in the neighborhood of
1-10% A m=2 K2 [99].

Since the chemical potential varies with the temperature, the work function
was found to vary almost linearly with the temperature, ¢ = ¢o + 7" [100].
Thermionic emission capabilities of surfaces are thus expressed by an effective
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work function ¢ at a particular operating temperature, assuming a constant
Ag factor, or by a constant work function g with the temperature depen-
dance subsumed by the coefficient D = A exp (—qv/kp), which is typically
D < Ag. Henceforth, the work function is assumed to be temperature-
independent.

4.1.2 The Nature of the Work Function

Charges redistribute in materials, primarily by building up at the surface,
to shield out externally applied fields. For metals the process is remarkably
efficient due to the high number of conduction band electrons. This redistri-
bution of the electrons at the surface occurs over short length scales, typically
tens of A, and is sufficient to keep the surface equipotential in the presence
of a charged external object. Classically, such a redistribution is accounted
for assuming that an equal-in-magnitude but opposite-in-sign charge exists
below the surface at the same distance as the charged object. This approach
is known as image charges method [101]. In this classical approach, the force
felt by the external electron at a distance x from the metal surface due to
its image charge is given by F; = ¢?/[4meg (21:)2] = /22, implying that the
work required to remove the electron to infinity is @ /. Such classical image-
charge potential figures strongly in the origins of the work function since, due
to this force, the energy F, is higher than Fp.

It is possible to demonstrate that the electrostatic charge density at the sur-
face of a metal does not drop sharply but in an exponential manner, thus
forming a dipole layer [93], which is the origin of the electron confining force,
see Fig. 4.3. Somorjai showed that total potential height can be divided into
three contributions corresponding to the potential between core and valence
electrons U, the exchange potential between valence electrons U, and the
surface dipole potential Uy, namely U = U.+ U, + Uy [102]. Even though the
debate about whether the work function can be considered a surface property
or a bulk property is still flourishing among researchers [104, 105], the previ-
ous considerations lead to a definition of the work function that includes both
bulk and surface properties of the emitter, namely g = U —Up = Upyp+Uy.
As it will be described in Section 4.3, the presence of an adsorbed layer of
foreign atoms can substantially affect the work function of the substrate, due
to the modification of the charge distribution at the emitter surface and thus
of the dipole potential U;. Moreover, the dipole potential of the bare metal,
being tied with the distance between the ion cores, can be different for dif-
ferent crystalline surfaces, as shown by Brodie [106]. As a matter of fact,
the work function is a strongly anisotropic property and an averaged value
over the different surface orientations (effective work function) is commonly
employed [107].
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Figure 4.3: (left) Distribution of the electronic charge density at the surface
of a metal. (Right) Measured work function versus calculated as
done by [103].

For any practical engineering applications, Halas [103] showed that the effec-
tive work function of a bare metal can be related to its density parameter 7
and to the Fermi energy Fr using the following semi-empirical equation:

(6%
(po) ~ 43.46———— | (4.6)
r2E?

where r, = (3/47n.)"/? is expressed in Bohr radius, Ep ~ 50.1/r2 is in units
of eV and « is a scaling factor equals to unity for all elements except the
alkali metals for which o ~ 0.86. The quality of this approximation is shown
in Fig. 4.3 using values for the work functions from the CRC tables [99].

4.1.3 Electron Emission in Accelerating Fields

If an electric field F', giving a constant force W = ¢F’, is applied at the
surface, the effective work function decreases. With reference to Fig. 4.4,
using a linear approximation for the applied field force, the total potential
distribution perpendicular to the surface can hence be written as

3

U(z) =¢o — —eFz. (4.7)

16megx
The maximum of the potential barrier is thus given by 9,U(z) = 0, so that
it can easily be shown that the potential high is given by

¢*F
41 €0

Y5 = o — = o — Agps . (4.8)

By inspection of equation (4.8) it is clear that an external applied electric
field reduces the work function leading to a higher electron emission. The
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Figure 4.4: Potential barrier for electrons at the surface of a metal and Schot-
tky effect

lowering of the image charge barrier by the application of a field relates
to the shifting of the electron density profile of a quantity dz that can be
found by demanding global charge neutrality [108]. Nevertheless, the previous
equation holds if the correction term is much smaller that the original work
function, Apg/po < 1 since, at still higher electric field, the thickness of the
potential barrier becomes so small that electrons can tunnel through it even
at T =0 K. Assuming Apg/pg ~ 1/10, an electric field strength of about
108 V/m should be considered as the validity upper limit for equation (4.8).
In the limiting case of low surface temperatures, the field emission process
can be described by the so called Fowler-Nordheim equation

jF = _ exp [—&r Mv(y)] (4.9)
8mhpot?(y) 3qhF ’ '
where t(y) and v(y) are elliptical functions whose numerical values have been
listed by Burgess [109]. When both high temperature and electric field are
present at the surface of a metal, the emission current density can be several
orders of magnitude higher than the sum of the thermionic and field emis-
sion, namely jrrp > jr + jp [110], where jrp identifies a different emission
mechanism named thermo-field (TF) emission. One of the main applications
of this mechanism lies in the field of high-current cathodes, where temper-
atures of few thousand degrees and electric fields in the order of 106 — 107
V/m are typical during steady-state operations. In addition, the thermo-
field emission mechanism is predominant during the thruster start-up phase
or during pulsed applications when the current conduction is accomplished
through luminous spots where the temperatures at the arc root are often in
excess of the material melting point and the electric fields can be as high as

10 V/m [111].
According to Murphy and Good [112], the thermo-field emission current den-
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sity jrr is related to the surface temperature 7', the electric field E and the
work function of the material pg by the following relation

_Ea

where — F, refers to a constant ground state potential in the emitter, D(E, W)
is the electron tunneling probability across the potential barrier at the sur-
face and N (W, T, pq) is the Fermi-Dirac energy distribution function of the
electrons moving towards the surface. Due to the complexity of the previous
equation, the prediction of the thermo-field current densities implies the use
of numerical methods. Approximate formulae of the Murphy and Good for-
malism exist in the literature even though their use is restricted to defined
ranges of temperature and electric field and is only given for few cathode
materials. Hantzsche [113] developed a number of additive and harmonic
combinations of thermionic and field emission formula such as

jrr = (AT + BF®®) exp |- (CT? + DF?) 7] | (4.11)

where jrp is in units of A/em?, T in K, F in V/em while A = 174 A/em? K2,
B =174 AJem™®V9/8 C =3.667-1071° K2 and D = 2.352-10"18 ¢m?/V?,
while Jiittner [114] suggested the following simple equation for the T-F emis-
sion 5

AT %o o B

jrr e~ A Yexp(By), Y T+C\/%, (4.12)
where A =5-105, B = —1.19-10* and C = 1.49- 1075, referring to SI units.
The equations above hold for vy ~ 4.5 eV, T ~ 103 +10* K and electric field
in the 108 = 10'° V/m range. The Murphy and Good equation is assumed to
be the most accurate relationship for the prediction of the electron emission
current of cold cathodes [115].

4.2 Theoretical Model for Thermo-Field Emission

Theoretical developments of the TF emission theory for metals were presented
by Murphy [112], Christov [116] and Jensen [117] and later experimentally
verified in the intermediate region between thermionic and field emission by
Christov [118]. Nevertheless, no accurate and simple formula for the emitted
current density in the typical range of temperatures, electric fields and work
function of MPDT cathodes is yet available. To this purpose, a general ap-
proach for the TF emission based on the standard Sommerfeld model of free
electrons is developed starting from the work of Petrin [119] .
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A simple Schottky barrier is assumed to confine the electrons of the conduc-

tion band in the metal, see Fig. 4.5. The barrier is described by the potential
energy

Er —¢*/(1 —qFz, if i
U<x):{g00+ r—q°/(16mepz) — qFx, ifx>2 (4.13)

0, ifz <z

where I is the externally applied electric field and Z is the smaller root of the
equation ¢o+ Er —q¢*/(167eox) —qF2 = 0. The energy of the electrons in the
metal directed along the normal to the boundary is given by E, = p2/(2m.).
The probability that an electron incident on the barrier will overcome the
potential well or tunnel through is given by the transmission probability
T(pz) = jtrans/Jine- The emission current density is thus the integral over
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Figure 4.5: Schematic of the potential barrier and effect of the external elec-
tric field.

the energy distribution of the number of electrons escaping from a unit surface
per unit time, namely

J- L /0 " T (po)pof (p)dps

— % /Ooo T(pz) {1 +exp[-B(E; — Ep)|}dE, , (4.14)

where f(p;) is the supply function. A similar expression for the surface power

density can be written to include the energy exchange during the electron
emission, namely

- " T(2) (B — Ea) {1+ exp[-5 (B, ~ Ep)]}dE,
0

(4.15)

Qs
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where Qg is negative when the surface is cooled by the electron emission and
positive when is heated (Nottingham effect).

In order to evaluate the integrals of equation (4.14) and (4.15), the transmis-
sion coefficient for a standing electromagnetic wave through a finite potential
barrier must be found. Across the barrier, the wave function satisfies the
time-independent, one-dimensional Schréedinger equation given by

G
2m, dx?

+U@@)y = B2y, (4.16)

where U(x) is the potential energy and E, is the directed kinetic energy.
Since, far from the barrier, the potential energy is constant and equal to
zero, equation (4.16) has a plane-wave solution in the form ¢ = exp (ikz).
It is thus possible to write the reflected and transmitted waves far from the
barrier as

Yy = rexp (—ipox/h) , Wy = texp (ipzx/h) , (4.17)

where pg = hkg is the particle momentum component along the x axis of the
incident wave having a wave vector kg while r and ¢ are the reflection and
transmission coefficient, respectively. Taken a finite-difference approximation
of the derivatives at the grid points z,, € [0, Z], equation (4.16) can be recast
as

2m,

wn-l-l - { A (A$)2 U($n) +2 - 2777;6 (Ax)Q E.Z‘:| wn + %—1 =0 ) (4‘18)

which has to be solved for the unknown function (x) with the left-side
boundary condition given by

o = 11 exp <2pohA:c> + exp <2p(;;30> {1 — exp <2ZP%A:C>] , (4.19)

and the following right-side boundary condition

P Az
" .

YN41 = PN exp ( (4.20)

Since the Schottky barrier is such that U(xg) = U(xy) = 0, the energy of the
incident electrons from the left does not change during the motion through
the barrier, thus pg = py. Solving the linear system [M] - {¢} = {B}, it is
thus possible to evaluate the transmission probability as

T(py) = %VW = T(py) = [n exp (—ipozn /H)]? . (4.21)
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4.2.1 Results

In order to assess the validity of the model with respect to both experi-
mental data and accepted models, solutions of equation (4.14) and equation
(4.15) are presented in a range of temperatures, electric fields and work func-
tions relevant for MPDT applications, namely 7" ~ 1000 = 4000 K, F ~
107 + 10 V/m and ¢g ~ 2 + 5 eV. Since the model was conceived to de-
scribe the electron passage through a triangular barrier, the pure thermionic
case, F' = 0, cannot be properly modeled so far. Moreover, as the electric
field decreases, the potential barrier tends to a Heaviside function leading to
a wobbling solution.

Figure 4.6 shows the effect of the external electric field as well as of the work
function on the transmission probability. As expected, the increase in elec-
tric field or the reduction in the work function lead to an increased escaping
probability for a given electron energy. However, while changes in the work
function yield to a shape-preserving shifting of the transmission probability,
the effect of the applied electric field is more involved reflecting the response
of the electric field on the barrier height and thickness. Figure 4.7 shows
the dependence of the emission current density on the electric field on a
tungsten surface (Ep = 4.5 eV') for two different surface temperatures. The
modulus of the thermal power density |Qg| released on the surface during
the electron emission is also reported. The jrp — E curve clearly shows a
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Figure 4.6: Transmission probability for different electric fields and work func-
tions

temperature-dependent regime and a field emission regime up to the electron
current saturation level. In the first regime the thermionic electron emission
is a significant fraction of the total current density and the curves approach
the values predicted by the Richardson-Dushman equation for £ — 0. At
higher electric fields, say E > 10° V/m, the emission through the barrier is
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predominant leading to a temperature-independent regime. It is interesting
to note that, unlike the equations for pure thermionic and field emission, a
saturation current density of about 2:10'® A/m? is predicted by the model. In
the saturation regime the barrier height becomes lower that the bottom of the
conduction band and a local explosive emission (spot) is much likely to occur.
This phenomenon was experimentally verified by Dyke [120] and Dolan [121]
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Figure 4.7: Emission current density and modulus of the power density for
p=45¢eV

who found stationary modes at current densities up to 101t —1012 A/m? while
for higher current densities an explosive destruction of the emitting material
was observed and they speculated that the resistive heating was sufficient to
locally melt the emitter at the critical current density. To investigate this
hypothesis, the thermal power density released on the surface during the
emission process was calculated. Figure 4.7 shows that the cooling capacity
reaches a maximum after which a sharp transition from thermionic cooling
to surface heating takes place. This phenomenon occurs when the external
electric field exceed a given threshold, E* and is due to the replacement
of the emitted low energy electrons by electrons from higher energy states
(Nottingham effect). The effect of the work function on both the emission
current and the power density is shown in Figure 4.8. Moreover, it was found
that the critical electric field scales as F* oc T suggesting that a possible
way to delay the inception of local explosive phenomena is to allow for a full
warm-up of the cathode to support thermionic emission before the discharge.
Heated cathodes are, indeed, used in a number of pulsed vacuum devices and
have also been tested in quasi-steady MPD thrusters. As a matter of fact,
Paganucci showed that heating the cathode prior to each firing the damage
appeared to be substantially reduced in depth and number than the case with
no heat addition [122].
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Figure 4.8: Emission current density and modulus of the power density for
T = 4000 K

The experimental results give credence to the hypothesis that the trigger-
ing mechanism for explosive heating is the reduction of the potential barrier
height below the Fermi energy so that, unlike previous analysis, no Joule
effect is here invoked. Figure 4.9 compares the numerical results with the
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Figure 4.9: Comparison between the numerical model and the Hantzsche
equation

Hantzsche semi-empirical equation for tungsten emitters. The numerical
method describes the thermo-field emission process with a reasonable level
of accuracy for a wide range of surface temperatures and external electric
field strengths. Moreover, it was found that for typical operative conditions
of steady-state cathodes, e.g. T ~ 2500 + 3000 K and E ~ 105 = 107 V/m,
thermionic emission with Schottky correction is a fairly good approximation
of the emission process while for quasi-steady, pulsed devices, a thermo-field
emission mechanism must be taken into account. Results of the numerical



52 4. Electron Emission Physics

=
(=1
-
[=]

©
3]
©
T

Iogm(E) Vim
[o=]
o © [
log, ,(E), Vim
(i)

@
3]

1%00
-30 -20 -10 0 10

1%00

2000 3000 4000 2000 3000 4000
Surface Temperature, K Surface Temperature, K

-10 -5 0 5 10 15

(a) Murphy-Good (b) Numerical Model

Figure 4.10: Comparison between the Murphy-Good (left) and the numerical
electron current density (right) for ¢ = 4.5 eV

evaluation of equation (4.10) and equation (4.14) for a ¢ = 4.5 eV metal are
presented in Fig. 4.10. As expected, the emission current density tends to
become independent from the electric field for £ < 3-10% V/m and indepen-
dent from the temperature for large fields, say £ > 3-10° V/m. Figure 4.11
shows jrp/jr = k isocontours in the temperature-electric field plane. The
low-temperature, low-field region is poorly defined and led to odd jrp/jr
ratios. Good agreement between the Richardson-Dushman equation and the
numerical models can be found only for 7' > 2000 K and E < 3-10% V/m,
namely in the thermionic emission region. It was predictable, thus, that mov-
ing towards the field emission region the discrepancy became more and more
pronounced. Nevertheless, both the Murphy-Good formalism and the numer-
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Figure 4.11: Isocontours jrr/jr in the T'—log,,(E) plane for the Murphy-
Good equation (left) and the numerical model (right)

ical model show that the Richardson-Dushman equation underestimates the
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thermo-field emission current density of about 20 —40% at high temperatures
and up to 200% at high electric fields.

4.3 Low-Work Function Coatings

Considering the different electron emission processes, cathodes are generally
classified as thermionic or non-thermionic, depending upon their ability to
sustain the high temperatures needed for thermionic emission without consid-
erable melting or evaporation. In light of the previous definition, the distinc-
tion between refractory and non-refractory cathodes can be made calculating
the ratio of the flux of vaporized atoms I'j,, to the flux of thermionically
emitted electrons jr/q, namely

i N
gr Armek3 T2 exp (—qpo/kpTw) /3

¢ = (4.22)
where T, is the cathode wall temperature, p, is the vapor pressure at tem-
perature T,, mg is the atomic mass and g is the work function of the bare
material. Clearly, the lower is  the better suited is the cathode material
for thermionic operations. A material can be thus considered suitable for
thermionic cathodes if ¢ < 1. Equation (4.22) can be rewritten considering
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Figure 4.12: (-parameter and &-parameter for different cathode materials

that both electron emission and neutral evaporation are thermally activated
processes and thus described by Arrhenius equations having the form

v=Qexp(—H/KT),

where ( is a pre-exponential factor that includes the number of permissible
paths over the barrier of energy H, the number of times per second each
particle attempts to surmount the barrier and the number of particles in the
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potential well at any time. Since H >> kT for the processes to be considered,
the exponential term is very strongly dependent on temperature while @ is
a relatively weak function of temperature [123]. Combining the Richardson-
Dushman equation with the relation for the evaporation rate, it is possible
to identify a figure of merit £ for the elementary emitters given by

g=Pa_ n(Qfva) (4.23)

o In(ART?/jr)’
where g is the work function of the bare material and ¢, is the cohesive
energy, defined as the energy needed to remove an individual atom from
its bonded position in the solid to an isolated position at infinite distance.
In any practical application v, must not exceed some maximum permissible
value and jr must be above some minimum usable value so that the highest
is & the better suited is the cathode material for steady-state high current
applications. Values of ¢ for different elements are shown in Fig. 4.12 in
which the data for ¢y and ¢, listed by Anders [98] were used. By inspection
of Fig. 4.12 an apparent natural limit seems to exist, £ < 2. As shown by
Rasor [124] and Gadzuk [125], the origin of such a limit can be investigated
by considering the equilibrium among the transition energies at the surface
(Born-Haber cycle). With reference to Fig. 4.13, the energy required to

Free

Electron \\

Surface
Atom

Image

Figure 4.13: Born-Haber cycle for the transition energies at the surface

convert an atom on the surface to a free ion is given by ¢; = Eg + ¢;, where
Es is the electron binding energy while ¢; is the so-called ion work-function.
However, a free ion can be obtained through ionization of a desorbed atom
so that ¢ = ¢, + E; — @9, where —¢yq is the energy needed to bring a free
electron to its bonded state on the surface. Since the net energy change must
be zero,

0o = ¢Yq +FE; —p; — Eg .
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Assuming ¢; ~ ¢, the previous relation can be recast as ¢, ~ 2pg — (E; —
Es). Since the ionization energy is always greater than the binding energy
at the surface, F; > Eg, the figure of merit writes

c=%109 k., k>0, (4.24)
%0

explaining the upper limit of Fig. 4.12. This result implies that elementary
emitters have an inherent short lifetime at thermionic temperatures due to
the occurrence of significant evaporation. As a consequence, elementary emit-
ters seem to be not suitable for long-lasting operation as discharge cathodes
in steady-state MPD thrusters. Since the cohesive energy is an intrinsic prop-
erty of the bulk material, the only way to increase the £ parameter and, thus,
the cathode lifetime, is to reduce the work function by employing a layer of
foreign atoms adsorbed on the elementary surface. The rest of this chapter
is, therefore, devoted to a careful investigation of the effects of non-metallic
atoms deposition on the lifetime of elementary emitters.

4.3.1 Work-Function of Surfaces with Adsorbed Layers

Although the effect of the adsorption of activator particles on metal surfaces
has been studied long ago starting from the pioneering work of Kingdon
and Langmuir [126], the actual mechanism leading to variations of the sub-
strate work function is not yet fully understood. In the field of alkali-metal
adsorption, the existing paradigm is based on the Langmuir-Gurney model
(LG) [127] which represents the first quantum-mechanical treatment of the
problem. The LG model predicts a partial charge transfer from the alkali
metal adsorbed atoms (adatoms) to the substrate at very low coverage while,
as the coverage increases, its foresees a mutual depolarization of the ad-
sorbed atoms due to their reciprocal electrostatic interaction. Thanks to its
qualitative agreement with the measured work function curves and its rela-
tively simple physical picture of the absorbtion process, the LG model was
unquestioned for more that half a century. However, recent theoretical and
experimental works casted doubts upon the validity of the LG treatment since
the predicted increase in the chemical bondlength as the coverage changes
from sub-monolayer to monolayer levels was found to be substantially incor-
rect [128-131]. As a consequence, computationally intensive physical models
based on the density function theory (DFT) were developed and validated
in the last years to gain a deeper insight into the basic nature of the ad-
sorption process [132, 133]. However, since the purpose of the present work
is to give a general picture of the basic cathode processes without dwelling
upon the intricate field of the condensed-matter physics, the qualitative ana-
lytical models developed some 40 years ago seem to be the most practical
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compromise between including details and keeping the treatment computa-
tionally reasonable. All these models assume that an electric dipole is formed
at the adsorption site thereby modifying the work function of the substrate.
Moreover, because of their relevance to the cathode technology, most of the
semi-empirical models developed in the past years employed transition met-
als as substrates.

Among them, the phenomenological approach developed by Gyftopoulos and
Levine (GL) [134] gives rather good agreement with experimental data for a
large variety of adsorbate-substrate sets. This model accounts for dipole and
dipole-dipole proximity effects on the magnitude of the work function even
if questions remain about its interpretations. According to the GL model
the work function variation with coverage owes its existence to differences in
electronegativity W and dipole effect d so that

o(9) = W(9) +d(9) . (4.25)

The W (¥9) term is taken to be the simplest polynomial that fulfills the bound-
ary conditions, namely for ¢ = 0 the work function is that of the bulk material
po and for ¥ = 1 the work function is that of the adsorbate .. Moreover,
small variations of the degree of coverage around ¥ = 0 and ¥ = 1 are as-
sumed to not change the work function barrier. Thus,

W(0) = o lim OyW =0 W(1) = ¢c lim OyW =0. (4.26)

9—=0 9—1

The simplest polynomial expression that satisfies the boundary conditions (4.26)
is a cubic given by

W (0) = ¢c + (po — ) (1 +20)(1 - 9)*
= e+ (900 - SOC)H(,&) . (4‘27)

The derivation of the dipole term d(¢) is somewhat more involved and as-
sumes that the dipole moment M () between two atoms is proportional to
the difference in their electronegativities W even at the surface, M ()
(W) —W(1)). With reference to Fig. 4.14, the atoms are represented by
hard spheres in a square array with an adsorbed atom (adatom) at the apex
of the pyramid. The distance from the center of the substrate atoms w and
the adatom c is indicated with R while the angle between the line joining the
atom centers and the vertical axis is designated 5. Denoting M, the dipole
moment between the atoms and considering that for the four dipoles only
the components parallel to the vertical axis survive, the total dipole for the
group is given by My = 4M,,. cos 5. Using the Gordy-Thomas relation be-
tween electronegativities and work function of a pure metal, a relation in the
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form My, < (¢o — ) can be written. In particular, the Gyftopoulos-Levine
model suggests that My, ~ 19¢¢(po — ¢c) so that the dipole term is

M () = 4eqr cos B(po — @e) (4.28)

where a constant radius parameter ry ~ 4.36 A is introduced. The cos B term

Figure 4.14: Schematic of coverage atoms atop a layer of bulk atoms

can be deduced from geometrical arguments regarding the configuration in
Fig. 4.14, namely sin?(3) = 2/ny(rw/R)? where n,,/(2r,)? is the number of
substrate atoms per unit area, n,, ~ 1 is a dimensionless parameter inter-
pretable as the number of atoms per unit cell and r,, is the covalent radius
of the substrate atoms. Since the total dipole moment M (¢}) is diminished
by the depolarizing effect of the adjacent dipoles, the GL model introduces
the Topping’s formula [135] to account for this phenomenon,

M,(9) = M(9) — aE(9) , (4.29)

where o = 4megnr? is the polarizability, n accounts for the electronic shell
structure of the atom and 7. is the covalent radius of the adsorbate atoms.
Note that « for a real polarized atom is expressed as the rank 2 tensor a;;.
Nevertheless, since the electric field near a metal surface is predominantly
along the surface normal (equipotential surface), only the dipole perpendicu-
lar to the surface effectively determines the momentum so that «,, = «. The
depolarizing field E(¥) is calculated as the electric field acting on a dipole
within an infinite array of charge images. If interactions between image
charges are neglected, the electric field E(1) is given by

n 3/2
E(9) = 4:60 [ (2rf)2] M,(9) (4.30)

where, analogous to n,, ny is number of adsorbate atoms per unit cell at
monolayer coverage. Since the dipole term is given by d(0) = n.M.(9)?, the
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following relation can be used

i) = -.(0) | 55 | -

(2rz)2) €0
= M nyg ' ‘
s ()

Combining equation (4.27) with equation (4.31), the expression for the work
function in terms of the degree of coverage can be written as

p) 1

_ _ 2
ve—oo T polpe ~ Lm0+ 20)G), (4.32)

where
ng(ro/re)? [1 = 2/ny(rw/R)?] 9 w
[1+n(re/R)’] [1 +9n/8(n f@)S/z} 1+ b3/

G)=1- (4.33)

While n depends on whether the covering is alkali (n = 1) or alkali-earth
(n ~ 1.65), the two parameters n,, and ns remain to be determined em-
pirically according to the specific adatom-substrate system under considera-
tion. However, these two parameters are not independent, since the substrate
atoms provide the surface onto which the adsorbate atoms nestle. Clearly,
the number of adatoms per number of substrate atoms in a cell depends on
the nature of the adsorbate and on the crystal plane. Gyftopoulos introduced
a quantity Ng to describe the crystal face and argued that in a body-centered
cubic (bbc) crystal having a Miller index of [100], Ny = 1 while Ny = 2 cor-
responds to the [110] face and Ny = 3 corresponds to everything else. On
sintered tungsten surfaces and dispenser cathodes, the best representation is
to use Ny = 3. As a consequence, the GL model suggests that the quantities
ng/ v/ No and n,,/+/Ny are approximately constant from one face to another,
so that the constraint between ny and n, is given by

N <rc>2 B {4, for Cs on W, Mo, Ta... ' (4.30)

ny \Tw B 2, for Ba on Sr, Th, W...

Since the GL model captures some features of the adsorption effect on the
work function rather easily, it still retains most of its original appeal but
it is not without complications. The assertion that ¢(¢) can be expressed
as the sum of a dipole and an electronegativity barriers is quite dubious
since Schmidt and Gomer were able to describe the work-function reduc-
tion with increasing ¢ without including electronegativity effects [136, 137].
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Moreover, the interpretation of the data is a bit ambiguous since the experi-
mental values of ¥ reported in the literature are usually inferred by assuming
a linear relation between the deposition time and the degree of coverage so
that experimental errors can alter the estimate of ¥. Figure 4.15 compares
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Figure 4.15: Comparison of experimental data compared to the GL model

the experimental measurements reported by Haas [138, 139] and Wang [140]
for barium on tungsten and cesium on tungsten, respectively. Using the
values for ny/v/Ny and ny/+/Ny suggested by Jensen [141], the predicted
work function is in remarkably good agreement with the experimental data.
However, it has to be underlined that there is no established method to com-
pare different coverage measurements and the reproducibility of the data via
independent measurements is scarce. As a matter of fact, since the surface
coverage is not directly observable in practical use, it is necessary to correlate
typical global properties such as the substrate temperature and the activator
partial pressure with the degree of coverage. A rather straightforward way
to determine a relation for ¥ = f(py, Ti, Ty), is to define a proper adsorption
isotherm for the phenomenon under investigation. Thus, using the expression
for ¢ = g(19), a direct relation between the cathode operating conditions and
the effective work function can be finally established.

4.3.2 Adsorption Isotherms

Any surface exposed to a gas is subjected to impingement of the constituent
atoms. An early approximation for the mass flux impinging a surface was
developed by Hertz and Knudsen, assuming that the gas and the surface is in
thermal equilibrium [142]. From the kinetic theory of gases, the impingement
rate is given by »

2rmgkpT,

TNg =

(4.35)
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where p is the background pressure of the gas, my is its mass and T} its
equilibrium temperature. Assuming that all the arriving gas atoms stick to
the surface, the characteristic time needed to cover an initially clean surface
is given by Tarr ™~ ng/ng, where n, is the number of available adsorption
sites per unit area, typically n, ~ 10 — 10?0 m=2. Typical values for the
impingement rate and monolayer formation times are shown in Fig. 4.16 for
Xe and He in a range of temperature between 1000 and 4000 K. Since hollow
cathodes typically operate at internal pressures in the order of 10? Pa, a
characteristic time of about 1076 — 107 s is needed to completely cover the
initial surface even at high temperatures. Nevertheless, the fractional surface
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Figure 4.16: Typical impingement rates and monolayer formation times for
Xe and He between 1000 K and 4000 K

coverage in steady-state conditions ¢ = n,/n, can be determined by equating
the adsorption and the desorption rates for a given surface temperature,
namely n, = ng. The desorption rate can be derived starting from the
trapping probability of the impinging atom in the Lennard-Jones potential
well. As shown by Kurkmans [143], a trapped atom has a probability of
escape from a given potential depth E; given by

Vg = Vo exp (—Ed/k}BTw) s (436)

where 19 ~ 10" s7! is the attempt frequency and T, is the temperature of
the surface atoms. Note that Fy # ¢, since the cohesive energy is the differ-
ence between the average energy of the bulk atoms of a crystal and that of
the free atoms, while the desorption energy is defined as the potential energy
difference required to remove an adsorbed particle from the composite sur-
face in the form of a free atom and depends on the interaction between the
foreign atom with the surface atoms.

According to the depth of the potential well, it is possible to distinguish
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between physical adsorption or physisorption and chemical adsorption or
chemisorption [144]. Physisorption in caused by weak Van der Waals forces
between the adsorbed gas and the solid surface, while chemisorption involves
chemical bond formation due to rearrangement and transfer of electrons be-
tween the interactive gas and the solid surface. Typical chemisorption ener-
gies are 0.6 — 4 eV /atom that compares to 0.05 — 0.4 eV//atom for physisorp-
tion. A transition between these types of adsorption processes is thus custom-
arily set to about 0.5 eV//atom [145]. Note, however, that the above definition
is over-simplified and somewhat arbitrary since molecules or atoms are often
distorted when adsorbed on solid surfaces leading to significant changes in
bond lengths. Moreover, at equilibrium, solid surfaces are highly dynamic
in nature presenting a mixture of physisorbed and chemisorbed atoms that
can convert their binding state according to the surface conditions. Typi-
cal residence times 7, of an adsorbed atom in trapped state are given by
To = Taoexp (Eq/kpTy). According to de Boer [146] the pre-exponential
factor 7,49 can be written for a monatomic gas as

h f
Ta0 = ———f2=5= 4.37
a0 kBTw fz f* ( )
where f, is the partition function of the vibration perpendicular to the surface
of the adsorbed atoms while f and f* are the partition functions of the
system in the equilibrium and activated states, respectively. Assuming f ~
f* (mobile adsorption), the residence time can be written as

h E,
Ta = m’f‘z exp (k‘BTw> 5 (438)

with 7, = 1/v, = ng/ne where n, is the number of adsorbate atoms (or

ions) per unit surface area of the substrate. Rearranging equation (4.38) it is
possible to derive an equation for the degree of coverage of a cathode surface
with adsorbed layer in equilibrium, namely

27 ph E4(9)
0=y /mg o (kT2 exp {kBTw : (4.39)

The non-linear relation between the amount of adsorbed atoms (or ions) and
the partial pressure of the impinging gas is called adsorption isotherm. These
curves reflect the nature of the adatom-substrate bound and are of paramount
importance to estimate the effect of the deposition on the cathode surface.
However, since Fy depends on the degree of coverage of the surface, a the-

oretical correlation between the desorption energies of atoms and ions and
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the degree of coverage must be found. One of the most comprehensive ana-
lysis of the desorption energies as a function of the degree of coverage is by
Levine and Gyftopoulos [147], who derived a model without involving neither
adjustable constants nor detailed quantum mechanical treatment. Much of
this section is based on findings of Levine [147-149].The phenomenological
approach taken here assumes that metal-adsorbate bonds can be considered
partly ionic and partly covalent so that the desorption energy can be repre-
sented by

where F;; and FE.. are the ionic and the covalent contributions, respectively.
Clearly, FE;; must vanish for a purely covalent bond, E.. must be null for a
purely ionic bond and E.. ~ ¢, when desorption of material from surface of
the same bulk material is considered. The dual nature of the surface bond
is suggested by the broadening of the valence energy level of the adsorbed
particle and by the strength of the bond in case of metallic surfaces immersed
in a monatomic metallic vapour. In this conditions, the adsorbed particles
are chemisorbed rather that physisorbed by the surface. Moreover, thanks
to the surface ionization at high substrate temperatures [150], the metallic
particles are mostly adsorbed as ions. It has to be underlined that Rasor and
Warner [124] argued that ions and neutrals may exist as distinct states on the
surface even though Gadzuk [125] showed that, in case of cesium adsorbed
on tungsten, the lifetime of the adatom is in the order of 1071 — 10713 s
The ionic contribution F;; to the desorption energy E, is assumed to arise
from a fraction of charge f. of the adsorbate which is transferred to the
substrate. This fraction f. determines the partial ionic character of the bond
and is associated with the surface dipole moment. By means of a Born-Haber
type thermodynamic cycle, the following expression for E;; was derived

Ei = fup(0) [1 + w{;) (quoR - z—:ﬂ | (4.41)

where ¢; is the ionization potential in units of eV and R = r. + r, is the
internuclear distance between the substrate and the adsorbate particles, taken
equal to the sum of the covalent radii. As expected, if the bond is purely
covalent f, = 0, E; = 0, while if f. = 1 the ionic contribution reduces
to the energy required to remove an adsorbed ion from the surface, F; =
o(9)+q/(16megR)—¢;. The fractional charge f. can be roughly approximated
from the dipole moment part of the work function as

M.

Je= qRcosfB’

(4.42)
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being M, the effective dipole moment of equation (4.29) which includes both
self-depolarization and dipole-dipole interaction effects. The covalent contri-
bution E.. requires a more intricate analysis to be estimated since it involves
the pairing of the valence electrons of the substrate and adsorbate particles
to create the chemical bond, namely they have to occupy a common orbital
with opposite spins. Since F.. arises from pairing the valence charges, both
the substrate and the adsorbates must each contribute to the bond. The
contribution of the adsorbate is assumed to be proportional to the cohesive
energy ,, the valence charge g, o< f. and the strength of the valence orbitals
Sc derived according to the molecular orbit (MO) theory. The value of S,
depends on what valence orbital participates in the bond and it is equal to
the square root of the number of valence orbitals [151]. The final expres-
sion for the adsorbate contribution to the covalent part of the bond is given
by ES. = ¢¢5%q.. Inclusion of ¢, ensures that E.. is equal to the cohesive
energy when the adsorbate is adsorbed on its own bulk material. For similar
reasons, the contribution of the substrate is assumed EO, = ¢9S2¢o. The sim-
plest expression of E.. which guarantees the limiting requirements, E.. = ¢
for ¥ = 0 and E.. = 0 in case of purely ionic bond ¢. = 0, is the following
geometric mean

45282 4q.q0 12

(52 +52)° (g + )

E.. = 302(102 (443)
where ¢ ~ v — f. with v is the largest number of valence electrons that
participate in the covalent bond, e.g. v = 1 for alkali metals and v = 2 for
alkaline-earths. Equation (4.44) together with equation (4.41) yield for Ey

Eq(9) = fep(9) [1 4 0(9)] + V505 Se0Qco0 (4.44)

where S.o = 2/(S:/So + So/S.) is the angular efficiency of the orbit and
Qo = /1 — f2/v? is the charge efficiency and it is unity when the bond
is purely covalent and zero when purely ionic, i.e. when the entire valance
charge is transferred from the adsorbate to the substrate f. = v. It has
to be emphasized that most of the physical constants used in the previous
derivation are sensitive to the crystallographic orientation of the substrate so
that the obtained results are to be considered as qualitative. However, since
the constants merely enter the formalism as input parameters, they can be
measured experimentally for a given crystallographic surface arrangement.
Figure 4.17 shows the comparison between the theoretical desorption energy
for cesium on tungsten with the data taken by Taylor and Langmuir [152].
Comparison with the empirical data indicates a rather good agreement be-
tween theory and experiment. Inspection of the data indicates that in the
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Figure 4.17: Desorption energy for Cs on W and fractional energy. The 5%
uncertainty limits are shown as dashed lines.

particular case of Cs/W system, the covalent contribution is dominant and
has a weaker dependance on coverage while the ionic contribution accounts
for about 40% of the total desorption energy at zero coverage and vanishes
at ¥ = 1. Also note that at low coverages the change of desorption energy
resembles the linear relation of the work function dye ~ C¥ and it is approx-
imately equal to Oy Eq ~ fop(V).

Thus the theoretical calculation of equation (4.39) is completed and its nu-
merical solution gives the relationship ¢ = ¥(7Ty,p). Hence, on the basis
of equation (4.39) it is possible to evaluate the effect of the deposition on
the work function for any specific adsorbate-substrate pair as a function of
the surface temperature T, and the value of the activator partial pressure
p = nkgTy,. Figure 4.18 shows the equilibrium coverage as a function of
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Figure 4.18: Coverage and effective work function as a function of the cath-
ode temperature for different cesium number densities.
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the substrate temperature for a Cs/W system. The effect of the cesium
deposition on the work function is also reported. From the previous calcu-
lations it is clear that, providing a proper replenishment of foreign atoms,
the work function can be remarkably reduced leading to a cathode lifetime
of several orders of magnitude higher than the relative elementary emitter
for a given discharge current.The effectiveness of the propellant seeding with
alkali-metal particles on the emission properties of a surface can be shown by
considering a simple case of a system in perfect thermodynamic equilibrium
as done by Sajben [153]. This implies constant temperatures throughout the
plasma and its boundary surfaces, as well as zero net fluxes for neutrals, ions
and electrons. Since no transport processes are considered, the net current
is also zero. Assuming that the characteristic length scale of the plasma is
much larger than the Debye length, the quasi-neutrality can be invoked for
the plasma bulk where the degree of ionization at the midplane between the
electrodes is given by ag = ng/(no + nao), where ng and ng is the seed
plasma and atom density, respectively. For an equilibrium plasma, the Saha
equation reads

of _ gige 2rmekpT)*® exp(—qei/kpT)
1 —ag Ya h3 1y + Nao

, (4.45)

where the subscript "0” refers to the plasma properties at the system center-
line. Assuming a Boltzmann distribution across the sheath, then ny(r) = ngo,
ne(r) = noexp (¢V/kpT) and n;(r) = ngexp (—q¢V/kpT) where the plasma
potential is taken to be zero at r = 0. For a Maxwellian EEDF, the flux of the
particle j to the wall is given by p; = n;/4/8kgT /mm;. The requirement of
zero net flux yields to the equilibrium between the flux of particles from and
to the wall, v; = ;. If the rates at which atoms or ions are desorbed from
the surface are given in an Arrhenius form vg, = w,(9) exp (—qEq(9)/kpT)
and v, = w;(¥) exp (—eF;(¥)/kpT), the neutral flux balance reads

E(Z a)
qu(;?) +1n (’Zf) ~0. (4.46)

Equation (4.46) states that for a given temperature and plasma density, the
degree of coverage adjusts itself so that the desorbed atom flux balances the
arriving flux from the plasma. Similarly, the ion flux balance is given by

Viw = Miw = io €xp (—qViw/kBT) = pao exp (—qVi/kpT) . (4.47)

Qo
1—0(0

Equation (4.47) can be recast as

@V  qE; Ha0 Qg
— = 1 1 . 4.4
kT kBT+n< '>—|-n< ) (4.48)
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By using a Born-Haber cycle, the ion desorption energy can be expressed as
E, = E, +¢&; — ¢ + Apg where Apg ~ /E,, is the Schottky correction to
the work function. The electric field at the wall can be easily calculated for
an equilibrium plasma by using the Poisson equation, namely

PV _ o lexp (aV/ksT) — oxp (~eV/ksT)] ,  (4.49)

which can be integrated giving

8nokpT . qVw
E, = h . 4.50
vV T, <2kBT (4:50)

It is now possible to calculate the degree of coverage from equation (4.46)
and the floating potential from equation (4.48) including the Schottky cor-
rection. Figure 4.19 reveals that for any given seed density, the floating
potential presents two global extremes. The maxima always correspond to
roughly ¢ ~ 0.6 while the minima to ¥ ~ 0.03. As the surface temperature
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Figure 4.19: Emission electron current and floating potential for a tungsten
wall at equilibrium coverage.

is increased, the work function drops and the electron to ion current ratio
increases since Vey /Viw o< T? exp [—q(p — E;)/kpT]. The relative increase in
electron emission must be matched by an increased electron arrival rate to
the surface, so that V,, has to be electron-attracting. As soon as the quantity
(¢ — E;) became negative, i.e. for ¥ 2 0.2, the electron current drops with
temperature and the surface has to be electron-repellant. The net effect of the
cesium deposition on the emission current density is the presence of a local
maximum. Thus, for a given seed number density, there is a local maximum
current which occurs at a temperature much lower than the corresponding
temperature of the bare substrate.



Chapter 5

lonization Processes in Hollow Cathodes

As described in Chapter 1, Section 1.3, the active zone or internal plasma
column (hereafter referred to as IPC) is of primary importance in under-
standing the behaviour of the hollow cathode. However, its limits and area
of coverage are still ill-defined both in open-channel and multi-channel hol-
low cathodes. The internal plasma column is generally associated with the
region of the refractory tube in which the thermionic emission is predomi-
nant and includes the area of the cathode close to the location of maximum
wall temperature. The importance of the IPC can be understood through
its relation to the plasma generation processes since the active zone must
contain the high-energy electrons needed to efficiently ionize the propellant.
However, the ionization potential of the neutral gas sets a minimum energy
requirement for a direct-impact single ionization event to occur. The high-
energy electrons may come from the emitted electrons (primary) accelerated
through the cathode sheath or from the thermalized electrons (secondary)
in the high energy tail end of the Maxwellian distribution. The latter is
particularly important for non-LTE plasmas in which a Druyvesteyn EEDF
gives better approximation than the Maxwellian, as experimentally shown
by Domonkos in a low-current hollow cathode [154]. As a consequence, the
IPC is like an e-beam sustained plasma, where the ionization of the gas is
mostly provided by the injection of high-energy electrons, while the discharge
current is carried by the slow electrons.

In this Chapter the theory of the energy degradation of the primary electrons
in an argon plasma is discussed while a simple volume-averaged model for
multi-step ionization process is described to assess the importance of this
phenomenon for typical hollow cathode operations.
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5.1 The lonization Region

The extension of the interelectrode plasma to the interior of the hollow cath-
ode is called IPC. The nature of this region is both a cause and a consequence
of the cathode temperature, which depends upon the energy balance between
the plasma-related processes and the heat exchange with the environment.
Since this hot region determines for a large extent the lifetime and the over-
all power consumption of a hollow cathode, most of the research conducted
so far on these devices gave a particular attention to the description of the
phenomena involved in its physical characterization and spatial extension.

In this context, Ferreira and Delcroix [31] have published what is certainly
the best attempt to date to construct a comprehensive, self-consistent theory
of the ionization processes in a single-channel hollow cathode. In describing
the formation of the internal plasma, the model used a gain-function to ac-
count for the collisional degradation of the primary electrons. This elegant
method basically consists in a direct analysis of the flux of electrons across an
iso-velocity sphere in the velocity space. In calculating the total flux across
the v =constant sphere, the authors included elastic electron-atom collisions,
electron-electron collisions and inelastic ionization and excitation collisions.
Using this analysis, the authors discovered that the inelastic collisions rapidly
pull the beam electrons down in energy and reintroduce them into the body
of the bulk plasma distribution. This process entails a discrete energy spec-
trum of the primary electrons with a series of narrow peaks corresponding to
the knock-on events. Such a result indicates that the energy degradation of
the fast electrons cannot be described invoking the continuous slowing-down
approximation (CSDA) suggested by Spencer [155], but a discrete-energy-bin
method should be adopted as done by Peterson [156] and Cassady [157]. In
addition, since the mean energy lost by a primary electron in each elastic
collision both with neutrals and with secondary electrons is in the order of
0.1 eV, the cascade may be assumed to be purely inelastic. One of the main
results of this model is the function a(Ep), describing the mean number of
ions created by each injected electron with an initial energy Fy. The authors
calculated that, for Ar propellant, each primary electron yields on average
one additional electron due to volume ionization, o = 1 for Ey < 24 eV and
1 < a<?2for 24 < Eyg < 40 eV. This means that the volume and the sur-
face processes share equally the total discharge current. However, the total
ionization is not tied only with the primary electrons, since a remarkable con-
tribution comes from the ionization collisions between the excited states and
the bulk electrons. In other words, the continual production of excited states
in the cascade is balanced by the step-wise ionization due to the secondary
electrons, thermalized by electron-electron elastic collisions.
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In conclusion, the results of the theoretical investigation performed by Fer-
reira and Delcroix suggest that the initial energy of the primary electrons
controls the production of the metastable states while the temperature of the
secondary electrons controls their tonization.

In spite of its detailed analytical formulation, the model proposed by Ferreira
and Delcroix is not a predictive one. The major drawbacks of this model are
(i) the need of an experimental wall temperature profile and (ii) the lack of
indications about the axial extension of the IPC and (iii) a constant plasma
potential at the cathode exit section. Since the results are extremely sensitive
to the wall temperature profile, this model is not satisfactory for predictive
purposes.

Attempts to measure or theoretically determine the extension of the active
zone have been sporadically made in the past decades. In their pioneering
work on high-current hollow cathodes Lidsky and coworkers [158] suggested
that the plasma recedes into the cathode cavity up to the location at which
the product between the pressure and the internal diameter is suitable for
operation at high current density, namely pDo ~ 1 m x Pa. They specu-
lated that in this condition the ionization mean free path is comparable to
the tube size, while no correlation between the IPC axial extension and the
cathode temperature profile was identified at that time. However, experimen-
tal measurement of the external temperature was performed revealing that
a hot spot at about 2500 — 3000 K appeared on the cathode surface a few
diameters from the tip. The authors thus concluded that this macroscopic
behaviour can be considered a distinguished feature of proper hollow cathode
operations.

A few years later Delcroix [159], through a series of experimental investiga-
tions on a tantalum open-channel cathode, proposed that the axial location
of the active zone is characterized by the condition p ~ 500 Pa =constant,
being p the gas pressure at the IPC abscissa. This work is, to the author’s
best knowledge, the first to correlate the location of the cathode wall temper-
ature peak with the axial extension of the ion production region. Performing
a large number of temperature measurements for different cathode diameters
and mass flow rates, Delcroix concluded that the location of the maximum
wall temperature scales as ¢ ~ 1!, suggesting a constant pressure in the
active zone. In addition, he suggested that such a pressure may correspond
to the minimum resistance condition for the current conduction. Interesting
enough, no correlation between the axial extension of the IPC and the dis-
charge current was attempted, suggesting a minor role of this parameter in
the definition of the plasma penetration length.

Somewhat similar conclusions were drawn by Krishnan [32] after a series of
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experimental investigations on a 20 mm inner diameter tungsten hollow cath-
ode operated in pulse mode up to 29 kA. In this work the author concluded
that the current attaches over less than one diameter of the cavity near the
exit section. Moreover, measuring the plasma potential inside the cathode,
he found that the current and voltage patterns in the active zone are in-
dependent on the dimensions and shape of the cavity. However, his work
confirmed the scaling ¢ ~ 7m ™! and showed that, for a given mass flow rate,
increasing the discharge current, the peak of the current density moves down-
stream, suggesting a further scaling relation, ¢ ~ I~'. As a result, Krishnan
speculated that when the energy exchange mean free path A* is either very
small or very large compared to the cathode diameter, the resulting surface
current distribution is roughly the same and peaks near the exit section. The
intermediate case \* ~ D¢ results in a proper hollow cathode operation with
arc attachment upstream in the cavity. Besides, he concluded that, at best,
the current can penetrate into hollow cathode of an MPD thruster only for
about one cavity diameter, so that £ < Do. As Krishnan admitted, however,
it is not clear if the results obtained with pulsed cathodes can be applicable
also for steady-state devices since the thermal history of the surface and,
thus, the electron emission mechanisms, is dramatically different.

At the beginning of the 1980s, Siegfried [160] deeply investigated both the-
oretically and experimentally a series of orificed hollow cathodes for ion
thruster applications. An important result of this study was the estima-
tion of the axial extension of the ionization region. Starting from the work of
Ferreira and Delcroix, the author suggested that the ion production region
can probably extend into the cathode cavity for few primary electron energy
exchange mean free paths. Since beam electrons can lose energy both by
elastic collisions over a mean free path A, and by inelastic collisions over a
mean free path \;,, Siegfried concluded that £ ~ Ay = (1/\in + 1/xa)"
This model entails a sharp drop off of the plasma density in the upstream
region of the active zone. Indeed, experimental data presented by Goebel [6],
indicate that since T, < &;, the plasma is dominated by recombination phe-
nomena and its number density scales as n(z) ~ exp(—z) along the cathode
axis, lending credence to the result of Siegfried. In addition, the author
found the mean free path for inelastic collision to be insensitive to the vari-
ous excited states number density and suggested scaling relation in the form
£~ (nnEo)_l, based only on the typical plasma conditions and neutral den-
sity [161]. It is worth noting that for typical hollow cathodes operating at
about 300 — 500 Pa, a plasma penetration length of a few A* corresponds to a
pressure-diameter product of ~ 1 m x Pa, as reported by Lidsky, corroborat-
ing the finding that, at this value of the pD¢ product, the primary electron



5.2 Physical Processes in the lonization Region 71

mean free path is in the order of the cathode radius. Besides, unlike Ferreira,
Siegfried calculated that approximately 70% of the total discharge current is
provided by the surface electron emission, while the remaining 30% comes
from volume ionization processes.

It is important to address here the lack of experimental investigations car-
ried out to directly measure the plasma properties inside a hollow cathode
for MPD thruster applications. The harsh environment within the active
zone makes these measurements very challenging and therefore it is under-
standable that they had been rarely accomplished. However, in the following
sections of this dissertation, the basic phenomena taking place in the IPC
of a hollow cathode are examined in an attempt to find proper scaling rela-
tions and phenomenological correlations to indirectly determine the plasma
parameters through an analysis of its integral operative parameters and tem-
perature profiles.

5.2 Physical Processes in the lonization Region

The excitation and the ionization of the neutral gas inside the hollow cathode
are mostly produced by the primary electrons emitted by the cathode surface.
After being accelerated by the cathode fall, some of them immediately pro-
duce excitation and ionization, thus loosing a considerable part of the energy
and becoming thermalized in subsequent collisions both with heavy particles
and bulk electrons. However, the number of accelerated electrons that do
not experience collisions reaches the opposite wall where they are decelerated
and returned back. These electrons may accomplish several bounces before
experiencing a non-elastic collision. Clearly, the number of these electrons
is larger at lower gas pressure. The study of the complex energy degrada-
tion process of the primary electrons to the thermalized state constitutes the
central problem of the whole hollow cathode theory and is usually referred
to as “electron cascade”. The thermalization process of both mono-energetic
and Maxwellian distributed fast electrons colliding with plasma electrons and
heavy particles along with the problem of the neutral gas heating are here
discussed and analyzed in detail.

5.2.1 Electron Relaxation and Thermalization Times

The problem of the electron cascade can be outlined considering a primary
electron injected in the plasma bulk with a velocity w = y/2Ey/m. and collid-
ing with a population of Maxwellian electrons thermalized at a temperature
Te. In this conditions Spitzer [162] defined the slowing-down time 75 as the
rate of change of the mean velocity of the primary mono-energetic electron
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by encounters, namely

w . w
(Aw) ~ 2Ap12G(lyw)

Ts = — (5.1)

where Ap is a diffusion constant, Is = \/me/2kpT. is the inverse mean
velocity of the secondary electrons and G(l;w) is a function defined in terms
of the error function ®(z) as

O(z) — 20, P(x)

G(z) = s . (5.2)

Equation (5.1) has two important limiting cases. If w exceeds the mean
square root velocity of the bulk electrons wg,, then I2G(lsw) ~ 1/2w? and
7s o w3. On the other hand, if w < w,, 75 approaches a constant value
given by 75 o (Apl3)~!. Assuming that w > wuy,, equation (5.1) can be
thus recast as 7, ~ w?/Ap. However, primary electrons experience Coulomb
interactions with both ions and electrons transferring their energy to them.

Using the quasi neutral condition n. = n; >~ n, it is possible to derive
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(5.3)
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where g9 ~ 8.854 x 107!2 As/Vm is the permittivity of free space and
InA = In (67rn/\?l’)) ~ 10 is the Coulomb logarithm. Figure 5.1-left shows
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Figure 5.1: G(x) equation and slowing-down time as a function of the primary
energy.

the slowing-down time as a function of the primary electron energy for differ-
ent plasma bulk densities and electron temperatures. The primary electrons,
after they have gained several eV by acceleration in the sheath, do not slow
down much as long as the plasma is of low density (e.g. n < 106 m=3).
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As the plasma density increases, the slowing-down time remarkably reduces,
leading to a rapid thermalization of the primary electrons. It is worth noting
that assuming a total cross section for electron-argon interaction of about
Oe_ar =~ 10720 m? [163] and an argon pressure in the cathode cavity of
p ~ 10% Pa, the neutral number density is about n4, = p/kgT ~ 10?1 m=3
so that the resulting mean free path for electron-neutral collision is Ae_ 4, =~
1072 m. Since the beam electrons travel with w ~ 10% m/s, the collisional
characteristic time is given by 7.y = Ae_ar/w ~ 10710 — 1079 5, which is
shorter than the slowing-down time for mono-energetic electrons.

When the primary and the secondary electrons have different temperatures
and the emitted electrons have a Maxwellian distribution, it is possible to
represent the change in temperature of the fast electrons as an ordinary re-
laxation equation in the form

dT, T, —T,

P _ S P 5.4
dt Tth ’ ( )

where 7y, is the equipartition time which characterizes the rate of approach
to equilibrium. Clearly, the solution of equation (5.4) is

Ty = Tpoexp (—t/men) + Ts [1 — exp (—t/ )] , (5.5)

in which 74, can be interpreted as the relaxation time for the temperature

equipartition process. Spitzer [162] obtained an expression for the electron-

electron equipartition time scale as

1273/22mp/? (kpTy + kpT,)*/?
¢*ne.In A

Tth — s (56)
Figure 5.2-left shows the relaxation time for mono-energetic primary electrons
T and Maxwellian distributed beam electrons 7y, injected in a 5 eV bulk
plasma. The slowing-down time was found to be faster than the equipartition
time, as can be shown considering

@ B 7T1/2 (kBT)3/2
Ts mg/z w3

~ 10" - 10", (5.7)

where T' = T),+T5. It is interesting to note that the ratio 74, /75 is independent
of the bulk plasma density, as it appears in Fig. 5.2-right. Considering a
hollow cathode 10 mm in diameter, from a preliminary investigation of the
characteristic time scales for beam electron thermalization, it is possible to
state that for low-pressure operations, the plasma in the hollow cathode is
somewhat transparent for the beam electrons and the discharge is maintained
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Figure 5.2: (Left) Relaxation times of mono-energetic primaries 7, and a
Maxwellian primary population 7, in a 5 eV, 10%° m =3 plasma.
(Right) Characteristic time scales as a function of the plasma
density with an electron temperature of 5 eV.

purely by these electrons. For pressures above 10% Pa, the electron beam does
not penetrate much into the plasma bulk since it looses most of its energy at
the edge of the plasma volume (A = w7, ~ 105-1072 = 1073 m). In this case,
the plasma bulk is maintained by the secondary electrons with an energy that
increases with the plasma pressure. For typical operative pressures of about
102 Pa both these processes take place in the cathode cavity to sustain the
discharge.

5.2.2 Gas Heating Mechanisms

In the IPC of a hollow cathode, a strong thermal non-equilibrium between
electrons and neutrals exists. As a matter of fact, the gas temperature is
usually assumed to be of the same order of magnitude of the cathode wall
temperature, i.e. T, ~ 0.1 eV, even though no justifications are clearly
given [164-166]. As a consequence, the heat transfer process between neu-
tral gas particles and the plasma constituents in the active zone of a hollow
cathode is here investigated.

As shown by Delcroix [159], the neutral gas can be heated mainly by (i) elastic
electron-neutral collisions, (ii) inelastic collisions between excited atoms and
(iii) heat convection from the wall. In order to estimate the neutral number
density in the cathode cavity, it has to be considered that, in steady-state
operations, the ion production in the volume must be equal to the ion loss
rate toward the cathode wall, thus neglecting the ion flux at the upstream
end of the control volume. In this condition,

Trelnnne(oentie) = 2nrlnoup (5.8)
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where r¢ is the cathode internal radius, ¢ is the IPC axial length and up is
the radial ion diffusion velocity. Assuming that the radial density gradient
is negligible, from the ion momentum equation up =~ ¢qE/m;v with v =
N {0inug,) neutral-ion collision frequency. As a result, from equation (5.8),
the neutral number density can be roughly estimated as

e~ 2 uwp 1 qVemy/mem; (5.9)
" 4kpoenoimmi I T; . ‘

rc <Uenue> rc

Considering a cathode potential drop of about V., >~ 10 V, an electron tem-
perature of T, ~ 2 eV and a non-equilibrium ratio of T, /7T; ~ 10 [167], the
neutral number density in a 10 mm diameter hollow cathode is in the order
of n, ~ 102! m=3.

The mean free path for electron-argon elastic collision is then given by Ao =
(MnOen) ™t ~ 7-1072 m with o, ~ 10729 m?2 [168]. As shown in the previ-
ous Chapter, the gradual energy transfer from the primary electrons to the
neutral atoms takes place over a characteristic time much longer than the
relaxation time, since the energy transfer from a single collisional event, ac-

cording to the conservation of momentum law, cannot exceed a fraction of the
order of 2m./m,, of their kinetic energy. Therefore, appreciable energy trans-
fer can occur only when the particles are subjected to a remarkable number
of collisions, approximately N ~ m,/(2m.) ~ 4 - 10*. Applying the Ran-
dom Walk (RW) theory, after N collisions, the electron reaches an averaged
distance over many trajectories in the radial direction of Ay, = VN ~ 14
m. Since Ay, > r¢, it is possible to infer that the energy transferred by the
primary electrons to the neutral atoms is negligible. As a matter of fact, in
order to loose all their initial energy FEj, the beam electrons need to cover a
distance equal to Ay, so that along a cathode radius the average energy lost
is given by E, = rc/M\nEo ~ 3.5 - 107*Ej.

Since typical cathode falls impart an energy to the emitted electrons which is
not sufficient to allow for direct-impact ionization of Ar atoms, atom excita-
tion is the only possible direct process with a single electron-neutral inelastic
collision. These excited states can give origin to different other reactions,
e.g. ionization, spontaneous de-excitation with emission of a photon and col-
lisional de-excitation with kinetic energy transfer (Coulomb de-excitation).
Considering only the Ar 4p emission lines!, the photon wavelength due to
spontaneous de-excitation is given by A = hc¢/e,, ~ 100 nm, in the ultra-
violet spectrum. Since the adsorption cross section at the center of a line
is in the order of o, ~ A2 ~ 1.3-107'* m? [169], the mean free path for
photon adsorption is given by A\, = (neap)_1 ~ 100 nm and the plasma is

'Further details concerning the argon excited states are given in Section 5.3
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optically thick at the 100 nm bound-bound transitions. A rough estima-
tion of the heating contribution due to these interatomic transitions can be
performed considering that the energy per unit time corresponding to the
transition from a state of higher energy i to a state of lower energy j is given
by Qp = n;hvA;;, where A;; is the Einstein emission probability and n; is the
number density of the excited state i. The population of the excited state
is determined applying the principle of detailed balance for the various pro-
cesses involved, namely n;/n, = neuop;/ . j A;;. Here n, is the population
of the ground-level and o,; ~ 1.32 - 10722 m? is the average cross section
for the electron collision excitation at the 100 nm line [168]. The radiation
power is therefore given by P = n,lo,;hvA;il/q Zj A;j; ~ 0.8 W for an IPC
length of £ ~ D¢ and a discharge current of I ~ 100 A. Since the total
power consumption of a cathode is approximately Pr ~ VoI ~ 103 W, the
contribution of the bond-bond transitions to the gas heating is negligible. As
a consequence only the Coulomb de-excitation is supposed to effectively heat
the neutral gas.

The effective excitation cross section for an Ar neutral atom colliding with

2 so that the mean free

a 10 eV electron is in the order of ooy ~ 7-10722 m
path for electron-neutral excitation is given by e, = (nnJex)_l ~1.4m. To
estimate the probability of inelastic collisions between electrons and ground-
level neutrals, the maximum length cover by electrons before experienc-
ing an elastic collision should be found. Considering a simple diffusion-
like process describing the motion of the electron up to the cathode wall
D = r% /T =~ uer% /Aet, the total path of the electron between elastic colli-
sions is given by Ly = D/u. = T%’/)\el ~ 3.4-10"* m. Along this path,
the free electrons have a probability of inelastic collision with ground-level
neutrals described by p = L¢j/Aer >~ 0.02%. As a consequence, the electrons
can loose only a negligible fraction of their initial energy to excite the neutral
gas.

Similarly, considering the metastable states Py and 3P, of the Ar propellant,
the mean free path for momentum transfer between these levels is given by
A = (Npom) ™t ~ 31073 m with oy, ~ 3.4- 10719 m~2 from Phelps [168].
The maximum length covered by these metastable atoms before arriving to
the wall is thus L,, = r%/)\m ~ 85-107% m. The mean free path for
atom collision de-excitation is approximately A\g = (n,04)"" ~ 480 m be-
ing oq ~ 2-1072* m™2. As a result, the de-excitation can account for only
E; ~ 107°E,. It is thus possible to conclude that the heat transfer from the
wall is the main gas heating process.

By applying a simple energy balance for an inviscid, fully developed lami-
nar flow moving at a constant mass flow rate /m in a thin-wall tube with a



5.2 Physical Processes in the lonization Region 7

constant surface temperature T, the variation of the mean gas temperature
along the tube axis T},, can be written as

dT,,
- jw - jm ; 1
dx Si ) (5.10)

where S; is the local Stanton number. Equation (5.10) indicates that the
temperature difference (T, — T},) decays exponentially with distance along
the tube axis and reaches the 90% of T}, in few tens of millimeters for S; > 50.
A substantial difference between the gas and the surface temperatures can be
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Figure 5.3: Axial variation of the neutral mean temperature for different Stan-
ton numbers at Tp, = 2800 K (left) and wall temperature at
Sy =5 (right).

observed only at high mass flow rates, i.d. low Stanton numbers, in particular
Sy ~ 5 at mm ~ 10 mg/s for the cathode geometry here considered.

In addition, the radial distribution of the heavy particle temperature can
be estimated following Salhi [170]. The model considers the heat transfer
between the electrons, the ions and neutrals in the active zone. Starting
from equation (5.4), the electron-ion heat transfer can be written as

1d d1; dT; T, —T.
-2 7 Tt~ L —— a1
rdr <TKJ dr > Pep dt Pep Tih (5.11)

where 74, is the electron-ion equipartition timescale. A similar equation can
be written also for the energy transport from the electrons to the neutrals,
namely

arl,

2me 3
i

o §/<; (T, — T¢) Vennp, (5.12)

n—e
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where v, ,, is the mean momentum transfer collision frequency calculated by
fitting the data gathered by Nakamura [171], namely

84T,
Ven = 10720, [ 2L¢ (2-107*T2 — 6.1 - 107372 — 0.13272 + 1.295T. + 0.304) ,

M

(5.13)
where T¢ is in units of eV. Equation (5.12) can be further modified to include
the heat transfer from the ions to the neutrals

pcpdd% y =3k (T, — T;) vipnn, - (5.14)
with
2qT, _
Vin = NpnOCEX 7:7]71 [exp(—CQ) + (2( +¢ 1) \/(W)/2Erf(§)] , (5.15)

where ( = \/mu, /2qT,4; is the normalized ion velocity and oogx ~ 10718 m?
is charge exchange cross section. The previous equation can be combined to-
gether to get an expression for the ion and neutral temperature variation
along the cathode radius as

1d dr; T —T.
- <mdr> = pcyp [ ©+2(T - Tn) Vz‘n]

1d dT, 2me
;% (T‘Hdr> — PCp |: m, (Tn - Te) Ven =+ 2 (Tn — E) Vln:| . (516)

The thermal conductivity can be calculated as k = 2kp/on\/kBTin/Tmjn,
where oy, = 2/37d?, ~ 9.3 - 10720 m? is the average heavy particle cross sec-
tion. Finally, using the kinetic description, the product between the density
and the specific heat capacity can be written as pc, = 3/2n¢ ,kp.

The boundary conditions for equations (5.16) are that the temperature at
the cathode surface is equal to the wall temperature and that at the cathode
centerline the radial temperature gradient is zero, namely

T (7“ = ’l“c) = Tw
AT}

=0. 1
= 0 (5.17)

r=0

The result of the numerical solution of equations (5.16) is shown in Fig. 5.4
for different plasma number densities and bulk electron temperatures. Even
though the temperature of the heavy particles can appreciably deviate both
from the wall temperature and between each other, the plasma densities re-
quired to yield to this result are higher than the typical values experimentally
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Figure 5.4: Radial variation of the heavy particle temperatures for different
plasma densities (T, = 1;eV, n, = 102 m~3) and electron
temperatures (n, = 10*2 m~3, n,, = 102 m=3).

observed in open-channel hollow cathodes [172]. As a result, it is possible to
state that a large fraction of the primary electrons energy is indirectly trans-
ferred to the heavy particles through the cathode surface temperature via local
influence of the plasma density and sheath potential.

The ordering of the characteristic length for n, = 10*' m™3 and n, =
10?2 m™3 is shown as an example in Fig. 5.5. The plasma is dominated
by excitation electron-neutral collisions and this picture is not dramatically
different when the neutral density is decreased. The large electron-heavy
particle thermalization mean free path confirms that the two species’ tem-
peratures may, indeed, differ substantially.
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Figure 5.5: Characteristic plasma length scales in the cathode cavity for n,, =
102t m=3 (left) and n,, = 1022 m~3 (right). The cathode inner
radius is used as baseline.
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5.3 Multi-step lonization Model

In order to assess the role of the step-wise ionization in the cathode cav-
ity, a simple collisional-radiative (CR), volume-averaged model for the non-
equilibrium ionization in a steady-state hollow cathode is here presented and
discussed. It has to be underlined that the present model considers the sec-
ondary electrons only and the effects of the beam electrons are not included
so far. The steady-state regimes of non-equilibrium discharges are provided
by a balance of generation and loss of charge particles. The generation of
electrons and ions is mainly tied with volume ionization processes, while the
losses of charged particles can be related to both volume processes of recom-
bination and diffusion to the walls with subsequent surface recombination
(catalytic surface). These two loss mechanisms identify two different regimes
of steady-state discharges: volume-processes control discharges and diffusion-
dominated discharges. As suggested by Lieberman [173], when the degree of
ionization is relatively high for the diffusion to be considered as ambipolar,
the frequency loss for particle diffusion toward the walls can be written as
vp = D, /AQD, where D, is the coefficient of ambipolar diffusion and Ap is
the characteristic diffusion length scale. Solutions to the diffusion equation
in a cylindrical domain of radius r¢ and length ¢ indicate that

1 xo1\>  /m\2
— = | == -, 5.18
A2 < ro ) +(7) (5.18)
where xo1 is the first zero of the zero-order Bessel function. Clearly, the
discharge processes in the cathode cavity are volume-controlled if

D
nnKi(T.) > A—; : (5.19)
D

where K;(T.) is the ionization rate coefficient. Since D, x 1/n,, and n, o p,
the criterion of equation (5.19) can be expressed in terms of pressure as
D> (Ki(Te)A%)_l/ 2. As a consequence, it is possible to qualitatively state
that when the pressure exceeds (1 — 2) - 10% Pa, the diffusion is relatively
slow and volume processes dominate the particle balance in the cavity. Since
typical pressures in an open-channel cathode are in the order of few hundreds
Pa, the discharge processes are assumed to be diffusion-controlled. Under this
hypothesis the particle balance equations of the excited states can be written
as a combination of the rate coefficients related to the excitation, ionization
and radiative de-excitation processes involved.

Figure 5.6 shows the energy levels of an argon atom (Grotrian diagram). In
order to make reasonable CR analysis possible and considering that close-
lying levels are likely to be very closely coupled via collisions, the various
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energy levels of the Ar atom were lumped together. Thus, the lumped energy
and transmission probabilities were averaged as
0 A
(Aij) = LigiAy ; (5.20)
Zi gi

where g; is the degeneracy of the i—th sublevel and A;; is the transmission
probability between the states ¢ and j. The energy levels used for the atomic
Ar I model are the same levels adopted by Gomes [174]. The model includes
a collective representation of the four 4s and 4p levels and the relative bond-
bond, bond-free transmission processes. The 4s and 4p levels are among the
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Figure 5.6: A schematic diagram for energy level of an argon atom.

most extensively studied rare gas levels due to their intrinsic physical prop-
erties and because they generate spectral lines frequently present in various
applications in the visible (4s — 4p) and in the UV regions (3p — 4s) [175].
Of the four 4s levels, two are resonant (4s,) and two metastable (4s,,). The
metastable states are characterized by a forbidden transition (small proba-
bility of spontaneous occurrence) to the ground-level (GL). The presence of
low-energy metastable states (e, ~ 11 eV') contributes to an increased pop-
ulation of these levels in comparison with the most excited states (4s, and
4p), to the point that their population may became a significant fraction of
the entire neutral density, including the ground-level population [176]. More-
over, since the ionization cross sections of the excited states are considerably
higher than the direct Ar-GL/Ar-I cross section, the metastable 4s levels,
even when less populated then the GL, may significantly contribute to the
plasma bulk ionization. The reaction rates of the transmission processes in-
cluded in the model have been collected by Min-Hyong [177] and Ashida [178]
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and are listed in Table 5.1.

The kinetics of each excited state can be described by the following set of

Reaction

Rate constant

Art +e— Ar, +e
Ar+e— Ar. +e
Ar+e— Ar, +e
Ar+e— Art +2e
Ar, +e—Ar+e
Ar, +e— Ar . +e
Ar, +e— Ar, +e
Ar, +e— Art +2e
Ar.+e—>Ar+e
Ar, +e— Ar, +e
Ar, +e— Ar, t+e
Ar, +e— Art 4+ 2e
Ar, +e— Ar+te
Ar, +e— Ar, te
Ar, +e— Ar, +e
Arp+e—>Ar++26
Ar, — Ar + hv
Ar, — Ar, + hv
Ar, — Ar, + hv

Kgm = 2.5 x 10779 ™ exp(—11.56/T,)
Ky = 2.5 x 107579 ™ exp(—11.56/T.)
Kgp =14 x 10717 ™ exp(—13.20/T.)
Ky = 2.3 x 107147968 exp(—15.76/T,)
Kpg = 4.3 x 10716797
Ky =2.0x 10713
Kmp = 8.9 x 1073795 exp(—1.59/T)
Kpmi = 6.8 x 10717967 exp(—4.20/T,)
K,;g =43 x 1071679
Kym = 3.0x 10713
K, = 8.9 x 10713795 exp(—1.59/T,)
K, = 6.8 x 107197967 exp(—4.20/T}.)
Ky = 3.9 x 10716797
Kpm = 1.5 x 107137951
Ky = 1.5 x 107137051
Ky = 1.8 x 10713796 exp(—2.61/T)

A, =5 x 108
Apm =3 x 10
Ap,ﬂ:3><104

Table 5.1: Reaction and rate constants used in the model. Units of K are

m3s~! and A are s—1.

equations

dnm,

dt

= Kgmngne + Kpmnene + (Kpm + Apm)np

D
— | (K + Konp + King + Kni) ne + —5 | i =0, (5.21)

AD
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dn
d—tr = Kgngne + Kprnmne + (Kpr + Apr)np
D
_ [(Km + Kpm + Krg + Kyi) ne + Ay + AZG] n.=0, (5.22)
D
dn,,
T Kgpngne + Kppnmne + Kppngne

— {(Kpm + Kpr + Kpg + Kpi) ne + Apm + Apr + f%‘j nm =0. (5.23)
The above equations can be numerically solved with respect to the number
densities of the excited states, being n,,, n, and n, the atom densities of
the 4s metastable state, 4s resonant state and 4p state, respectively. For an
uniform density discharge, the ion power loss to the walls per unit time and
unit area is given by the Bohm sheath criterion as I'; = nyup = ng\/kpTe/m;,
where n; is the plasma density at the sheath edge. Following Lieberman [173],
when the transport is diffusive and ambipolar, the ion drift velocity greatly
exceeds the ion thermal velocity within the plasma bulk, so that the radial
plasma density profile in a cylindrical cavity should be relatively flat in the
center and steep near the sheath edge. In this condition, the ratio between
the plasma density at the sheath edge to the plasma density at the system
centerline can be written as

—-1/2
s rc
h=—~086(4+ — 5.24
= aoso(as ) (5:2)
where J\; is the ion-neutral mean free path. Therefore, the balance equation
between ion loss and total volume ionization, including multi-step processes,

W _ 7“20 ‘ (5.25)

reads

Equation (5.25) can be thus solved for the electron temperature in the cath-
ode cavity. As a result, the contribution of the multi-step ionization to the
total ionization rate can be estimated as

Kpinm + Kpng + Kping
Kging + Kiping, + Kpng + Kpinp '

Xi = (5.26)
Figure 5.7-right indicates that an increase in pressure reduces the electron
temperature, which results in the decrease of the ionization rate constants.
However, since the energy required to ionize an excited atom is significantly
lower than that of the ground-level atoms, the multi-step ionization processes
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Figure 5.7: Multi-step contribution to the total ionization and electron tem-
perature against plasma density for different pressure levels.

tend to be less affected than the direct-impact electron-neutral ionization
rate by the change in T.. As a consequence, the contribution to the step-
wise ionization increases with the pressure. This effect is mainly caused by
the increase in the re-adsorption of the radiative photons tied with the de-
excitation of the excited atoms. To estimate the plasma penetration length,
the mean free path for elastic and inelastic energy exchange must be cal-
culated. Since the electron-ion and electron-neutral collision frequencies are
relatively low, the effective mean free path for elastic energy exchange can be
approximated as the electron-electron mean free path?, Ay ~ Aee o Te2 /Me

while the inelastic mean free path can be calculated as A;;, = (Z i niaij) '
where o5 is the collision cross section for production of excited states j. Even
though in the present model the effect of the beam electrons on the produc-
tion of excited states is not included, the results are expected to correctly
capture the main dependencies of the IPC length on the total neutral and
plasma density. Figure 5.8 shows the inelastic mean free path and the total
exchange mean free path \* as a function of the neutral number density. As
expected, increasing the neutral density, e.g. by an increase in mass flow
rate, \* decreases implying a reduction in the plasma penetration length. In
addition, an increase in plasma density for a given neutral density leads to a
reduction in plasma penetration length as observed by Krishnan [32].

It is worth noting that the decrease in electron temperature may be under-

2Note that, in contrast to neutral particle collisions, it is not appropriate to call this
length "collision mean free path” since a very large number of random small-angle Coulomb
collisions deflect their trajectories causing a net momentum loss over this length scale. The
total number of collisions involved as the electron traverses a Debye length is in the order
of (nA%)?/InA > 1.



5.3 Multi-step lonization Model 85

10’ 10
E X ===n =10"m> E ---r1e=1020 m=
< N —n =10?"m™3 < 10 —n =10"m™
£ . A £10' Peo A
© @ Sel
3 a AT
g g .........
c < 10° IRRREEE
® ©
[} 5]
1S g \
o o
2 210"
3 5
£ i
-2
20 21 22 10 20 21 22
10 10 10 10 10 10
Neutral density, m 3 Neutral density, m3

Figure 5.8: Inelastic mean free path and energy exchange mean free path as
a function of the neutral density.

estimated in the present calculations since a Maxwellian EEDF was assumed
for all the operative conditions investigated. As a matter of fact, Gudmunds-
son [179] shown that increasing the plasma pressure from few Pa to hundreds
of Pa, the EEDF deviates from Maxwellian to become more Druyvesteyn
like with a remarkable reduction in sheath voltage and electron temperature.
Since the Druyvesteyn energy distribution predicts more electrons with aver-
age energy and fewer electrons at higher energies than does the Maxwellian
distribution, it seems incorrect by any measure to rely upon the high-energy
tail of the Maxwellian distribution for the ionization in a hollow cathode.
This is particularly important when orificed-hollow cathodes with small ori-
fice diameters are to be investigated.
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Chapter 6

Fundamental Erosion Processes

Cathode mass loss can occur through four main processes: ejection of molten
material, chemical-induced reaction by propellant contaminants, evaporation
and sputtering. This distinction should be considered as a convenient classifi-
cation only since a cathode can actually exhibit different erosion mechanisms
depending upon its operative conditions. In this context, quasi-steady and
steady-state MPD thrusters are characterized by dramatically different elec-
tron emission and erosion mechanisms. The nonstationary emission processes
in quasi-steady cathode operation and during the start-up phase of steady-
state thruster are associated with a very destructive erosion process while
the diffuse stationary thermionic emission is inherently less destructive.

In the present Chapter, the main erosion mechanisms for each thruster ope-
rative mode are reviewed and discussed to suggest possible ways of improving
the cathode lifetime.

6.1 Cathode Erosion in Quasi-Steady MPD Thrusters

In quasi-steady thrusters, the pulse length is sufficiently long for gasdynamic
and electromagnetic characteristics of the discharge to reach steady-state
conditions even though the electrodes are far from being in thermal equi-
librium [180]. In this condition, the cathode erosion is dominated by non-
stationary processes required to conduct current through its surface which
is too cold to support thermionic emission. Current conduction is thus ac-
complished by a number of localized, highly-mobile spots, in which the local
temperature can be as high as the boiling temperature of the cathode mate-
rial. Emission initially occurs by field emission at micropoints or inclusions
on the cathode surface. Rapid heating leads to explosive release of cathode
vapour and to the formation of an emission site, which exist for a very short
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time before extinguishing. A new emission site then erupts at a nearby lo-
cation. These modes are inherently destructive since they require localized
regions of very high temperature in which metal vapours are generated.
Historically, cathode spots are classified according to the chemical condition
of the electrode. Type-1 spots are observed on non-metallic surfaces or on
metallic surfaces with layers of contaminants and consist of many isolated
spots ranging from 0.1-1 gm in diameter. Type-2 spots exist on clean metal
surfaces. The damage pattern in this mode consists of chains of overlapping
craters ranging from 5-20 pm in diameter [181]. The current density of these
nonstationary modes has been estimated to range from 10® — 102 A/m? and
erosion rates are as high as 10° — 10* ;g/C. In the presence of an external
magnetic field, arc craters are aligned in a band of well-separated spots for
type-1 and in an approximately linear chain for type-2 [98]. Since quasi-
steady MPD thrusters are low-pressure, high-current devices in which the
cathode surface is generally oxide-free (oxide layers are removed in the first
few discharges), the type-2 spot is the most common emission center [182].
Moreover, since the spot internal pressure considerably exceeds the thruster
operative pressure, many features of the vacuum arc spots remain unchanged
when a gas is added to the discharge system.

6.1.1 Physical Characteristics of Type-2 Spots

At low current levels, type-2 spots appear as a single luminous region carrying
a significant fraction of the discharge current. When the current exceeds a cer-
tain material-dependent value, the number of simultaneously active emission
centers increases proportionally to the arc current (spot-splitting) suggesting
that each spot can carry only a limited current [183]. The spot-splitting
current on tungsten in vacuum was reported by Daalder [184] to be about
250 A and by Kimblin [185] to be approximately 300 A. Generally, an in-
crease in ambient gas pressure causes type-2 spots to divide into fragments
carrying smaller currents [111]. Studies of arc damage on clean surfaces have
revealed that smaller craters are approximately hemispherical with a depth
about equal to one half of the diameter, while large craters tend to have flat
bottoms almost independently from the cathode material [184]. Moreover,
the diameter of the craters was found to be a mild function of the cathode
material with an average value in the order of tens of microns following a
lognormal distribution. However, the crater size was found to increase with
increasing current up to the spot-splitting current. The spread in the diam-
eter distribution was also found to increase with the current level [184]. At
low current levels, the mean crater size approaches a constant value and the
spread in the distribution is almost zero. For current levels above a certain
value, results indicated that the diameter varies approximately linearly with
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current. In addition, the crater size was found to increase with the cathode
surface temperature [186].

It is worth noting that the appearance of spots basically depends on the
resolution of the equipment used for observation. Every time equipment of
higher spatial and temporal resolution became available, new smaller and
faster structures were detected. In the last years Anders argued that the ex-
perimentally observed spatial self-similarity of the spot racetracks may have
a fractal nature [187, 188]. By studying the traces left by a pulse discharge on
the surface of an insulator, Anders observed that the structure of multi-spot
traces looks very similar to Lichtenberg figures. Moreover, the power spec-
trum of the ion current revealed a random color noise, F' ~ 1/f* 1 < a < 2,
within the 103 — 10° Hz frequency range on copper and graphite cathodes,
suggesting a temporal self-similarity as well [188]. In addition, the FFT of
noisy terminal voltage signals showed the 1/f? character in power spectrum
for several cathode materials, i.e. the voltage noise has a fractal character
which can be associated with a Brownian motion of the spots [189].

6.1.2 Determination of the Main Erosion Mechanism

Cathode erosion rates I'¢, are typically determined from weight loss measure-
ments before and after a number of thruster tests, so that I'e, = Am¢/ [ Idt.
Assuming a maximum allowable cathode mass loss of 20% for a cathode 1 cm
in diameter and 10 cm long operating at 10 kA, the erosion rate should be as
low as 0.4 ng/C to guarantee a lifetime of 2000 hours. For quasi-steady MPD
thrusters typical erosion rates are in the order of few tens of pug/C [190].
It is thus clear that the present quasi-steady MPDT technology cannot be
considered as a viable option for future space missions. Moreover, it has
to be underlined that the a successful cathode technology capable of long
life operations must guarantee a stable surface chemistry to avoid decline in
emission capabilities during the service. As a consequence, erosion should
not be considered as the only phenomenon affecting the cathode lifetime.

For QS-MPD thrusters operating at low current (I < 500 A) the erosion
rate is dominated by local evaporation and ejection of molten droplets at the
crater site. As the discharge current is increased (I ~ 1000 A), large-scale
melting and droplet ejections increase dramatically. Bulk evaporation may
dominate only at very high current levels (I ~ 10 kA). The effect of sput-
tering should, however, be considered an a case-by-case basis since particle
ejection occurs only if enough kinetic energy transferred by the bombard-
ing ions overcomes the surface binding force. Such a threshold energy FEyp
depends upon the incident j—particle and i—target mass as indicated by Bo-
hdansky [191]. The flux of sputtered material depends on the flux of ions to
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Figure 6.1: Threshold energy for sputtering of tungsten and sputtering rate
divided by ion density for Ar ions on W.

the surface I'; and by the average yield per ion Y}Z so that

Lo =T:V; =0 | fi(E)Y;(E)dE, (6.1)

Ji
Eth

where the sputter yield Yj;(E) is integrated over the energy distribution
function of the ions f;(F). The ions incident on the cathode wall deliver
their random thermal energy and their directed kinetic energy, so that E; =
ZqVs+1/ Zmﬂ%, where Zq is the ion charge, Vs is the cathode sheath voltage
and vp is the Bohm velocity. Even though the sheath voltage is in the order of
10—30 V for both quasi-steady and steady-state thrusters, the ions generated
by a spot explosion may have charge numbers Z up to five [192]. The thresh-
old energy for tungsten sputtering as a function of incident ion mass is shown
in Fig. 6.1. The portion of the curve below 55 amu is based on the estimate
threshold energy for low incident-to-target mass ratio while above the small
discontinuity, a different approximation, valid for high mass ratios, is used.
The sputtering rate for tungsten divided by the ion density at the sheath
edge is also displayed in Fig. 6.1 as a function of the directed energy and
the ion temperature. Since the threshold energy is very high for light atoms
incident on tungsten, the yield of propellants such as hydrogen and lithium
is negligible. As regards Ar ions, sputtering may have an important role in
the total mass loss if multiple ionization occurs in the metal vapour. Finally,
since cathode spots must provide the current continuity, vapour erosion in
the emission sites is an inevitable consequence of cold cathode operation and
severely limits cathode lifetime.
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6.2 Cathode Erosion in Steady-State MPD Thrusters

The cathode in steady-state thrusters is subject to erosion mechanisms which
are very different from those in quasi-steady devices since they follow differ-
ent thermal courses. Even though the discharge initiation mechanism is the
same as in pulsed applications, i.e. explosive emission centers associated with
type-2 spots, after several seconds of operation a transition from spotty to
diffuse arc attachment takes place. In this case the cathode is heated as a
whole and the discharge current is emitted through field-enhanced thermionic
emission. If the cathode equilibrium temperature does not exceed the melting
point of the material, the contribution of droplet ejection to the total mass
loss is negligible. Sputtering is generally not an important erosion mechanism
since the energy of the impinging ions is below the sputtering threshold for
tungsten. As a consequence, if there is no surface melting and the propel-
lant does not contain reactive impurities, the mass loss is dominated by gas
diffusion-limited evaporation.

When evaporation and condensation of cathode material are not in equili-
brium, a net loss or gain of mass occurs so that the net evaporation rate of the
cathode material can be written as I'cyap = Yevap —Veond = M(kevap —Kcond™s),
where ng is the vapour number density at the surface. At equilibrium there
is no net mass transfer, namely I'cyop = 0 — Kepap = Econane?. Because
the evaporation rate ke.qp depends on processes inherent in the condensed
phase and is independent on the state of the vapour phase, this expression for
absolute evaporative flux is expected to be also valid under nonequilibrium
conditions. Therefore, the net rate of evaporation can be expressed as

m
Fevap = mk;ads(ngq — ns) =qQy/ m (pgq - ps) s (62)

where « is the sticking probability and ps? is the equilibrium vapour pressure,
which depends only on the surface temperature of the condensed phase. The
net evaporation rate approaches zero as the number density of the vapour
approaches the equilibrium value and a maximum when the atom number
density at the surface is zero. Assuming p, < ps?, and that the discharge
current is provided by thermionic emission only, the main erosion rate for a
steady-state cathode can be written as

(T, (T
pss— fom Pl [ om pi(T) (4 ) g
2nkpTs 2rkpTs DT? kT

Figure 6.2 shows the erosion rate and the specific eroded mass as a function

of the cathode surface temperature for different operative time. Even though
cathodes for steady-state accelerators would likely be more massive, the types
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Figure 6.2: Evaporation erosion rate and specific eroded mass as a function
of the surface temperature.

of high-power missions that could benefit from the use of such thrusters would
require larger total impulses and correspondingly extended lifetimes, in the
order of 10% — 10* hours. Therefore, the maximum tolerable erosion rate
under these conditions is also likely to be on order of few tens of a ng/C.
While mass loss is an unavoidable part of the electron emission process, it is
much less significant in thermionic cathodes, so this operating regime offers
more hope for improving cathode service life.

6.3 Recommendations for Improving Cathode Lifetime

The nonstationary processes inherent in cold cathode operation result in ex-
cessive erosion rates for any practical applications. Conventional cathodes
in quasi-steady thrusters can thus be replaced with either consumable emit-
ters or externally heated devices. Liquid lithium and solid gallium have been
used as consumable cathodes in MPD thruster experiments [193, 194] with
encouraging results both in terms of performance and contamination. A
quasi-steady thruster might also use a porous tungsten cathode wetted with
a liquid emissive material, e.g. lithium or sodium, supplied from the pro-
pellant reservoir. In this case the lifetime of the electrode would be limited
by erosion of the refractory structure and pore closure, as observed in high-
current switches. The only other option appears to be the external heating
of the cathode to a temperature sufficiently high to support thermionic emis-
sion. As a consequence, the cathode would be subjected to the same erosion
problems as steady state thermionic cathodes. However, since the cathode
would be kept hot even in the off-phase of the thruster duty cycle, the useful
lifetime would be shorter than in a similar steady-state thruster. As a matter
of fact, during the off-phase the cathode bulk evaporation is maximum since
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Mevap X (Pvap — Pamb)- Moreover, the heater reliability may also be a critical
issue. A multichannel hollow cathode can be considered as a viable option if
feeded with alkali vapours and properly heated. Experimental investigation
performed with argon-feed, cold multi-channel hollow cathode has shown no
substantial benefits over conventional solid-rod cathodes.

Nevertheless, the quasi-steady cathode option is critical and the advantages
of quasi-steady thruster operation compared to alternate technologies are
questionable. The steady-state cathode concepts should therefore be given
the highest priority. In this context, since an increase in emissive area leads to
a linear increase in emission current while an increase in temperature affects
the emission current exponentially, surface temperature has a vastly greater
effect on the cathode lifetime since it scales as L ~ exp (T~!). Moreover, for
a given discharge current, the cathode temperature scales as T ~ exp (¢), so
that specific strategies for minimizing the work function should be considered
as fundamental. To this purpose, three main mechanisms are suggested: the
use of alternate cathode materials, the adoption of dispenser cathodes and
the seeding of the propellant.

6.3.1 Alternate Cathode Materials

As already underlined, elementary emitters (pure metals) suffer either of a
high work function, as for refractory metals, or low melting point and high va-
por pressure, as for cesium and barium. The use of ceramic compounds such
as carbides, borides and oxides has shown superior properties. Among them
boride compounds are the most promising. The most well-characterized of
the borides in the LaBy. Lanthanum hexaboride has been used as the elec-
tron emitter in hollow cathodes since 1970s and the space heritage of this
technology is considerable since over 200 SPT Hall thrusters have flown in
Earth orbital applications using LaBg cathodes [195]. Polycrystalline LaB
cathodes have a work function of about 2.67 eV depending on the surface sto-
ichiometry and emit over 10° A/m? at temperature of about 1900 K. Since
the bulk material is emitting, there is no chemistry involved in establishing
the low work function surface and LaBg cathodes are almost insensitive to
impurities and air exposures that would normally compromise a conventional
BaO dispenser cathode [196]. Furthermore, the use of LaBy as emitter eli-
minates the need for the lengthy conditioning processes required when using
BaO/W inserts. Nevertheless, the evaporation rate in vacuum exceeds the
diffusion rate at temperatures greater than about 2200 K (corresponding to
an emitted electron current density of about 7-10° A/m?), leading to deple-
tion of lanthanum near the surface and to an increase in work function [197].
Moreover, LaBg emitter cannot be directly touched or supported by most
metals during operation due to boron diffusion that causes embrittlement in
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high temperature refractory materials. This places some restrictions on the
contact techniques and heating mechanisms used in the cathode construction.
Metal oxides, such as ThO,, Y,05 and Ce,O4, have work functions in the
range 2.3-3.1 eV. However, they are in general n-type semiconductors and
their surface is subjected to compositional changes by electrolytic decompo-
sition. Moreover, at current densities over a few 10* A/m?, resistive heating
of the oxide become excessive, leading to relatively high evaporation rates.
Some of the oxides, such as ZrO, and HfO,, become metallic conductors at
sufficiently high temperatures even though their work functions are too high
(3.6 and 4.2 eV, respectively) to be considered as alternative to borides.

6.3.2 Dispenser Cathode

Dispenser or reservoir cathodes rely on the migration of the emissive com-
pound towards the surface to replenish the low work function layer. Even
though these cathodes have demonstrated extremely long lifetimes at current
densities of 10> A/m? or less in Hall and ion thrusters [198], experimental
investigations of dispenser cathodes in MPD thrusters revealed that the ac-
tivator loss rate is extremely high at the inherent current densities of these
devices, i.e. 106 — 107 A/m?, leading to complete depletion of the porous
matrix within few tens of hours [37]. All of these cathodes suffer from the
problem that the activator supply is too limited to allow for long duration op-
eration at high current levels demanded by MPD thrusters. In addition, since
typical dispenser compounds, such as BaCO; and BaO, are highly prone to
poisoning by oxygen adsorption, a very high propellant purity grade and/or
efficient oxygen-adsorbing system are needed.

6.3.3 Propellant Seeding

Another approach is to supply the activator as an additive to the propel-
lant (seeding). If a sufficient partial pressure of the activator is maintained
over the emitting surface, deposition can balance the desorption rate at a
given coverage level. For open-channel cathodes, the adsorption isotherms
for the Cs/W system revealed that unreasonable cesium partial pressures are
required, evidently decreasing the thruster specific impulse and raising space-
craft contamination issues. A possible solution to this problem can be found
in multi-channel hollow cathodes, where the rods pattern acts as a porous
matrix keeping the pressure almost constant in the main tube, much like the
restriction in orificed hollow cathodes. However, preliminary numerical in-
vestigations considering pure gasdynamic processes showed that the surface
coverage rapidly drops off near the exit section of each channel. The model
indicated that this behavior is caused by a reduction in seed density along
with a lower deposition probability of the desorbed particles from the up-
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stream locations. Since the surface coverage is maintained by transport from
the vapour phase, a density gradient of activator material toward the surface
is needed. If the activator is ionized, the preferential drift due to the electric
field exceeds the random thermal velocity, leading to a higher activator net
flux and thus to a higher deposition rate all along the tube length.
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Chapter 7

Hollow Cathode Theoretical Model

In this Chapter a theoretical model for the prediction of the operative con-
ditions of steady-state single-channel hollow cathodes is presented and dis-
cussed. The model predicts all the relevant measurable properties including
the voltage drop, the cathode maximum temperature, the plasma penetration
length and the operative lifetime. The theoretical data are validated against
the experimental data found in the literature.

The model herein described is intended as a first attempt to develop, un-
like most of the previous models, a fully self-consistent code encompassing
all the relevant physical processes in a hollow cathode. In this context, a
global (volume-averaged) model appears to be the most practical compro-
mise between including details and keeping the model reasonable in terms of
flexibility and computational cost, giving access to scaling laws and explicit
expressions.

7.1 Hollow Cathode Performance Model

The primary goal of the theoretical model is to examine the sensitivity of the
cathode performance, in terms of power consumption and lifetime, to opera-
tive conditions, geometry and material choices. All the equations used are
based on a fluid approach, which assumes that particles are perturbed from
their Maxwellian distribution function only by virtue of collisions and re-
lax to their equilibrium distribution within the mean time between collisions
T = (Ven + Vei) 1. The plasma is assumed to act as a mixture of three per-
fect gases: thermalized electrons, single-charged positive ions and neutrals.
Moreover, the temperature of the heavy species is assumed to be equal to the
cathode wall temperature since plasma densities lower than about 1023 m =3
are expected. Finally, the effect of any magnetic field is neglected and no
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radially-inward pinching forces are considered at the cathode exit section.
As a consequence, the outlet section of the cathode is assumed to be sonic,
namely M = 1. It has to be noted that this is not always the case since,
at very high discharge currents, the Bennet pinch effect can significantly al-
ter the downstream pressure leading to a subsonic condition at the cathode
exit section. This effect can be estimated considering the ratio between the
gasdynamic sonic pressure and the magnetic pressure on a cylindrical arc,
pc/pm o /Ty, /I3, For a ScHC operating with 5 mg/s in Ar, the condition
pa/pym = 1 is reached for a discharge current of about 180 A. In addition,
the electric field inside the channel is considered purely axial in the plasma
bulk and purely radial in the sheath. The latter condition is valid only if the
magnetic Reynolds number based on the electron flow speed is small com-
pared to unity. Typical values of Re,, = pgoou.L at the sheath edge are on
the order of 10™!, thus the current flow lines should enter the cathode normal
to the surface.

In the spirit of the global model, the plasma in the active zone is approxi-
mated by a control volume with uniform plasma properties throughout. The
main physical processes included in the model are (i) multi-step ionization
(ii) work function reduction due to sheath effects, (iii) variable IPC length
and (iv) material evaporation. The neglected processes are (i) thermalization
of the beam electrons within the plasma, (ii) Bremsstrahlung radiation and
(iii) photoelectric emission.

7.1.1 Plasma Model

The current conduction from the plasma to the cathode surface is accom-
plished via emitted electrons je,,, bombarding ions j; and thermal electrons
Jer- In this condition, the overall current conservation in steady-state opera-

tions is given by
.1y . ..
]:A = Jem + Ji — Jer ; (7'1)
w

where A,, = wDc/l is the effective arc-attachment. If the field-enhanced
thermionic emission is the dominant emission mechanism, the emitted current

g . /ch
k‘BTw o 471'80

where E,, is the electric field at the cathode surface. The determination of

density can be described by

Jem = DTz% €xp

7 (7.2)

the electric field in front of an thermionically emitting surface is based on the
work of Prewett and Allen [199]. Solving the Poisson’s equation under the
boundary conditions of quasi-neutrality at the sheath edge along with the
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ion minimum energy criterion, the obtained electric field writes

[, 24Vs qVe

1 + k’BTe -2 + P (_k’BTe>
where V; is the potential drop in the cathode sheath. Note that the sheath
voltage is different from the cathode voltage drop due to the pre-sheath po-
tential needed to accelerate the ions up to the ion sound velocity, namely
V. = Vs + Vp. Detailed analytical relation for the Bohm velocity and for
the pre-sheath voltage drop are not available in case of emitting surfaces.
However, pre-sheath potentials Vg have been found to slightly vary between
0.5kpT./q and 0.69kpT,/q for collisionless or collisional pre-sheaths, respec-
tively [157]. In the present model, the classical collisionless pre-sheath is
considered.

. 2m.V,
— Jem qe Ca (73)

%OEE = nkpT,

The ion current density is thus determined from the ion flux to the cathode
surface as

4
T )\ (7.4)

where n; is the plasma density at the sheath edge. Thermal electrons from the
plasma bulk can reach the cathode wall if their energy perpendicular to the
surface is higher than the sheath potential, namely kgT./qV, > 1. Assum-
ing that the electrons follow a Boltzmann distribution, the flux of electrons
towards the wall is given by I'c = 1/4nu, where @ is the average electron

. _ qVB kpTe
ji = qnsup = qnexp | —

velocity. Note that the Boltzmann distribution is strictly valid for isotropic
systems only. Since the collision, being randomizing, drive the distribution
function towards isotropy, the present derivation assumes a high collisionality
of the thermal electrons. Considering that for a fully-ionized gas the collision
frequencies scale as T—3/2, the typical cold-plasma of many hollow cathode
devices is collision-dominated and, thus, the thermal electron current can be

written as
. 1 qVe 8kpT.
p = — — ) 7.5
Jer = 4 A EXP ( kBTe) T~ (7.5)

Another equation is required to estimate the average plasma number density

in the control volume. Since the characteristic timescale for plasma ioniza-
tion, 7, = (N, K 1)_1, is much higher than the characteristic transit time,
7 = {/v ~ {/uy,, a non-LTE! condition is considered. The power balance

'Note that the LTE hypothesis does not depend on the particular mechanism of
ionization-recombination. This condition requires the kinetic and chemical equilibrium
as well as all the plasma properties to be functions of the temperature. Unlike the Com-
plete Thermodynamic Equilibrium (CTE), the LTE approximation considers the plasma to
be optically thin and that the plasma temperature can differ from point to point in space
and time.
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equation at the plasma bulk is solved for the number density taking into ac-
count the plasma heating due to Joule effect and the power delivered by the
beam electrons. The energy is lost by transport towards the anode through
electron current conduction, by ionization events as well as by backstreaming
electrons crossing the cathode sheath, namely

3 kT, . . kpT; 5kpTe . . kgT.
jem(vc+3q >+R]2:]z‘<€i+2E; )+23q y+2jer3q . (7.6)

2

where R = nl/A is the classical plasma resistance calculated taking into ac-
count electron-ion and electron-neutral collisions. Excitation and radiations
losses are neglected since the plasma can be shown to be optically thick,
so that the radiated energy is reabsorbed back by the plasma itself. Fi-
nally, in steady-state plasma the electrons must be sufficiently hot to create
ions at a rate equal to the loss rate towards the wall and across the bound-
aries of the active zone. The electron and ion momentum equations can
be combined together to eliminate the electric field as nu; = nu, — DqOzn.
At low ion temperatures charge-exchange collisions become dominant and
ocEX > 0in. In this condition the ions diffuse slowly since the fast ions
and the slow neutrals exchange their energies giving rise to slow ions. There-
fore, the relevant mean free path, collision frequency and diffusion coefficient

for ion-neutral interaction can be written as \;, = Aocpx =~ (’I’LnO'CEx)_l,

Vin = nnocex\/8kpT;/mm; and D; ~ )\QCEXI/m. The balance is then
4q7r7%Dan
¢

where D, = (141, /T;)D; is the ambipolar diffusion coefficient. The previous
equation can be recast in a more convenient form as

2 T. i; 2
na K= (1475) —— 1+2(LC) , (7.8)
ro T ) nnocex ¢

qu%nnnKI = + 2gmfDyn , (7.7)

in which K7 is the ionization rate coefficient and #; is the mean thermal speed
of ions. Fridman [200] suggested a quite convenient equation for numerical
estimations of the step-wise ionization rate, namely

10
gi 1 Meq qci
Ki¥ ~ = < ) exp (— ) . 7.9
T g (4meg) \ B3T3 kgT. (7-9)
The direct impact ionization rate for electron temperatures close to the ion-
ization threshold is given by

8kpT, q&;
K% = € . 7.10
=y ey (5 (7.10)
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where o( is approximately the geometrical atomic cross section which for
argon can be taken og ~ 3 - 10720 m?2. The total ionization rate coefficient
is thus obtained by summing up the step-wise and the direct-impact ioniza-
tion rates, K; = K7* + K}l. Different approximations for the direct-impact
ionization rate are compared in Fig. 7.1-left. The ionization rate suggested
by Heiremann [201] is purely theoretical in nature and includes a multi-level
equilibrium ionization scheme taking into account the different binding ener-
gies of the valence electrons. On the other hand, Voronov [202] presented a
simple analytical expression for the ionization rate fitting a large number of
experimental data. The total ionization rate coefficient is shown in Fig. 7.1-
right. Since typical hollow cathode plasmas are characterized by ¢; /T, ~ 10,
the step-wise ionization can be 103 — 10* faster that the direct one.

lonization rate coefficient, m3/s

Direct—-impact ionization rate, m%ls

== Fridman
25
10 1 = = =Heiermann 1
=\/oronov
I
10
0 1 2 3 4 5 5 10 15 20
Electron temperature, eV Electron temperature, eV

Figure 7.1: Direct-impact ionization reaction rates and total ionization rate.

7.1.2 Cathode Heating and Pressure Model

The cathode surface is subjected to both heating and cooling. Charged par-
ticles from the plasma bombard the surface while electron emission, thermal
radiation and heat conduction upstream along the cathode remove heat. The
net heat deposition per unit area and unit time can be written as

Q:‘Pi+P€T_PTad_PC_Pem7 (711)

At steady-state Q must be zero and equation (7.11) determines the surface
temperature T,,. The total energy delivered by the ions impinging on the
surface consists of the acquired kinetic energy across the sheath and of the
energy released to neutralize the ion at the surface. The thermal energy of
the arriving ions cancels out with the mean energy of the emitted neutral,
being the heavy particle temperatures T; = T;, = Tp,. As a consequence, the
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delivered power per unit area reads
Py = ji (Ve = epp +&i) (7.12)

where ¢.rr is the work function corrected for the electric field effect at the
cathode surface. The kinetic energy carried by the bulk electrons as they
cross the cathode sheath by virtue of their energy can be estimated assuming
a Maxwellian electron energy distribution in terms of potential

F(V) =2n < a )3/2 VV exp (ki‘;) . (7.13)

The mean energy of the electrons having kg7, > V. is given by

SV V)V

CT TR

(7.14)
By integration of equation (7.13), the mean energy of the electrons in the
plasma bulk is given by V' = V.+3/2kgT,. Since the electrons are decelerated
by the sheath potential, at the cathode surface their kinetic energy is thus

described by V' = 3/2kpT.. As a consequence, the net power delivered by
the returning electrons per unit area is

. 3 kBTe
Py = Jer (2 7 + (peff) . (715)

The thermal radiation and the heat conduction can be easily evaluated using
the Stefan-Boltzmann relation and the standard Fourier’s law, respectively.
A lumped-parameter thermal model determines the temperature profile along
the cathode length. Convective heat exchange between the propellant and the
cathode surfaces is negligible if compared with the other terms. Finally, the
power removed by electron emission due to thermionic effect can be estimated
considering that the bounded electrons need to overcome the work function
barrier to get free from the surface. In doing so, they also remove an energy
equal to their mean thermal energy, namely

. [3kpT, .
P = dom <2 Bq w (Peff> ~ fem@ef - (7.16)

Even though the emitted electrons are distributed according to a Maxwellian
EEDF, the cathode voltage drop is always higher than their mean thermal
energy at the surface, kT, < ¢V, so that the emitted electrons enter the
plasma bulk as a mono-energetic beam.



7.1 Hollow Cathode Performance Model 103

The neutral number density is found through a purely gasdynamic approach
assuming a sonic condition at the cathode exit section,

T, m | R,T, T,
e+ kBTy [1+a—) = —/ L2 (1+a=—"), 1
(e + 12n) ki ( +aTw) 7”%\/ v ( +aTw> (717

where R, is the specific gas constant, « is the specific heat ratio and a =
ne/(ne + ny) is the degree of ionization. Even though the continuum ap-

proach is a quite convenient approximation, preliminary estimations showed
that typical Knudsen numbers range between 0.01 and 0.05 leading to a tran-
sitional regime between free molecular and viscous continuum [157].

7.1.3 Plasma Penetration Length

A critic parameter of the model is the effective arc-attachment area which
is a function of the plasma penetration length inside the cathode, ¢. The
present model postulates that the system follows the principle of minimum
power (Steenbeck principle). The total power released in the cathode sheath
is given by

A
P. = Aw/ jEdy = AyjV. = IV, (7.18)
0

where A is the sheath thickness, typically few Debye lengths, and F is the
electric field. Since MPD thrusters are current-driven devices, the discharge
current Iy can be considered constant so that, according to the minimum
power principle, the plasma should arrange itself to minimize the voltage.
Such a condition corresponds, by definition, to the minimization of the sheath
resistance. On the basis of these considerations, the model is solved for
different values of the plasma penetration length, ¢, seeking for the minimum
in the sheath voltage V..

7.1.4 Analysis of the Neglected Processes

Among the neglected physical phenomena, the photoelectric emission and the
Bremsstrahlung radiation need some comments and explanations. Consider-
ing the cathode cavity as an ideal black-body, i.e. all the incident plasma
radiation is adsorbed by the cathode wall, the intensity of the radiation is
given by

2hv3 /c?
exp (hw/kpT,) — 1"

where B(v) is the Planck’s function. The radiated power in a given wave-

I=B({)= (7.19)
length interval A\ at wavelength A is approximately given by

p_ 2mhe? 1
M exp(he/MkpT.) — 1

AN, (7.20)
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where A ~ 71'7% ~ 8.107° is the plasma surface area. Considering an emission
line of 100 nm and a Doppler line broadening of AN/A o (T./m,)/? ~
2.1075, the blackbody radiation power is about 10 W. The photocurrent for
incident radiant power P at a wavelength X is given by

Ly = qP);fC?(A) , (7.21)
where Q()\) is the so-called quantum efficiency and indicates the number of
emitted electrons per incident photon. For tungsten irradiated with a 100
nm wavelength radiation, Q(\) ~ 0.01 electrons/photon [93]. As a conse-
quence, the photoelectric emission for cathode exposure to the blackbody
radiation power of 10 W at 100 nm is approximately 1-1072 A and, there-
fore, it can be safely neglected. The power radiated from the plasma due
to Bremsstrahlung radiation is not included in the present derivation since,
adopting the following relation [157]

Pg, ~1.43-10nn,T}/?2 A | (7.22)

a power of about 1072 W is estimated.

7.2 Theoretical Results

A comparison of the theoretical and experimental results is presented in this
Section to demonstrate the validity of the model. Since experimental data
on argon-fed open-channel cathode are scarce, a direct comparison is only
possible for a limited range of discharge currents and mass flow rates. The
experimental data gathered by Downey [172] on a tantalum ScHC are used
as reference. The cathode investigated was 2 mm in inner diameter, 38 mm
in length and 0.6 mm in wall thickness. The cathode was operated in Ar for
discharge currents between 20 and 40 A with mass flow rates ranging from 2
to 3.5 mg/s. The maximum current density with reference to the exit section
is therefore about 1.3 - 107 A/m?. To the author’s best knowledge, the ex-
perimental study of Downey is the most updated and complete investigation
into high-current, gas-fed single-channel hollow cathodes performed so far.
The comparison of peak temperature on the outer surface of the cathode as
a function of the discharge current for different mass flow rates is shown in
Fig 7.2-right.
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Figure 7.2: Comparison of the cathode peak temperature vs. mass flow rate
at 20 A (left) and discharge current at 2 mg/s (right).

Good agreement with the peak temperature is obtained and a nearly linear
dependance on the discharge current is predicted by the model and shown
experimentally. A slight peak temperature increase with increasing mass
flow rates is evident by the experimental data and correctly captured by the
model. Even though the dependance of the wall temperature upon the mass
flow rate is in contradiction with the data presented by Cassady [157] for
lithium-fed cathodes, the empirical data collected by De Tata [203] using an
argon-fed McHC corroborate the present finding. According to the present
model, the increase in temperature with increasing mass flow rate is tied
with a reduction in the plasma penetration length, as shown by Ferreira and
Delcoix [31]. Figure 7.3 shows the variation of the axial extension of the
active zone as a function of the discharge current and mass flow rate. The
present results confirm the scaling of an increasing plasma penetration depth
with discharge current presented by Cassady [157]. The sheath voltage is
found to be a decreasing function of both the discharge current and the mass
flow rate as shown by Downey [172]. However, a direct comparison cannot be
performed since the total discharge power and terminal voltage were reported,
thus including the voltage drops at the anode sheath and along the plasma
column. As shown by Goebel [6], the trend of a reducing sheath voltage with
increasing current can be explained considering a very simple power balance.
Assuming that the net heating plasma power is delivered to the cathode walls
only as ion and electron bombarding, the following relation can be written

5 kgT, 5 kT
Ich+RI§—§ B;81'0121%~+P6r—>ch§:Pj/Id—RId+5 Bre

J

. (7.23)

Since the net power balance at the cathode surface must be zero in steady
state conditions, Zj P; = Peond + Praa + Iempo. Assuming I, ~ Ig, the
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Figure 7.3: Plasma penetration length and sheath voltage vs. mass flow rate
at 20 A (left) and discharge current at 2 mg/s (right).

sheath voltage is a linearly increasing function with respect to the total heat
lost by conduction and radiation and an almost linearly decreasing function
with respect to the discharge current. Figure 7.4 shows that the power con-
sumption increases with the discharge current and decreases with increasing
mass flow rate. As the discharge current is increased at constant mass flow
rate, the plasma resistance decreases so does the voltage drop. However, since
the sheath voltage tends to level off at high current, the net effect is of an in-
creasing power consumption. The predicted electron temperatures as a func-
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Figure 7.4: Power consumption vs. mass flow rate at 20 A (left) and discharge
current at 2 mg/s (right).

tion of the discharge current and mass flow rates are shown in Figure 7.5. The
results indicate that the electron temperature is a slightly decreasing function
of both the discharge current and mass flow rate in a range of 1-1.3 eV. These
results are in good agreement with a wide set of experimental data for differ-
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ent cathode geometries and current levels [6, 157, 167, 170]. Since the present
model does not include the effect of the energy exchange between the primary
electrons and the neutral atoms, the reduction in electron temperature cannot
be tied with a reduction in initial energy of the beam electrons as suggested
by Downey [172]. It is suggested that such an effect is rather tied with the
fact that the electron temperature is constrained to produce sufficient ions
to balance the diffusion losses, so that n2 //T, ~constant. Since, for a given

mass flow rate, the neutral number density scales as n, o< p/Ty ~ Ty 1/2

and
the cathode temperature T}, increases with the discharge current, the electron
temperature must decrease to offset the ion diffusion losses to the wall. The
same effect is obtained by increasing the mass flow rate since the reduction

in plasma penetration length leads to a higher wall temperature. Figure 7.5
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Figure 7.5: Degree of ionization and electron temperature vs. mass flow rate
at 20 A (left) and discharge current at 2 mg/s (right).

also shows that the ionization fraction decreases for increasing mass flow rate
and shows an almost linear dependence on discharge current, much like the
plasma density. These trends can be explained considering that the neutral
number density is a slightly decreasing function of the discharge current (dou-
bling the current leads to a 3% reduction in atom density) while the plasma
density scales linearly with an increase of about 40% when the discharge
current is doubled. While the simple 0-D model is based on a rudimentary
thermal analysis and on a crude volume-averaged approach, the qualitative
comparison with the available experimental data is encouraging and suggests
that the model can be effectively used as a quick tool to illustrate the main
physical dependence of the plasma parameters on the geometry and thermal
properties of the cathode.
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7.2.1 Effect of the Propellant Seeding with Cesium

The effect of the propellant seeding on the emission properties of an open-
channel hollow cathode is here analyzed considering a Cs/W system. The
flux of cesium towards the surface depends on both ions and neutrals, so that
it can be written as

p [kpT. p(l—a)

= y
kpT, mgs V2rmosksTyw

where « is the ionization fraction and p is the partial pressure of the seed.

Ji

(7.24)

Because of its low ionization potential, cesium is readily ionized, either by
surface ionization at the hot cathode or by electron impact in the cavity.
Assuming a full-ionized cesium plasma, the flux is determined by the Bohm
velocity. Moreover, the cathode wall is assumed to be fully catalytic so that
for each adsorbed ion a neutral is desorbed from the surface. No effects on the
plasma electrical conductivity are considered. As shown in equation (4.39),
the equilibrium surface coverage is obtained from

9 — Jt(Te)h exp |:qu(19):| =0, (725)

omkTy kT,

where Fj is the atom desorption energy. By including equation (7.25) and
equation (4.32) in the set of equations described above, it is possible to de-
termine the surface temperature and the plasma properties for a given seed
number density. The surface temperature as a function of the cesium number
density is shown in Fig. 7.6. As expected, a minimum in the peak temperature
is observed for a surface coverage of about 0.3. However, a number density of
about 10%* m ™3 is needed to reach the minimum temperature. Such a high
number density roughly corresponds to a mass flow rate of about 70 mg/s,
much higher than the propellant flow rate. Even though the deposition of
alkali-metals is an effective method to significantly increase the cathode life-
time, the partial pressure needed to guarantee a proper coverage is definitely
too high to be considered a viable option for future MPD thrusters. The
use of orificed hollow cathodes to reduce the axial pressure gradient in the
main cavity appears not to be a definitive solution since a strong erosion of
the orifice is expected with a consequent reduction in internal pressure. It
is thus possible to conclude that the use of low-work function refractory ce-
ramics as inserts is the most promising option for high-current, gas-fed MPD
accelerators.
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Figure 7.6: Effect of the cesium deposition on peak wall temperature.

7.3 Hollow Cathode Design: Rules of Thumb

In light of the insights gained so far, some rules of thumb and design op-
tions concerning open-channel hollow cathodes are here suggested. In an
MPD thruster, cathode design is the first step to be accomplished since it
determines the overall radial footprint of the thruster for a given R ratio.
Assuming a requirement of 8000 hours of continuous operation at 2000 A
with 80 mg/s of argon, the suggested preliminary design procedure is the
following.

Since the ScHC was shown to properly operate when the plasma pressure at
the exit section is within few hundreds Pa, a relation between the pressure
and the cathode inner radius can be easily found as

m R,T,, T,
= — 1 — . 7.26
b 7”%' Y ( * aTw) ( )

Typical values of the ionization fraction and of the non-equilibrium ratio are
a ~ 0.1 and T, /T, ~ 10, respectively. As a consequence, the contribution
of the electrons to the total pressure can be neglected. For argon propellant
equation (7.26) reads p ~ 3.56m+/T,,/r2 and thus, for an exit pressure of
400 Pa, TZC ~ 10~%1/T,,. The maximum wall temperature directly influ-
ences the cathode lifetime and thus it should be estimated from the material
evaporation rate equation. Assuming a maximum evaporated mass of 10%,
the maximum allowable temperature is given by

eq

bs (Tw) 1 tpw [27kp

—_— Y — [ —— . 7.27
I 10 L V (7.27)

where L; is the lifetime, p,, is the cathode material density, t is the cathode
thickness and p§? is the vapour pressure. Figure 7.7 shows the cathode life-
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time as a function of the surface temperature for different wall thicknesses. It
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Figure 7.7: Cathode lifetime as a function of the wall temperature.

has to be considered that large thicknesses may induce remarkable temper-
ature differences along the radial direction causing hoop stresses. Assuming
a maximum temperature of about 2800 K, the cathode inner diameter is ap-
proximately 13 mm leading to a current density of about 1-107 A/m?, a value
very close to the current densities suggested by Kaufman [204]. The axial
extension of the cathode is mainly determined by thermal dissipation needs.
Defining the hot region of the cathode as the location in which the thermal
radiation dominates over the conduction, for a given surface temperature the
axial extension of such a region can be estimated balancing these two effects,

2 2
T (TC,e - Tc,i)

h
L,

namely

eaTy2mre, Ly, ~ 26T, (7.28)

Now, from equation (7.28) the minimum length of the hot zone can be written

as
2kt
LM = 7.29
‘=123 (7.29)

where the condition ¢ < r¢; is used. For the thermal radiation to be domi-
nant at a given surface temperature > LZq. Considering a pure tungsten
cathode of 1 mm wall thickness operating at 2800 K, the minimum length of
the region at constant temperature is qu ~ 13 mm. It is thus possible to
state that the cathode should have a length of at least few times L}e‘q, typi-
cally L ~ 1OLZq. As a consequence, for a given peak temperature the cathode
length scales as L o v/t, while, for a given thickness, reducing the maximum
temperature a longer cathode is needed due to the lower effectiveness of the
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thermal radiation. A more precise analysis can be performed applying a sim-

ple conservation of energy so that the temperature profile along the outer
surface of the cathode is given by

d*T, ecP,

— T:=0. 7.30
dz? kA, Y ( )
where A. is the cathode cross-sectional area and P;,. the external perimeter.
Solving equation (7.30) for T,,(0) = 2800 K and 9,Ty|.—1, = 0, the tempera-
ture profiles reported in Fig. 7.8-left are obtained. Since thermal conduction
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Figure 7.8: Axial temperature profile (left) and power apportionment (right).

is the main heat transfer mechanism, in order to reduce the cathode axial
extension, small wall thicknesses should be preferred. Moreover, the use of
low-conductivity metals, e.g. tantalum, results in a higher contribution of
the thermal radiation to the total heat transfer. Clearly, a trade-off between

thermo-mechanical properties, e.g. embrittlement and mechanical loads, and
lifetime constrains must be found.

Single crystal refractory metals eliminate recrystallization effects limiting the
occurrence of brittle fracture, however they are very expensive and available
in rods up to 25 mm dia. The use of W-Re alloys is recommended due to
their high mechanical characteristics, especially at high temperatures, and
extended plastic domain with respect to pure tungsten. However, the addi-
tion of rhenium induces a significant increase in resistivity that may lead to
remarkable ohmic losses. An interesting material for steady-state cathodes
is the molybdenum alloy TZM (Tungsten 0.5%, Zirconium 0.05%, Molybde-
num), offering high recrystallization temperatures (1800-2100 K) and good
mechanical properties up to about 2200 K. Propellant purity is often under-
estimated even though oxygen adsorption may induce a strong reduction in
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both mechanical properties and in the ductile-to-brittle transition tempera-
ture. A high purity grade propellant (oxygen less than 2 ppm) is therefore
recommended. As an alternative, a getter can be used on the propellant
feeding line to reduce the cost of the lifetime tests.
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Conclusions

The aim of this dissertation was to identify the main physical processes char-
acterizing high-current hollow cathodes and to outline scaling relations for
their design. The approach taken in this investigation was twofold. Initially,
a multi-channel hollow cathode was designed and tested on a 100-kW class
applied-field MPD thruster to identify the main critical issues and lifetime
limiters. Next, a theoretical study was performed to devise possible methods
to extend lifetime and performance of high-current electron emitters. Finally,
the results of both the experimental investigation and the model were used
to propose a design of an improved hollow cathode for MPD thrusters. In
this Chapter, the results of the experimental and theoretical results as well
as suggested improvements for future developments are presented.

8.1 Summary of Major Results

The results of the 100-kW, quasi-steady MPD thruster experimental cam-
paign pointed out the following important aspects

e The hollow cathode configuration gives no substantial benefits in terms
of discharge voltage and lifetime.

e The mechanical stability of the multi-channel configuration is question-
able for unsteady applications.

e The current attachment takes place mainly on the outer surface of the
cathode unless the discharge timescale is extended to few hundreds
milliseconds. With extended pulse length, a transition from lateral to
frontal arc attachment is observed.
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e The terminal voltage is almost independent of current attachment lo-
cation at the cathode.

In light of these results, steady-state MPD thrusters are the most promising
options for extended in-flight operations. In this regime, evaporation of the
cathode material along with oxygen contamination are found to be the main
erosion processes. Since the evaporation is a thermo-activated process, two
ways aimed at the work function reduction are identified: the adsorption of
alkali-metal vapors and the use of bulk-emitting inserts. A simple volume-
averaged theoretical model has been developed to assess the effect of these
solutions on the performance of high-current cathodes. In spite of the appar-
ent simplicity of the equations involved, several interesting aspects have been
pointed out, such as the effect of the plasma penetration length on the cath-
ode temperature and the role of the step-wise ionization in the high-density
hollow cathodes plasmas. The fundamental insights are given as follows:

e Propellant seeding is an effective way to remarkably reduce the ope-
rative temperature, providing both a reduction in work function and
ionization losses.

e The effectiveness of the seeding technique on the emission properties
becomes substantial only at high internal pressures, so that large mass
flow rates are needed.

e The use of bulk-emitting materials such as LaBg, together with low-
pressure cathode configurations provides the most effective strategy for
extending the operative lifetime.

Moreover, the model suggests the following physical dependencies:

e The non-equilibrium multi-step ionization process is predominant in
hollow cathode plasmas.

e The peak temperature slightly increases with mass flow rate.

e The plasma penetration length increases with current and decreases
with mass flow rate.

e The cathode sheath voltage decreases with increasing current and mass
flow rates.

e The cathode sheath voltage does not increase with the plasma penetra-
tion depth.

e The Schottky effect increases the thermionic emission by about 30% in
the operation conditions investigated.
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The model indicates that the ion bombardment is by far the most important
cathode heating mechanism while thermionic emission is the most effective
heat loss process at high current densities.

8.2 Recommendations for Future Developments

Even though multi-channel hollow cathodes were shown to operate in steady-
state regime with lower sheath voltage and slightly lower peak temperature
with respect to open-channel cathodes, they cannot be considered the defini-
tive option for long-lasting gas-fed MPD thrusters due to the excessive evap-
oration of the emitting material. In order to overcome such a limitation,
it is here suggested to experimentally investigate both alkali-seeded orificed
hollow cathodes and open-channel hollow cathodes with LaBg inserts. Ex-
periments with OHCs should be conducted with different orifice diameters
to identify the optimal internal pressure while ScHCs should be operated at
low internal pressures to guarantee a proper contact of the emitter with the
plasma.

Theoretically, a number of questions still remain unanswered and should be
addressed in the future to better understand the physical mechanism be-
hind the plasma-wall interaction in hollow cathodes. Most importantly, in
this study the effect of the primary electrons has not been directly included.
Since the beam electrons are expected to greatly enhance the neutral excita-
tion, the present model underestimates the ionization rate in the active zone.
Furthermore, future developments should consider the deviation of electron
energy distribution function from Maxwellian to Druyvesteyn at high inter-
nal pressures. Since the Druyvesteyn distribution leads to a shift of the
mean energy at higher electron temperatures with respect to the Maxwell-
Boltzmann distribution, a direct effect on the total ionization-excitation rate
is expected.
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