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William E. Boeing Department of Aeronautics and Astronautics

A coaxial electron cyclotron resonance (ECR) thruster is analyzed experimentally and the-
oretically for operation on water vapor. A one dimensional model using chemical kinetics
theory and empirical electron impact collision cross sections is developed to determine plasma
composition along the length of the thruster. A peak in thruster efficiency occurs in a region
dominated by molecular ions at electron temperatures greater than 15 eV. An ECR thruster
is designed, fabricated, and tested to verify model predictions. Water vapor performance
is compared to argon, krypton, and xenon to understand how mass utilization efficiency
and frozen flow losses vary across propellant type. Thrust performance is measured using
an inverted pendulum thrust stand; plasma characteristics are measured using a retarding
potential analyzer, ExB probe, Langmuir probe, and emissive probe; and species concentra-
tions in a water vapor plasma are measured using optical emission spectroscopy. Frozen flow
losses increase as electron temperature decreases and are found to be a factor of two higher
for water propellant compared with the atomic species at comparable electron temperatures.
It is found that higher propellant atomic mass and lower ionization energies generally ex-
hibit higher mass utilization, due in part to lower neutral density in the thruster. Multiply
charged ions did not constitute a significant fraction of the plume for the atomic species.

Mass utilization efficiency and frozen flow losses describe the trends in the thrust efficiency



but not the overall magnitude. Microwave coupling and diffusion to the walls are also identi-
fied as dominant loss processes. Incorporating wall and coupling losses to the control volume
model enables good agreement between the experimental and predicted values for thruster

performance and species concentrations.
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Chapter 1

INTRODUCTION

The use of electric propulsion (EP) systems on spacecraft is quickly becoming common-
place. EP systems have higher specific impulses compared to chemical propulsion systems
and are well-suited to long-duration missions involving large changes in velocity (Av). Fur-
thermore, EP devices do not require propellants that are chemically reactive — they can
accelerate any species which can be ionized. Corrosion, oxidation, or other chemical reac-
tivity of the propellant or dissociation or ionization products is very much an engineering
concern and will be discussed later. In general, however, this agnosticism in propellants is
appealing for several mission applications: multimode, in situ resource utilization (ISRU),
and air-breathing spacecraft.

Multimode propulsion systems enable mission flexibility by using one propellant to power
different propulsion devices for different objectives: chemical systems for impulsive maneu-
vers and electric systems for station-keeping or precision maneuvers. A conceptual schematic
is shown in Figure 1.1. This scheme eliminates the need to carry multiple types of propel-
lant onboard the satellite and increases mission flexibility in terms of maneuverability [8].
However, finding propellant that is simultaneously applicable to both systems is an open
challenge. EP devices with high efficiencies and thrusts have historically been operated on
noble gas propellants, due primarily to their low reactivity. Other propellants have been used
(mercury, iodine, Teflon) [53], but combustion with these propellants is essentially nonex-
istent. Current research into ionic liquid propellants is promising [24], but the molecular
dynamics of these propellants in a plasma environment remain to be understood. Electro-

sprays exploit the inherent ionic nature of these liquids to accelerate them effectively, but



do not create plasmas. Understanding the different operating modes of electrosprays is an
open question [137], but the research there is largely limited to a relatively narrow field of

propellants.
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Figure 1.1: Conceptual schematic of benefits of multimode system.

Another motivator in adopting molecular propellants for use with EP devices is ISRU
[112]. ISRU exploits the local availability of consumable propellants in order to expand
mission capabilities. Exploration to more distant planets and asteroids would be more fea-
sible if ISRU were available for propellant replenishment; missions could be extended or
sample return might be possible if fuel could be collected at a destination. However, the
types of molecules that are abundant in the solar system are not those currently compatible
with state-of-the-art EP thrusters. Adapting EP devices to run on these molecules, such
as hydrogen, methane, carbon dioxide, water, and nitrogen, would open extended mission
capabilities for scientific exploration.

Finally, a subset of ISRU is air-breathing electric propulsion. These thrusters collect
propellant from the upper atmosphere of bodies the satellites orbit. There is one main

concern: can propulsion devices generate sufficient thrust to overcome the drag inherent



in collecting propellant? This question is the driving force behind mission studies done in
this field, and several review papers summarize the current state of the art [115, 124]. One
aspect of this research is developing thruster technologies that can appropriate accelerate
the species found in the upper atmosphere of Earth (predominantly molecular and atomic
oxygen and molecular and atomic nitrogen). However, these species are chemically reactive,
so new thruster concepts or more robust components are required. Additionally, mission
studies determining the feasibility of these concepts have suggested high power thrusters:
research has proposed 6 MW magnetohydrodynamic (MHD) thrusters [32] and 0.7 - 2 MW
Hall thrusters [101]. Limited experimental results with Hall thrusters and ion engines have
shown increased erosion and worse performance operating with atmospheric propellants [27]
compared with xenon, and both thrusters used xenon for ignition and to feed the cathode.
Research into novel cathodes that can operate with oxidizing propellants is on-going [87, 83,
33, 94].

Understanding molecular propellant usage in EP requires fundamental studies into sim-
ple, relevant molecules. Gases of interest include water, carbon dioxide, and air, due to their
abundance. Water and carbon dioxide are excellent gases to begin analyzing ionization and
plasma composition, as they have been highly studied, and reaction cross sections have been
experimentally determined for most dominant reactions [52, 51]. Likewise, air is comprised

of common molecules and is of particular interest for Earth missions.
1.1 Molecular Plasmas in Industry

Molecular plasmas commonly occur in industrial processing [93, 49, 136, 68, 36, 6, 41, 110, 96].
However, in processing plasmas, metrics tracked are primarily related to quality of the man-
ufactured product and not the state of the plasma: hydrogen production [95], syngas produc-
tion [96], etch rate [36], etc. Other research into plasma catalysis for combustion [147, 148]
and plasma chemistry for medical applications [84] use non-equilibrium, atmospheric pres-
sure, and low temperature plasmas. Plasma chemical models have focused on the decompo-

sition products that have industrial or environmental applications (e.g. dissociation of CO,



plasmas [68]) as opposed to generation of ions that would produce thrust.

Electron cyclotron resonance (ECR) sources can achieve high plasma densities with an
electrodeless configuration compatible with etching agents. Many ECR sources for plasma
processing have a source with a magnetic mirror confinement scheme which impinges on a
plate, which can be biased to enhance etching [88, 109]. These experiments rely on high ion
flux but low ion energy. Stronger magnetic mirror fields at the exhaust of the ECR source
decrease the mean ion energy, narrow the ion energy distribution, and increase ion current;
furthermore, lower gas pressures increase average energy and the magnitude of floating po-
tential on the substrate plate [88]. Sadeghi et al [109] used laser induced fluorescence to
evaluate the ion velocity distribution function in an argon-helium propellant ECR source.
Results show a bimodal velocity peak, with low energy ions arising from collisions near the
magnetic nozzle throat and high energy ions accelerating directly from the ion source [109],
which is promising for propulsion but not directly verified for that purpose.

Furthermore, several ECR studies for plasma processing focus on the specific species
required for etching — controlling the CFy to F ratio produced from a CHFj3 plasma by
modulating power [110], increasing ion beam current by exciting a slow wave structure to
enhance ECR heating [7], modeling and measuring hydrogenated amorphous carbon film
growth rates from CHy plasma [93], etc. This last paper explores much of the gas-phase
chemistry present in a well-mixed ECR source operating with methane, and we see the
presence of many ion species that may be beneficial to a thruster application. However, the
neutral densities are an order of magnitude higher than that of ions [93], and none focus on

ion production relevant to EP applications.
1.2 Molecular Plasmas in Electric Propulsion

With any plasma source, reactivity of the constituents is a concern, particularly for com-
ponents in direct contact with the plasma. Since the propellants we are considering are
expected to produce oxidative components, mitigating the exposure to thruster walls and

electrodes is paramount. This leads to three natural divisions in electric propulsion: (1)



electrothermal devices, (2) modified state-of-the-art devices, and (3) electrodeless thrusters.

Electrothermal thrusters are historically the domain of molecular propellants. Hydrazine,
ammonia, and hydrogen are well-established propellants for resistojets and arcjets [53]. Ex-
pansion into more potentially corrosive or oxidative propellants necessitates a method to
heat the propellant without electrodes, and researchers developed microwave electrothermal
thrusters (METs) [105]. METSs use a resonant cavity to deposit energy from a standing
microwave into a flowing propellants. Coupling (7.) and thrust (nr) efficiencies can be quite
high (~60 - 80%), depending on propellant choice [34]. However, METSs tend to be high
power (~1 kW) and low specific impulse (~400 s) devices [14], although Takao et al tested
a miniature MET that operated at 6 W and 79 s specific impulse [132].

State-of-the-art electric thrusters are not compatible with molecular propellant due to
surface chemistry limitations at plasma-facing electrodes. Experiments with hot cathodes
from Hall thrusters and emitters for ion engines have shown that the cathodes have down-
graded performance due to oxidative contaminants. These hot cathodes rely on thermionic
emission, and other techniques (such as field emission [87]) are not as successful or widely
used. Tungsten and lanthanum hexaboride, common emitter materials, are poisoned by
oxidation during operation [22], as are heating elements for resistojets and cathodes for arc-
jets. Designs for air-breathing varieties [97, 124] exist, but few experimental measurements
on non-destructive operation with oxygen as the ionizing gas have been made [124]. Radio
frequency (RF) cathodes, which theoretically have no limitations on species, have shown
promising results on xenon [83, 33] but have not been fully tested with molecular species.

Finally, we consider three electrodeless thrusters. First, helicon sources are propellant-
agnostic and are heavily used in industrial plasma processing. Helicon sources create and
heat plasma by coupling energy via helicon waves using an RF supply and an axial magnetic
field. For EP purposes, plasma is accelerated through a magnetic nozzle. Helicon thrusters
are predicted to operate near 60 - 70% efficiency [3], but their measured thrust efficiency has
been limited to less than 10% [130]. This low efficiency also contributes to the low measured

specific impulse, which rarely exceeds 500 s. Understanding and closing the gap between the



theoretical and measured performance of helicons is presently the focus of intense research
[130]. Helicon thrusters benefit from current-free double layers, which further accelerate
particles in the plume. Charles et al [25] evaluated helicon thruster performance on a variety
of molecular propellants and found double layer formation was similar for the propellants
tested (Ny, CHy, NHj3, and N,O) compared with argon and simplified plasma chemistry in
their analysis by considering only singly-charged molecular ions. Second, ECR thrusters
selectively heat the electrons using cyclotron resonance. This resonance typically occurs
only in a thin region within the thruster, and ionized plasma is accelerated with a magnetic
nozzle. ECR thrusters are usually operated in the GHz range; at 2.45 GHz, an axial magnetic
field strength of 875 G is required. Both waveguide and coaxial ECR thrusters have been
designed [117, 139]. ECR thrusters are also predicted to operate near SOTA performance
regimes but have experimentally demonstrated efficiencies around 15% with specific impulses
on the order of 1,000 s [89]. Third, field reversed configuration thrusters create a high density,
magnetized, and self-contained plasma toroid (plasmoid) which can be rapidly accelerated
using magnetic fields. The plasmoid can be formed by a rotating magnetic field (RMF),
as in the Electrodeless Lorentz Force (ELF) thruster [125], to drive azimuthal currents.
The plasmoid is then accelerated axially by the Lorentz force described by jy x B,. FRC
thrusters are pulsed devices, which provides interesting options regarding throttleability of

these thrusters, but space-proven pulsed power electronics require further research.
1.3 Water Propellant in Electric Propulsion Devices

In general, water is a popular propellant choice, with groups studying water propellant pulsed
plasma thrusters [114, 66], arcjets [46], and miniature microwave discharge ion thrusters [94].
These works have largely neglected the chemistry occurring within those devices, focusing
instead on measuring (worse) performance compared to devices designed for operation with
other propellants, and these results are largely empirical. In order to mitigate the corrosive
effects of water plasma, some groups investigating water vapor as a propellant use electrolysis

to split the water vapor into hydrogen and oxygen [116, 44]; these gases can be used as



propellant in flight-proven configurations. Schwertheim and Knoll [116] suggest running
oxygen through the main channel of a Hall thruster and hydrogen gas through the cathode,
to mitigate oxidation issues. Harmansa et al [44] plan to use the hydrogen gas as propellant in
a pulsed plasma thruster. The overall efficiency of these devices is limited by the electrolysis
step, but there are potential benefits of separating water into hydrogen and oxygen: these
could be recombined in a fuel cell for power, the oxygen could support human missions,
and hydrogen can be used as a propellant in a wide variety of electrothermal or cold-gas
thrusters.

If we consider non-electrolysis methods of using water as a propellant, we need to consider
the the oxidative nature of water vapor. Electrodeless thruster concepts have been proposed
to overcome electrode poisoning problems, but the role of plasma chemistry within these
devices remains uncertain. Petro and Sedwick developed an analytic model for water vapor
propellant in a helicon thruster [102]. This work considered the propellant to consist of
singly ionized molecules (here H,OT), neglecting the effects of dissociation reactions, multiple
reactions occurring as species translate the length of the thruster, and propellant dwell time
in their analysis. Staab et al. [126] applied the model of Petro and Sedwick to a water
propellant ECR thruster and found worse performance with water compared to argon due
to lower mass utilization efficiency (lower ionization fraction of the water vapor). Further,
this group designed a thruster, which has shown comparable thrust efficiency compared with
argon but much worse compared with SOTA thrusters (~2% vs ~60%) [92]. Water appears
to be a good choice of propellant for METS, since the low mass increases specific impulse
[14], and the ELF thruster has been tested on water vapor, but no conclusive performance

parameters have been published [65].
1.4 Dissertation Organization

This work addresses open questions in the field regarding modeling of water vapor propel-
lant plasma in an electrodeless thruster, testing and variation among water vapor and atomic

species in an ECR thruster, and comparison between model and experiment. This disserta-



tion is organized as follows: Chapter 2 covers the theoretical background and control volume
model developed to assess the feasibility of using water vapor as a propellant in EP devices.
Chapter 3 describes the overall experiment and diagnostics designed to validate and verify
the theoretical results. Chapter 4 details the experimental results relevant to describing the
performance variation between argon, krypton, xenon, and water vapor in an ECR thruster.
Chapter 5 presents results comparing the model to the experimental results for water vapor,

and Chapter 6 concludes this work and suggests future work.



Chapter 2
THEORETICAL BACKGROUND AND MODELING

The goal of this chapter is to understand how the complexity of plasma chemistry affects
the performance of EP thrusters. Determining the relationship between thruster geometry,
input power, and plasma composition is critical to designing efficient thrusters that can
operate on molecular propellants, and we developed a more realistic model of expected
performance. Our model expands on previous analytic work, by considering dissociation
reactions and transit timescales. We evaluate the plasma exhaust composition (densities
of neutral and ionized species) as a function of thruster length, initial gas pressure, and
electron temperature. These relationships are found using particle mass, momentum, and
energy balance equations to develop a 1D analytical model. We apply this model to water

vapor thrusters to assess feasibility of water as an EP propellant.

2.1 Description of the Model

We investigate the evolution of molecular propellant along the length of a plasma source
with cylindrical symmetry, as shown in Fig. 2.1. The source has radius r; and length L,
with a primarily axial applied magnetic field. At one end of the plasma source, propellant
is injected at a constant mass flow rate m. The other end of the source is open, with a
magnetic nozzle formed from the magnetic field which additionally accelerates ions leaving
the source. This configuration is applicable to a variety of schemes, including ECR thrusters
[126, 55], helicon thrusters [25], and radio-frequency sources [95].

We take a control volume approach to analyze the flow through the thruster, as described
in Sec. 2.1.1. As the molecular propellant translates the length of the thruster, electron

impact reactions create excited, ionized, and dissociated species. This chemistry is modeled
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Figure 2.1: Schematic of the control volume model.

in Sec. 2.1.2. The composition of this plasma ultimately affects thruster performance, as

shown in Sec. 2.1.3.

2.1.1 Control Volume Model

We develop a control volume model to determine species concentrations in the plasma plume.
We assume the solution is steady state, and we ignore any explicit time dependence. Further-
more, we consider only axial variations in z; cross field diffusion and wall losses are ignored.
This allows us to focus on the dominant chemistry occurring along the length of the thruster.
These simplifications ultimately provide the best case scenario of thruster performance. Fol-
lowing our analysis, we will return to the issue of cross-field diffusion to examine the onset

of wall losses in Sec. 2.2.4.

Species Continuity

The initial mass flow is introduced as a boundary condition, and total mass is conserved as
species react. However, the mass flow rates of individual species evolve through production

and consumption reactions. Considering the jth species, mass conservation is
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my; [8871] +V. (njuj)] = Sj — Cj, (21)

where m; is the particle mass of species j, n is the number density, u is the velocity vec-
tor, S; represents production of j, and C; represents consumption of j. We assume reac-
tions are governed solely by electron impact collisions. We neglect reactions between heavy
species, photon-driven reactions, radiative and dielectric recombination, and three-body re-
combination. This assumption, examined in more depth in Sec. 2.2.5, is generally valid for
low-pressure EP plasmas. While they represent opposite physical processes, production and
consumption have a similar form: reactions occur proportional to the density of each reac-
tant species and the reaction rate, k = k(T.), where T, is the electron temperature. For a

specific reaction, this is

Skosj = Kk jMjNeN (2.2)

and

Cioi = Kjmuneny, (2.3)

where e represents the electrons, k represents reactant species producing species 7, and [
represents product species from reactions consuming species j. We assume the plasma has
azimuthal symmetry and is radially uniform. This implies that m;(z) = m;n;(2)u;(2)A,
where u;(z) = u;,(2) is the axial component of the jth species velocity and A is the cross

sectional area of the thruster. Further, by assuming steady state, we can write Eq. (2.1) as

”J“J =3 S =Y O (2.4)

k#j I#5
Assuming T, is known, Eq. (2.4) gives us a set of N equations solving for N heavy species

number densities, N heavy species velocities, and one electron number density (2N + 1
unknowns). We use momentum conservation (described in the next section) and charge

conservation to close the model. Charge conservation requires



12

Ne = Z Zj?’Lj, (25)

jEions

where Z; is the charge state of ion species j.

Momentum Conservation

In order to describe species velocities, we need to understand the inherent physics of plasma
sources operating with magnetic nozzles. Magnetic nozzles, similar to de Laval nozzles for
fluid exhaust, convert the plasma thermal energy into directed kinetic energy. Recent analytic
models of the flow before [3] and after [2, 90] the throat of the magnetic nozzle have shown
the acceleration processes relevant to this model. Inside the plasma source, dynamic pressure
provides the acceleration [3]. In the magnetic nozzle, diamagnetic electron currents generate
a magnetic field that opposes the magnetic nozzle to provide thrust, and an ambipolar electric
field accelerates the plasma [2]. Further downstream, the plasma detaches from the magnetic
field as unmagnetized ions separate inertially from magnetic field lines [90, 78]. Once the
plasma reaches the throat of the magnetic nozzle, it is assumed collisionless, and the effects
of the magnetic nozzle on the ions and electrons are treated. Neutral species exhausting
through a magnetic nozzle are not affected.

Inside the thruster, we assume that the plasma is quasineutral with no applied electric
fields and that w; and B are purely in the axial direction. Further, we assume perfect
magnetic shielding of the lateral walls, due to a sufficiently high axial magnetic field, and
large local magnetic shielding of the rear wall, consistent with those assumptions in [3].
These latter assumptions eliminate wall losses and the possibility of recombination at the
wall, but Ahedo and Navarro-Cavallé showed these effects do not dramatically affect plasma
density [3]. Ahedo and Navarro-Cavallé also calculated the ion velocity inside the thruster;
while plasma velocity is not constant in the thruster, ions quickly accelerate to the sonic
velocity, ¢;. In our analysis, we use momentum conservation with an assumed potential drop

along the thruster to determine ion velocity.
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The potential drop between propellant injection and the throat of the magnetic nozzle is

assumed to follow

= (1) 26)

where V,(z) is the potential inside the thruster, 7. is the polytropic index for the electrons,
kg is the Boltzmann constant, and « represents the steepness of the acceleration region.
This profile ensures the ions exhaust at or near their sonic speed.

Solving for velocity requires solving the conservation of momentum equation. Assuming
steady state solutions (no explicit ¢ dependence) and azimuthal and radial symmetry (only

z dependence), this becomes

d(m;nju?)
Zl—z” = Zjqn;E. + Fjox + Z Sk jUy — Z Cjug, (2.7)
K J#
where E, = —dV,/dz is the electric field in the z direction and F}cx is the momentum

transfer due to resonant charge exchange for species j

Fiox =mjnin;oxojox(ujox — uj)|ujox — ujl, (2.8)

where 0 cx is the charge exchange collisional cross section for species j.

The first term on the right hand side of Eq. (2.7) is the acceleration of ions due to the
presence of an electric field. The second term on the right hand side represents momentum
conservation during charge exchange collisions. The third and fourth terms on the right

hand side of Eq. (2.7) describe momentum conservation.

Energy Conservation

Power is a design point for thrusters, and accounting for power consumption ensures a self-
consistent electron temperature solution. We calculate input power (P;,) from the energy

to produce an atom, ion, or molecule from the parent species (frozen flow power, Pyy), the
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energy required to accelerate these species through a magnetic nozzle (kinetic power, P,),

and other power loss terms (Pjosses):

-Pin = Pff + Pv + Plosses- (29)

The power required to ionize or dissociate is a frozen flow loss, as this power cannot be
recovered from the flow as it exhausts. In this model, we do not make any estimates on power
losses due to inefficiencies in coupling, line resistance, or wall losses. Therefore, Pj,sses = O.
This assumption, along with the frozen flow calculation, minimizes the power required and
provides an upper limit on the thrust efficiency, as will be shown in Sec. 2.1.3.

Frozen flow power for a species j accounts for the energy loss of every reaction consuming
7 in the thruster volume, V. Since reaction rates describe number density production per

second, we must integrate frozen flow losses over the thruster volume, which yields

Prpj = / (Z Kj—)kej—ﬂcnenj) dv, (2.10)
v

k#j
where €;_,;, is the energy loss for the reaction j — k. Integrating frozen flow power accounts

for axial variation in n. and n;. We assume constant area, azimuthal symmetry, and radially

uniform plasma and sum over all species 7 to get the overall frozen flow loss:

L
Py = Zyrrf [/0 <Z /{jﬁkejﬁknenj> dz] , (2.11)
J

Py
where 712 = A for the geometry considered.

To account for the effects of excitation and radiative energy losses, we use an effective
energy loss for ionization. We assume the effective energy loss for ionization of a neutral
species is twice the ionization energy. This is the asymptotic limit at high 7. of energy loss
due to ionization, excitation, and elastic scattering for noble gases [73]. This assumption is
more accurate for high temperatures (T, > €,,,), and molecular species may have higher
energy losses due to dissociation and vibrational and rotational modes. However, we track

dissociation costs separately, and dissociation reactions were not subject to this effective
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energy loss. Dissociative recombination reactions have no associated energy loss [56]. We
evaluate the effects of these assumptions in Sec. 2.2.1.

In order to determine the kinetic power P,, we evaluate the conversion from electron
thermal energy to ion kinetic energy in the magnetic nozzle. This conversion factor, g,, is

the additional velocity increase of ions through the magnetic nozzle [79],

uj ex
= —— 2.12
gu 'Yek'BTe ’ ( )
m;
where u; ., is the exhaust velocity of species j. We assume electrons cool polytropically in

the exhaust plume and all the electron thermal energy is converted into ion kinetic energy

[79]. Then g, takes the following form

Ve + 1
gu:”’y—I. (2.13)

Experimentally, v, is found to be 1.15 - 1.37 [31, 77], and the value 1.2 is used here. For

neutral species, the magnetic nozzle provides no additional acceleration. Incorporating the

effect of magnetic nozzle acceleration into the kinetic power yields

1
P, = 57?7’? Z gamgnju’ + Z min;u’ | . (2.14)

Together, Egs. (2.4) - (2.9), (2.11), and (2.14) describe a control volume model which can
estimate the performance of complex propellant thrusters given thruster geometry, mass flow
rate, and input power. While this framework is general, we focus on water propellant in the

following sections.

2.1.2  Plasma Chemistry Model for Water Vapor

Collisions in a water vapor plasma create excited and ionized states and neutral fragments
of the molecular species, as shown in Table 2.1. As these species translate the thruster,

the axial composition of the plasma changes. We determine these products from reaction
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rates, k, derived from experimental reaction cross sections, o [52, 133, 118, 5, 134, 56].
We consider electron collisions and resonant charge exchange reactions because other heavy
particle reactions have negligible cross sections at the pressures and temperatures relevant
to EP [85, 134]. For a Maxwellian electron energy distribution, the reaction rate for electron

collisions may be modeled as [40]

= (oleole)) = /j oo () exp (‘T) de.. (2.15)

where €, is the electron energy, v is the electron velocity, ¢ is the electron charge, m, is the

electron mass, T, is the electron temperature, and €,,;, is the threshold energy of reaction.
€min 18 on the order of a few eV per reaction, as shown in Table 2.1. These reaction rates
drive the change in number density of species in the plasma as shown by Eq. (2.4).

To determine the most prevalent species in the plasma, we evaluated all collisions of
the initial species (water): elastic, excitation, vibration, rotation, ionization, and decompo-
sition. Above a few eV, the energy loss due to elastic collisions is negligible compared to
that from ionization and dissociation collisions and the likelihood of excitational, rotational,
and vibrational collisions is small compared to the ionization and dissociation collisions, in
agreement with the work of Petro and Sedwick [102]. Therefore, these reactions are ignored
in the species continuity equations, Eqs. (2.4) - (2.5). Likewise, initially, all positive and
negative ion species of HoO mentioned by Itikawa [52] are considered; however, negative
ions (above approximately 4 eV) and the positive ions O?* and HJ have negligibly small
cross sections compared to the other positive ions and decomposition species. As such,
the tracked species are pared down to the eight most prevalent: H,O, OH, H, O, H,O™,
OH*, HT, and O". We assume the water propellant is injected at the room temperature
(298 K) sound speed, ug,o = 369.9 m/s; all species are initially assumed to have this veloc-
ity until they are accelerated as defined by Eq. 2.7. As these species translate the thruster,
they may experience subsequent reactions, including dissociative recombination, as shown in

Table 2.1. The products from these reactions are tracked and allowed to react until they ex-
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haust from the thruster. The inclusion of dissociation reactions and transit time scales in the
thruster is a departure from the work of Petro and Sedwick, which ultimately shows a peak
in performance corresponding to specific thruster geometries yielding higher concentrations

of molecular ions.
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Table 2.1: The product species with dominant reaction rates are tracked for each reactant
species. In some cases, the cross section correlates to any of several reactions that may
yield the product species (e.g. producing H from H,O). This total cross section is used,
and the smallest €,,;, of any reaction producing the product is used as the energy cost per

atom/molecule. H" and O are both assumed to exhaust before any recombination reactions

occur.
Type of collision Reaction €min (€V) Reference
Dissociation HO+e - OH+H+e 5.1 [52]
Dissociation HiO+e = O+e 9.2 [52]
Tonization HyO 4+ e~ — HyOF + 2e~ 12.6 [52]
Dissociation and Ionization HyO + e~ — OHT + H + 2e~ 18.1 [52]
Tonization HoO +e” — HY + 2e” 17.0 [52]
Tonization HoO+ e~ — OF + 2¢~ 19.0 [52]
lonization OH +e~ — OH' + 2¢~ 13.0 [133]
Dissociation and Ionization ~ OH+e~ — Ot + H + 2e~ 16.0 [133]
Dissociation and lonization ~ OH+4 e~ — HT + O 4 2¢~ 16.0 [133]
Tonization H+e — HY +2e” 14.6 [118]
Tonization O+e — OF +2e 13.62 [134]
Dissociative Recombination H,Ot +e~ — OH+H - [56]
Dissociative Recombination H,Of + e~ — O+ 2H — [56]
Dissociative Recombination OH" +e” - O+H - 5]
Resonant Charge Exchange H,0 + H,O" — H,Ot + Hy,O - [76]
Resonant Charge Exchange ~ OH + OH't — OH' + OH — *
Resonant Charge Exchange H+Ht" —-H"+H - [108]
Resonant Charge Exchange 0+0t—0"+0 - [127]

xAssumed equal to HoO resonant charge exchange cross section
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2.1.83 Thruster Performance

We assess thruster performance using specific impulse and thrust efficiency. Specific impulse
is representative of the thrust produced relative to mass flow rate, and thrust efficiency is a
measure of the amount of kinetic power produced from input power. These two parameters
describe the feasibility of using water vapor as a propellant in EP thrusters.

Specific impulse (I,,) is a ratio of the thrust produced by exhausted particles compared
to the mass flow rate and includes contributions from both the ionized and neutral particles.
The neutrals exhaust thermally, while the ions gain additional acceleration from the magnetic
nozzle, as described in Sec. 2.1.1. For a multi-species exhaust, the specific impulse may be

written as

2
r
Iop = = : E : mjnju?,ex_{_ E : gumjnju§,€$ ? (2.16)

m =
90 jé¢ions JjEtons

where gg is the sea-level acceleration of gravity. Specific impulse defines the class of missions
where a proposed thruster would be useful, as defined by the rocket equation. For common
Earth-orbit EP applications, the desired Iy, is usually around 1,500 - 2,000 s [98]. For
interplanetary travel, desired I, is higher, around 3,000 - 4,000 s [53].

The thrust efficiency (nr) for an electric propulsion thruster is defined as

n :m(g()[sp)Q
g 2P,

(2.17)
The overall efficiency is a measure of the kinetic power relative to the input power. As de-
scribed in Sec. 2.1.1, power losses (Pys and Psses) are minimized in this model, so calculated
P, is a minimum of the actual power required. In our analysis, the nr we calculate is an
upper bound on the expected efficiency of an actual thruster.

To identify the contributing factors to variations in specific impulse and thrust efficiency,

we evaluate the following parameters: average ion mass, average ion cost, and ionization

fraction. We calculate average ion mass as
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2
;= Zjeions mjnjuj ‘ (218)
Zjeions m;n;u;

Here, m; describes the composition of the ion species. Lower average ion mass indicates

a more atomic plasma, while higher average ion mass points to more molecular ions. The

average ion cost (¢;) is the frozen flow energy loss per ion and is calculated as

Pffmz-
2 o ap .
Ty Zjeions mjn;u;

Large values of ¢; are generally the result of the propellant undergoing multiple reactions.

(2.19)

€ —

The ionization fraction (n,) is given by

2
Ty Zjeions mj nj U]’

m

(2.20)

T =

Here the ionization fraction also represents the mass utilization efficiency, which describes
the rate of ion mass flow at the exhaust relative to the total mass flow rate. Specific impulse
and thrust efficiency generally scale with ionization fraction because ionized species achieve
higher exhaust velocities.

Electric thrusters require high thrust efficiencies to effectively utilize on-board power.
State of the art Hall thrusters or gridded ion engines typically operate around 60 - 70%.
Helicon and ECR thrusters are predicted to operate at similar efficiencies [3, 117]; however,
their measured thrust efficiency to date has been limited to less than 20% [89, 130]. The
power and propellant losses responsible for these inefficiencies also prove detrimental to the
measured I,,, which rarely exceeds 1,000 s. Understanding and closing the gap between
the theoretical and measured performance of electrodeless designs is presently the focus of
intense research [130].

Improving nr should improve performance of these electrodeless designs, but experimental
results have been limited. This is especially true for non-traditional propellants such as
water. In these cases, plasma chemistry becomes important, and these changes in regimes

have driven the work described in this chapter.
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2.2 Results and Discussion

With the framework outlined above, we evaluate thruster performance changes due to wa-
ter vapor plasma chemistry. Similarity across operating regimes defines scaling parameters
important to maximizing performance and designing thrusters that are viable in real-world

missions.

2.2.1 Plasma Composition

Plasma composition is important in describing thruster performance; the charge state deter-
mines whether particles will interact with magnetic or electric fields and therefore contribute
more to thrust, the average mass of the particles will dictate specific impulse, and the pres-
ence of neutrals reduces overall efficiency. We use the model described above to study the
effects of varying electron temperature and pressure on plasma composition. At a given
electron temperature, as pressure increases, the distance required for reactions, as specified
in Eq. (2.15), decreases, since the concentration of reactants is higher. In this case, distance
correlates to the amount of time components have to react; particles take more time to tran-
sit longer distances. The similarity is linear for a given voltage drop, so that we need only
consider the product of pressure and thruster length to determine the relative mass flow of
species along the thruster, as shown in Fig. 2.2. The first thing we notice, at all temperatures,
is the decrease in water vapor and rise of OH. The dissociation reaction leading to OH has
the smallest reaction energy (as shown in Table 2.1) and the largest reaction cross section
from water across the range of relevant temperatures, ~ 5 — 40 eV. As OH is produced, it
is also consumed by ionization reactions encouraging the growth of Ot H*, and OH". OH
concentration reaches a peak before the complete elimination of HyO.

As the electron temperature increases, the likelihood of higher-energy, predominantly
ionization, reactions increases as well. We note a peak in the production of HyO™ ions cor-
responding to the elimination of neutral water propellant. OH™ is produced from several

reaction pathways in the plasma, which explains its sharp concentration increase early on.
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Figure 2.2: The normalized plasma composition at the thruster exhaust plane as a function

of pressure times length with o = 2 for (a) T, = 5 eV, (b) T, = 10 eV, (c) T. = 15 eV, (d)

T, = 20 eV. Increasing pressure appears to push the reaction zones closer to the injector for a

fixed length thruster. Increasing electron temperature increases the region of high molecular

lonization.

The peak H,O' and OH' mass flow rates are approximately constant across electron tem-

perature, but the range of pgL where they are the dominant species increases with electron

temperature. Both molecular ions can dissociatively recombine, preferentially at low tem-
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peratures, which explains the larger range of pgL over which molecular ions dominate at
higher temperatures.

In Fig. 2.2, atomic neutral concentrations begin to increase around the HoO1 and OH™
peaks. O mass flow rate becomes noticeable around the peak of HyO™ ion concentration. O
concentration decreases as the electron temperature increases for two reasons: first, the cross
sections for the production of O from HoO" and OH™ decrease with increasing temperature;
and second, the reaction O — OV increases with electron temperature. Likewise, H produc-
tion decreases as electron temperature increases for comparable reasons. O mass flow rate
reaches a steady state at lower pyL for lower T., as shown in Fig. 2.2. Within the range
shown here, O increases most rapidly when the electron temperature is high enough to
facilitate the conversion of O to OT but low enough that there is still a sizable population of

O; this is also the case for the H — H™T reaction, but the effects do not appear as noticeable.

2.2.2  Thruster Performance

Thruster performance is predominantly determined by the ionization fraction and mass of
exhausted species. Forming atomic ions increases the energy cost per exhausted ion, since
these ions are usually formed from several dissociation or ionization reactions. Additionally,
because specific impulse depends on mass, exhausting atomic species generally increases
specific impulse. While this may be desirable, the extreme lightness of hydrogen generally
increases this specific impulse to beyond that required for common EP applications (~ 1,000 -
4,000 s).

Fig. 2.3 shows several parameters of interest in evaluating thruster performance, whose
values correlate to changes in plasma composition. Fig. 2.3(a) shows the average cost per
ion as a function of pyL for several electron temperatures of interest. Initially, the value
slowly increases as the neutral molecules HoO and OH produce ions and atomic neutrals.
The ion cost increases more sharply as these remaining species undergo multiple reactions to
produce O™ and H*, before reaching steady state values. The dip in ionization cost that is

more pronounced for lower T, is correlated with higher HyO™ production, followed by higher
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Figure 2.3: For @ = 2: (a) The average ion cost for exhaust at at any point defined by
poL in the thruster. (b) The ionization fraction vs poL. As electron temperature increases,
the ionization fraction increases rapidly at smaller poL. (c) Average ion mass vs poL with
references to the three largest mass species and the steady-state mass average. At higher
poL, the curves for different electron temperatures collapse onto one another as they reach a
steady-state value of 14.33 amu. (d) Frozen flow loss fraction vs poL for electron temperatures
of interest. Higher electron temperatures correspond to lower frozen flow losses. As pgL
increases, frozen flow losses first increase corresponding to neutral products then decrease as

more ionized products are exhausted.

concentrations of neutral atomic species that increase the average ion cost. The steady-state
ion cost decreases as electron temperature increases, due to higher ionization fractions and

increasing likelihood of direct ionization reactions (as opposed to ionization of dissociated
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neutrals).

In Fig. 2.3(b), for all electron temperatures, the ionization fraction initially increases as
molecular ions are produced, peaks when those ionized species reach some critical concen-
tration such that they begin to dissociate, decreases as ions recombine and dissociate, and
finally increases as atomic ions are produced. The ionization fraction eventually trends to-
ward unity as the atomic neutrals ionize. This behavior is more pronounced at lower electron
temperatures, where the dissociative recombination reaction rates are higher. This charac-
teristic nature, which is unique to molecular propellant EP, will be expanded in further depth
in Sec. 2.2.3.

Fig. 2.3(c) shows the average ion mass as a function of pyL for different electron temper-
atures. For every temperature, there are two steep drops corresponding to changes in the
dominant ion species: for small pyL, OH™ concentration outpaces HoO' concentration; for
large poL, the average ion mass approaches an equilibrium value of 14.33 amu (H2O con-
verted to 2 H" and 1 OT) due to the complete dissociation and ionization of the propellant.
For moderate poL, ion mass slowly decreases as OHT and H,O% dissociate and atomic ions
begin to form. These characteristics are similar for all the electron temperatures plotted but
with sharper transitions at lower T..

Fig. 2.3(d) shows the frozen flow loss fraction as a function of pyL for the electron tem-
peratures of interest. Higher electron temperatures correspond to lower peak frozen flow loss
fraction, due in part to higher kinetic power. Frozen flow loss fraction initially increases as
molecules begin to dissociate and then decreases as molecules ionize and accelerate through
the thruster. At large poL, frozen flow losses increase again as atomic neutrals and ions
proliferate. Higher electron temperatures correspond to the largest range of pyL with low
frozen flow losses; this is related to the long lifetimes of molecular ions in the thruster at
those conditions and the larger ion velocities which increase kinetic power. At lower elec-
tron temperatures, the frozen flow loss appears to have two local peaks before relaxing to a
steady-state value: one corresponds to the initial concentrations of molecular ions and one

to the later concentrations of atomic neutrals.
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Figure 2.4: For a@ = 2: (a) Specific impulse, calculated per Eq. (2.16), vs poL for electron
temperatures common in EP. (b) Thrust efficiency vs poL. Note the similarity between this

plot and ionization fraction represented in Fig. 2.3(b).

With this understanding of the overall behavior of the bulk plasma, we consider specific
thruster performance characteristics, namely the specific impulse and thrust efficiency. In
Fig. 2.4(a), the specific impulse against pyL is plotted. We note a sharp increase at low pyL
as ionization quickly increases, followed by a slow increase as atomic ions begin to dominate
the plasma composition. At 7. = 5 eV, I, has two sections of rapidly increasing slope;
the first corresponds to the formation of molecular ions and the second to the formation of
atomic ions. At higher pyL, I, reaches a steady state value corresponding to atomic ions
for all temperatures.

Thrust efficiency is plotted in Fig. 2.4(b) and loosely follows the ionization fraction shown
in Fig. 2.3(b). The thrust efficiency is lower than the ionization fraction because it also
includes effects from the frozen flow losses corresponding to the increased energy required
for multiple reactions. For this reason, thrust efficiency decays after reaching an initial peak
corresponding to high molecular ion formation. At higher pyL, the thrust efficiency increases
for the T, = 5 eV case as more atomic ions are created, and, at higher electron temperatures,
the thrust efficiency levels out. We note that this behavior is unique to molecular propellants.

As expected, increased thrust efficiency is correlated with increased I5,. However, this
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correlation stops when the thrust efficiency reaches its first peak; thereafter, the thrust
efficiency decreases as specific impulse increases for electron temperatures greater than 15 eV.
For lower electron temperatures, a constant I, drops thrust efficiency, but a two-fold increase
in specific impulse does moderately improve efficiency at T, = 5 eV. This is characteristically
different from performance on noble gases in state of the art EP devices [13, 11], which
monotonically increase toward a limiting thrust efficiency and I;,, as shown in Fig. 2.4(a)
and 2.4(b). As electron temperature increases, this thrust efficiency peak broadens due to
the lower rates of dissociative recombination at higher temperatures. At these temperatures,
a small change in operating conditions (pgL) does not significantly alter performance.

We take a moment to comment on the influence of our effective ionization energy as-
sumption on the results in Figs. 2.3 and 2.4. Petro and Sedwick [102] show that losses due
to elastic collisions and rotational and vibrational modes are negligible for T, = 5 eV, and
losses due to radiation from dissociative species excitation are small (~ 1 eV) compared with
ionization and dissociation losses for T, ~ 5 — 40 eV. As a result, the addition of these loss
processes would not significantly alter our results. Itikawa and Mason note that experimen-
tal data for electron impact excitation of HyO is incomplete [52], which yields uncertainty
regarding the effective ionization cost coefficient (recall we used the value 2). We explored
this uncertainty by running our model for effective ionization costs in a range representative
of typical excitation energy variations, 1.5¢; to 2.5¢;. The results indicate that the general
trends shown in Figs. 2.3 and 2.4 do not change significantly and that the location of the var-
ious local minima and maxima occur at approximately the same value of poL. As expected,
the main consequence of increasing the effective ionization cost coefficient is an increase in
average ion cost and frozen flow loss fraction, and decrease in thrust efficiency. However,
we note that additional experimental data is needed to determine the best value for the
ionization cost coefficient for HyO.

It is clear from our results that frozen flow losses have a significant impact on characteristic
performance of molecular propellant EP devices. We can easily scale thruster designs based

on common design parameters using performance maps, as shown in Fig. 2.5. Fig. 2.5
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Figure 2.5: For o = 2: (a) Contour map of thrust efficiency for water vapor. (P/m)*
corresponds to the highest initial thrust efficiency [as shown in Fig. 2.3(b)]. (b) Contour
map of thrust efficiency for argon. (c¢) Contour map of I, for water vapor. (d) Contour map

of I, for argon.
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presents contour plots of thrust efficiency [(a) and (b)] and specific impulse [(c) and (d)] for
water vapor and argon. The y-axis is P/m, and the x-axis is poL = ru,L/A. This change
to the x-axis describes design constraints in more commonly used terms — mass flow rate is
variable, velocity is the room temperature thermal velocity of the neutral propellant, and
the length and area constraints describe the geometry of the thruster. The blue and red lines
are curves of constant electron temperature, 4 and 30 eV, respectively. On Fig. 2.5(a) and
2.5(c), the (P/m)* corresponding to the first peak of thruster efficiency shown in Fig. 2.3(b)
is highlighted with a dashed line. The curves for argon are determined using the same
framework described for water, but argon, as a noble gas, has only one product in this range
of temperatures: the singly charged ion. Consistent with our assumption for water vapor
propellant, we include radiative losses for argon by using an effective ionization energy that
is equal to twice the minimum ionization energy. This assumption is reasonably accurate for

T, > 8 eV [73]. Again, the thruster efficiency should be considered an upper limit.

At first glance, the maps are qualitatively different for water vapor compared with argon.
Comparing thruster efficiency [Fig. 2.5(a) vs 2.5(b)], we see that argon has higher efficiency
at lower temperatures and requires less power per unit mass flow rate compared to water
vapor. Additionally, above ~ 60%, the argon thrust efficiency is approximately constant as a
function of 7w, L/A for thu,L/A > 2x 103 mg/s®. Thrust efficiency with water vapor, on the
other hand, fluctuates with 7w, L/A, increasing to a maximum then decreasing as ru,, L /A
increases. At higher rhu,, L /A, molecular species are more likely to dissociate or ionize, unless
molecular ions are sufficiently accelerated to leave the thruster before those reactions occur.

The increased likelihood of dissociation increases required power and reduces efficiency.

Comparing the specific impulse curves shown in Fig. 2.5(c) and 2.5(d), we note that
similar temperatures yield higher specific impulses for water vapor than for argon, due to
the mass difference of the propellants. At a constant P/, specific impulse is approximately
constant as rhu,L/A increases for argon, whereas specific impulse decreases with 7w, L/A

for water, due to the effect of dissociative recombination.
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2.2.8 Scaling Laws for HyO Thruster Optimization
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Figure 2.6: (a) The first peak thruster efficiency (n5) vs electron temperature for different
voltage drop profiles [Eq. (2.6)]. Sharpening the acceleration region (i.e. increasing «) does
not appear to have much effect on peak efficiency. (b) Power per unit mass flow rate at 7.
((P/m)*) vs thu,L/A. Setting (P/m)* = a/(mu,L/A), we find contours of constant power
density (P/A), represented by a; and as.

With these results, we look for scaling laws to simplify design. The first peak in thruster
efficiency % occurs at (P/m)*, which can be determined uniquely from electron tempera-
ture. We also seek to account for the amount of uncertainty in describing the voltage drop
from injection to magnetic nozzle. To that end, we investigate the relationship between 77,
(P/m)*, and «, as defined in Eq. (2.6). These relationships are shown in Fig. 2.6.

Considering Fig. 2.6(a), we note that o does not have a significant effect on the value of
17, especially above T, ~ 15 eV. Furthermore, we note that 7, ~ 10 eV corresponds to a
threshold thruster efficiency of 50%. Considering our optimistic model, thrusters operating

on water vapor propellant at T, < 15 eV would significantly underperform compared to state



31

of the art EP systems.

When designing a thruster or experiment, Fig. 2.6(b) provides a map of required power
for peak efficiency. With respect to electron temperature, we note that the (P/m)* to achieve
an electron temperature is approximately constant; this makes sense, as (P/m)* is an energy
per mass of propellant to achieve an optimal plasma composition, which we showed earlier
was a unique function of electron temperature. As « increases, the acceleration region
for ions is narrower, and thruster length for a given pressure shortens. We relate these
scalings by considering relationships between (P/m)* and rhu,L/A of the form P/m =
a/(mu,L/A). This equation describes contours of constant power density given an initial
species and thruster length: P/A = a/(u,L). From Fig. 2.6(b), we see that increasing «
corresponds to decreasing power density required for optimum thrust efficiency. Additionally,
for a given voltage drop profile, power density is constant for optimal performance for 7,
between 10 and 30 eV. Considering the uncertainty in the voltage drop profile, experiments
designed to span different power densities will have the flexibility to operate at the empirical

optimum.

2.2.4 Onset of Wall Losses

Wall losses in EP devices reduce performance by decreasing efficiency and increasing thruster
erosion. Magnetic shielding of the walls, achieved in part by the magnetic field required for
the magnetic nozzle, reduces electron mobility to the walls. For the plasma source geometry
described here, both classically-dominated [81] and Bohm-dominated [69] diffusion have been
observed experimentally. In this section, we will examine the general conditions required to
ensure wall losses are much smaller than flow out of the device, which can also be thought of
as a minimum requirement for the magnetic field strength. Because high thrust efficiencies
require large ionization fractions, we limit our analysis to diffusion processes in a highly-
ionized plasma.

For both classical and Bohm diffusion, we evaluate the anisotropic Péclet number (Pe,,),

which compares field-aligned advection to perpendicular diffusion [81]. In general, we write
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the Péclet number as

(2.21)

where ¢, = \/%k:Te/mi is the ion acoustic speed and D, is the cross-field diffusion co-
efficient. The classical cross-field diffusion coefficient is given by D) q = n,p./BZ, where
Pe = nkpT, is the electron pressure, By the magnetic field strength, and 7, the cross-field
resistivity. The ratio of the electron pressure and neutral pressure simplifies to p./py =
(ne/no)(T./T,). We observe that within the thruster channel \/7,,/T. < n./ng < 1, which
implies \/m < pe/po < T./T,. This scaling suggests that classically-driven wall losses
can be neglected (Pe,, > 1) if

csB3riT,

2.22
nJ_Te ( )

poL <

Here, we have relaxed the requirement on pyL because the upper bound of p./pg occurs only
in a relatively small region within the thruster. The same analysis performed for cross-field
Bohm diffusion, D, g = kgT./(16eBy) [26], yields the additional requirement

L 167

< (2.23)

Ty TLi

where 77, = m;cs/(eBy) is the characteristic ion Larmor radius. Note that p, does not
appear in Eq. (2.23); instead, Bohm diffusion limits the aspect ratio of a given device.

Egs. (2.22) and (2.23) represent general requirements for limiting wall losses due to clas-
sical and Bohm diffusion, respectively. To provide an estimate of representative values, we
consider an existing ECR thruster [138] with r, = 15 mm, L = 15 mm, By = 875 G, and
T. = 20 eV. Using Spitzer resistivity [26], n. ~ (100T,,)~%/2 [Q - m], Eq. (2.22) suggests
that classical cross-field diffusion can be neglected for water propellant if poL < 17 mTorr-m.
Notably, the values of pyoL that we have considered throughout our analysis satisfy this re-
quirement. According to Eq. (2.23), Bohm diffusion can be neglected for L/r; < 10, which

is also satisfied for this particular thruster geometry.
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2.2.5 Onset of Additional Reactions

Our analysis assumes dissociation and ionization reactions are driven solely by electron
collisions with heavy (molecular and atomic) propellant species. Here, we examine the
onset of various other reaction processes to identify the approximate regimes in which this

assumption is valid.

Reactions between Heavy Species

As the pressure within the thruster increases collisions between heavy species can begin
to dominate over collisions with electrons. In this limit reactions driven by heavy species
collisions (e.g. H+ HyO — Hy 4+ OH) become significant. The mean free path of species j
undergoing reactions with species k is given by \;j = (ngo;;)~", where o, is the reaction
cross-section. Reactions between species j and k can therefore be neglected if L < A; . This

condition may be expressed in terms of the quantity poL as

kyT,,

(ni/no) o5 22

poL <

For water vapor propellant, maximum cross sections for reactions between heavy neutral
species are typically on the order o5 ~ 107* — 1072 m? [70]. The results of our model
generally show that ny/ng < 0.1V k € [OH, O, H]. This suggests that heavy neutral species
reactions can be neglected for pgL < 30 mTorr-m.

Larger cross-sections (o ~ 1072 — 107! m?) have been observed for reactions between
neutral water and different ionized species, such as charge transfer (e.g. OT+H,0 — H,O +
O [72]), dissociative charge transfer, (e.g. O +H,O — OH' +OH [72]), and proton transfer
(e.g. Ho Ot + H,O — H30" 4+ OH [76]) reactions. Fig. 2.2 indicates that Ot and H,O
do not coexist in appreciable quantities for the conditions considered here, which suggests
that charge transfer reactions and dissociative charge transfer between Ot and H,O can be
neglected. Furthermore, the proton transfer reaction is generally much slower than electron-

driven reactions for 7, > 5 eV [103]. As a result, neutral HyO is consumed via electron
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collisions before a substantial quantity of H3O™" can be created via proton transfer.

Photon-Driven Reactions

Reactions can also occur by virtue of photons (p) interacting with plasma molecules or atoms.
Photodissociation (e.g. HyO + p — H + OH [71]), photoionization (e.g. HoO + p — HyO™
[145]), and dissociative photoionization (e.g. H,O + p — H + OH" + e~ [18]) are three
examples of photon-driven reactions. The maximum cross-section for these types of reactions
are typically on the order o ~ 10724 —1072! m?. These relatively small cross-sections suggest

that photon-driven reactions can similarly be neglected for poL < 30 mTorr-m.

Radiative and Dielectronic Recombination

Electron collisions with plasma ions can produce radiative (e.g. HY + e~ — H + p) and
dielectronic (e.g. HY + e~ — H* — H + p) recombination reactions. The density rate of
change of ion species j due to these reactions is 73 = —a;n;n., where a; is the sum of
the radiative and dielectric recombination rate coefficients. The loss rate of ion species j via
recombination is small compared to convection for

ool < oI (2.25)

QO

Here, c; represents the ion acoustic speed of species j. For singly-charged ions with
T, ~1—40 eV, the maximum recombination rate coefficient generally falls within the range
a; ~ 10720 — 107" m3/s [58]. As a result, radiative and dielectric recombination reactions

can typically be neglected for pgL. < 10 mTorr-m.

Three-Body Recombination

Collisional three-body recombination describes the process whereby an ion recombines into a
neutral particle following an interaction with two free electrons. (e.g. Hf +e~+e~ — H+e).

The density rate of change of ion species j due to this process is 1,3, = —f;n;n2, where j3; is
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the recombination rate coefficient. Comparing this rate to the convective loss rate of species

J, and recalling that n./ng < 1, we find that three-body recombination can be neglected for

(2.26)

Using H,O" as an example (Bi,0+ ~ 107¥75""? [m®/s][4]) and considering L = 15 mm
and T, = 5 eV, Eq. (2.26) predicts that ion depletion via three-body recombination is insignif-
icant for poL. < 100 mTorr-m. We note that three-body recombination plays an important
role in low-temperature (7, ~ 1 eV), high-pressure (pyL ~ 10*> mTorr-m) EP devices such
as arcjets [144]. It is the strong scaling of «; with T, that effectively suppresses three-body

recombination at the conditions relevant to the low-pressure EP plasmas considered here.
2.3 Conclusion

This chapter presents a 1D global model of molecular plasma composition in a cylindrically
symmetric thruster to examine the effects of dissociation on thruster performance. We estab-
lished a control volume model and evolved chemical kinetics equations axially to determine
species concentrations along the length of the thruster. These concentrations determine
thruster performance, as higher-velocity, less dissociated ions increase efficiency and specific
impulse.

Water vapor plasma composition was found to be a function of both thruster length times
pressure (pyL) and electron temperature. Near propellant injection (small pyL), the plasma
consists primarily of molecular ions and neutral fragments; this region corresponds to the
highest average ion mass and the lowest ion cost. As these molecules dissociate, atomic
neutrals begin to populate the plasma, increasing ion cost and decreasing ionization fraction
for lower electron temperatures. For large poL, these neutrals ionize, and the atomic ions
accelerate through the magnetic nozzle. Increasing electron temperature from 5 to 20 eV
extends the region dominated by molecular ions and reduces the concentration of neutral

molecules and atoms.
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Unlike an atomic plasma, a water vapor plasma with a given electron temperature was
found to exhibit a peak in ionization percentage corresponding to higher-mass ions that
subsequently recombine and dissociate into atomic species. This peak corresponds to a
(P/m)* that represents a critical value suggesting a distinct operating regime for water
vapor propellant with thrust efficiency and specific impulse comparable to state of the art
EP devices such as Hall thrusters and gridded ion engines [89]. The optimal operating
regime requires poL* between 0.03 and 0.3 mTorr-m and 7, > 15 eV. These conditions
correspond to P/m > 0.8 kW /mg/s and enable specific impulses between 2,000 and 4,000 s.
This novel behavior is not captured in earlier models [102] that do not consider dissociation
or transit times. We note that current experiments on electrodeless thrusters operate well
below the optimal values calculated here: an ECR thruster working with argon [55] at
mu,L/A ~ 2,400 mg/s? and P/ ~ 0.25 kW /mg/s may drop from a maximum thrust
efficiency of ~ 65% on argon to ~ 30% if operated with water vapor at the same conditions;
the AQUAJET thruster [126] working with water vapor at ru,L/A ~ 4,700 mg/s®> and
P/m ~ 0.5 kW /mg/s would produce a maximum of 2,000 s I, and 40% thrust efficiency;
and a helicon thruster that has been tested with molecular propellants [25] at ru, L/A ~

40,000 mg/s* and P/m ~ 0.03 kW /mg/s is below the calculated values shown in Fig. 2.5.

The difference between molecular and atomic propellant performance highlights the im-
portance of being able to describe the principle design laws. Our model suggests that opera-
tion on water can achieve reasonable performance within engineering constraints; mass flow
rate, thruster geometry, and power can be tailored to design a plasma source that prefer-
entially creates singly-ionized, heavy molecules from water (H,OT and OH™). These design
constraints are integral to successful operation of these thrusters. Furthermore, our work
demonstrates that thruster performance with molecular propellants is not monotonic in the
absence of wall and coupling losses, contrary to what has been shown for atomic propellants.

The rest of this dissertation describes our experimental efforts to validate and verify
these conclusions. While the conclusions drawn in this chapter indicate that the thruster is

theoretically feasible, in subsequent chapters we assess whether we are able to realize this
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performance in the lab and determine the practicality of building an EP thruster to operate

on water vapor.
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Chapter 3
EXPERIMENTAL DESIGN

The theoretical background derived in Chapter 2 informs our experimental thruster de-
sign. Electrodeless thrusters are less likely to suffer from oxidation or corrosion from water
vapor propellant, and, of the various electrodeless thruster concepts (radio frequency, heli-
con, field reverse configuration, etc), electron cyclotron resonance (ECR) thrusters offer the
most control over electron temperature, shown to be an important parameter in controlling
plasma composition. Furthermore, ECR thrusters have experienced somewhat of a resur-
gence in recent years, with several groups exploring their operation on both noble gases and
molecular propellants, to include water [139, 126, 140]. By incorporating our theoretical un-
derstanding of performance regimes with the experimental efforts, we verify the model and
explore higher power regimes predicted to correlate with higher performance. Explicitly, we

are targeting operation for T, > 15 eV, which corresponds to P/m > 0.8 kW /mg/s.

3.1 Facilities

All testing described in this work was undertaken in the SPACE Lab Test Facility (STF),
shown in Fig. 3.1. STF consists of a 1.4 m diameter spherical section with 108 ports for
view and diagnostic access. A 1 m diameter by 1.7 m long cylindrical extension is added to
this spherical chamber to incorporate additional pumping capability and increase chamber
volume for plume expansion. The STF chamber walls are stainless steel, but no effects of
sputtering were observed on the test article. STF has three cryopumps, one turbomolecu-
lar pump, and one roughing pump which give a capability of 25,000 L/s on nitrogen and
70,000 L/s on water vapor. All results presented in this dissertation were tested using one

Sumitomo Marathon CP-20 cryopump, plus the Shimadzu TMP-V2304LMP turbopump,
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giving a pumping speed of 29,000 L/s on water and 10,000 L/s on argon. The base pressure
for the facility is 2x 1077 Torr and pressure during testing never exceeded 2x107° Torr. To
protect the cryopumps from energetic ions impinging the louvers, a beam dump is placed
0.75 m from the junction between the two chambers. The beam dump is constructed of

aluminum supports covered in 1/32” graphoil and is water-cooled at a rate of 2 gal/min.

Figure 3.1: The SPACE Lab Test Facility.

3.2 Thruster Design

The SPACE Lab Alternative Propellant ECR eXperimental (APEX) thruster built for these
experiments is derived from ECR thrusters developed at PEPL [140] and is similar to those

tested at ONERA [139]. In the following subsections, we review previous research into

ECR thrusters and describe the APEX thruster as tested. As detailed, the initial APEX
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thruster suffered from thruster-rich combustion, and the thruster was modified to ensure
survivability during high power testing. All data presented in later chapters is from the

second, more robust APEX thruster.

3.2.1 History of ECR Thrusters

Researchers have explored ECR sources for use as electric propulsion devices intermittently
since the 1960’s [67, 117, 55]. Early concepts used waveguides and vacuum windows to launch
microwaves into a resonant cavity with an axial magnetic field. Pre-ionization is not required,
as the RF is sufficient to generate seed electrons that are subsequently heated by cyclotron
resonance. The size of these devices depends on the microwave frequency and the waveguide
required to launch the wave. NASA Lewis in the 1960’s used a 1 kW, 8.35 GHz source to
launch a TE11 wave into a resonant chamber using argon and xenon propellant [67]. The
ECR zone is located outside the thruster cross-section, approximately 1 - 2 cm from the exit
plane of the thruster. This geometry means that the acceleration and heating take place
outside the thruster, which the authors speculate is responsible for the high-power efficiency
of the thruster. However, background gas may also be ionized in this configuration, and these
ions contribute to higher densities and lower ion energy. Nevertheless, the authors measured a
13 - 19° divergence angle, showing the ion beam coherence and feasibility for space propulsion.
In the 1990’s, researchers at Cal Tech developed a 2.12 GHz waveguide thruster with the
resonance zone just inside the thruster channel. Results showed that plasma potential and
electron temperature decrease as background pressure increases and that plasma potential
and ion energy are largely unaffected by increasing power [61, 60]. Higher powers do increase
ion flux [60]. Thruster performance results are lackluster: calculated propulsive efficiency is
~20% ignoring nozzle losses, calculated specific impulse with hydrogen is around 15,000 s,
and mass utilization efficiency > 100% at some points due to background pressure effects
[60].

Since the early 2010’s, researchers at ONERA have studied coaxial ECR thrusters [55],

enabling a smaller thruster size (~1.5 cm vs 23.5 cm in diameter for 2.45 GHz). Having
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Figure 3.2: Schematic of a coaxial ECR source.

a smaller geometry also makes it easier to create the magnetic nozzle, by using permanent
magnets or less current through electromagnets. Coaxial ECR thrusters have been inves-
tigated using a variety of plume and thruster diagnostics: a retarding potential analyzer
(RPA) and Faraday cup to determine the angular variation of the plume and calculate the
thrust [55]; laser induced fluorescence (LIF) to investigate the acceleration of xenon ions
through the magnetic nozzle [141, 54, 29]; and torsional [92, 107] and nulled pendulum [138]
thrust stands to measure the produced thrust. Integration of an analytic model of the dis-
charge [19] and tuning experiments [21, 139, 138] refined the magnetic field configuration and
thruster geometry such that thrust efficiency with xenon quadrupled from 4% to 16%. Other
improvements, such as increasing the length of the ECR zone [21] or mixing frequencies to
provide a secondary ECR zone [142], have not shown marked improvement over the con-
ventional designs. Experiments with argon [55, 92] and krypton [139] showed lower thrust,

efficiency, and specific impulse than xenon, but these propellants have not been tested on
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more optimized thrusters. Performance increases as power increases from 20 to 50 W, but
the bounds on this effect remain unknown. Some testing into higher powers (up to 170 W)

with xenon agrees with this trend [107].

The literature suggests that the largest contributors to low thrust efficiency compared
with other thrusters in this class are low mass utilization and low power conversion efficiency
[55]. Mass utilization efficiency describes the fraction of the plume that is ionized, which
represents both the likelihood of neutrals being ionized in the thruster and exhausting the
thruster without recombining on the walls. This efficiency is driven by the ionization cost
and cross section (i.e., species with lower ionization energies and higher cross sections at the
electron temperatures in the thruster have higher mass utilization) [55] and the length of
the thruster [106, 3|, which should be sized such that the neutral transit timescale is longer
than the ionization timescale. While wall losses in electrodeless thrusters are expected to
be small, provided the magnetic field is parallel to the walls and strong enough to limit
electron mobility [3], Sdnchez-Villar et al modeled the characteristics of a xenon plasma in
a coaxial ECR thruster and found wall losses accounted for two thirds of the energy loss,
with losses concentrated along the central antenna, substantial along the backwall of the
thruster, and an order of magnitude less on the lateral walls [111]. The relative importance
of these wall losses on the performance with other propellants is not known. Furthermore,
while water vapor has been studied theoretically [102, 121] and experimentally [92], the main
loss mechanisms for molecular propellants remain an open question. Molecular propellants
are found to have higher frozen flow losses, due to the increased likelihood of dissociation
and multistep ionization pathways for species products [35]. No experimental results have
explored the presence of multiply charged ions in ECR plasmas, although ExB probe analysis
on Hall thrusters suggests increased plasma density correlates to higher fractions of multiply
charged ions [17] and that higher ionization energies should correspond to lower fractions [74].
Extrapolating Hall thruster research to ECR thruster behavior is not necessarily straightfor-
ward, as research suggests discrepancies between the two devices: Faraday probes measure

lower ion current and increased divergence with increased background pressure on an ECR



43

thruster [139], while a higher ion current and constant divergence is measured with increased
background pressure for Hall thrusters [143]; likewise, LIF shows a decrease in ion velocity
with increased background pressure for ECR thrusters [141] instead of staying constant for
Hall thrusters [86]. This suggests that understanding plasma interactions with background
neutrals is critical for these devices, especially considering mass utilization in the channel

and downstream in the plume.

3.2.2  Magnetic Field

The magnetic field in an ECR thruster must be carefully designed to ensure the ECR region
is located in an optimal location within the thruster channel. Early on in the design process,
we specified the frequency for the thruster (2.45 GHz), which dictated the peak magnetic
field strength required (875 G). Permanent magnets provide a compact, strong magnetic
field, but are less flexible in modifying the field compared with electromagnets. In order to
achieve this field, we use commercially available, permanent N42 ring magnets, each of which
is 3”7 OD, 1.5” ID, and 1/4” thick. Six magnets are used as the baseline case, providing the

requisite magnetic field strength.

We use an axial Gaussmeter to measure the axial magnetic field at different axial and
radial points and compare to a FEMM 4.2 calculation, as shown in Fig. 3.3. The agreement

is within 1%, and we use the simulated results to describe the magnetic field in the far field.

One additional concern with using permanent magnets in a thruster is the demagne-
tization at high temperature. For the magnets used in these experiments, the maximum
operating temperature is 80°C. This constraint necessitates thermal consideration; specifi-
cally, we must monitor the temperature and limit the time of high power testing. Water
cooling would reduce the temporal limits on this experiment, but, due to the sensitivity of

the thrust stand, this added complexity is avoided.
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Figure 3.3: Contour map of the magnetic field strength, as calculated using FEMM, with the
magnetic field lines shown in black (top) and plot of the centerline magnetic field showing
good agreement between values calculated using FEMM and measurements made with a

perpendicular Gaussmeter (bottom).

3.2.3 APEX Thruster, vl

The vl APEX thruster was derived from the University of Michigan’s ECR thruster exper-
iment [140], but modified for different magnetic components and to incorporate additional
considerations to prevent erosion or contamination from the water vapor plasma. The main
body is made from aluminum, for both ease of machining and permeability of the magnetic
field (e.g., ferrous metals would perturb the magnetic field). Ceramic Macor sleeves were
designed to protect the coaxial antenna and thruster walls. Modularity ensures that thruster
components (e.g., antenna length, thruster channel dimensions, etc) are variable and can be

thoroughly inspected for damage from operation.
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The first version of the APEX thruster utilizes a bulkhead N type adapter with a 3mm-0.5
metric threaded antenna. This antenna is used with threaded Macor sleeve, which increases
its overall diameter to 0.64 cm. The aluminum thruster channel is 2.54 cm in diameter,
and the Macor insert reduces the inner diameter of the thruster to 2.18 cm. The assembled
thruster is shown in Fig 3.4, and a CAD rendering of the inner dimensions is shown in Fig 3.5.

This design incorporates a gas reservoir/plenum for even azimuthal distribution of the
propellant into the thruster channel and a spacing behind the thruster channel for even axial
distribution. This distribution space, however, provided a cavity of high density gas that is
exposed to microwave energy, which proved to be the downfall of APEX v1. Plasma was
viewed forming in the gas plenum, as shown in Fig 3.6, but no signs of damage appeared
in this region during thruster disassembly. In order to ensure components are well-clamped
together such that no gas can escape, helicoil inserts were added to the thruster face to
strengthen the tapped holes in the aluminum thruster body. These efforts did eliminate visual
evidence of plasma formation. However, the dark space remained, and thruster operation
did not improve. Subsequent efforts to fill this space with 1 mm alumina milling balls did

not have any apparent influence on thruster performance.

Certain test conditions produced a plasma in this region in the rear of the thruster, as
shown in Fig 3.7. This plasma wrecked havoc on the N type bulkhead connector used as the
RF antenna, shown in Fig 3.8; some engineering control must be designed to prevent the
melting and consumption of the nylon spacer integral to the connector. Early experiments
tested ceramic paper and two ceramic epoxies (Cotronics 940LE and 780). The ceramic paper
appeared to suffer from outgassing, becoming flaky after being exposed to thruster conditions,
and the ceramic epoxies were also deemed unsuitable — at the small scales necessary, they did
not have the strength or density required. The ultimate solution to filling this space is shown
in the CAD rendering, Fig. 3.5, with a solid Macor spacer filling the entire volume. However,
the residual volume behind the thruster needed to be sufficiently porous to distribute the
propellant gas. We attempted to mitigate the pressure times distance of the non-thruster-

channel spaces of the thruster, in accordance with Paschen’s law, which dictates the voltage
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Figure 3.4: Image of the vl APEX thruster with axial propellant injection. For scale, the

inner diameter is 1/4”.

required to initiate a plasma breakdown [99], but these efforts were unsuccessful. A succession
of images is shown in Fig. 3.8 of the destruction wrecked by unintended plasma. Both

conductive and insulating materials were tested for filling the negative space; conductive
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Figure 3.5: CAD model slice showing the inner dimensions of the vl APEX thruster with

axial propellant injection. For scale, the inner diameter is 1/4”.

materials coupled to the RF, prevented discharge, and were therefore quickly abandoned.

However, the insulators tested covered a gamut of materials: porous polyimide foam, a
stack of ceramic paper sheets, 1 mm alumina milling balls, and 10 um porous glass. The
polyimide foam had been tested previously for gas distribution in a pulsed inductive thruster
in the SPACE Lab but was consumed in plasma breakdown in the back of the thruster. The
stack of ceramic paper sheets had some outgassing associated with it, and a discharge was
formed between the layers. Packing the 1 mm alumina milling balls inherently involved
unknown void fraction, similar to that common with catalyst packing in the monopropellant
community. Even at dense packs, plasma still formed in this region, causing charring on
some of the alumina balls and leading to questions of purity. The porous glass appeared to

work, but the vl APEX thruster was abandoned before the failure mechanism of the porous
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Figure 3.6: Image of plasma forming in the plenum region of the thruster.

glass could be determined and there was difficulty in machining the porous glass.

Further concerns regarding the suitability of the vl APEX thruster resulted from the
deterioration of the brass threaded antenna. Brass is an unsuitable thruster component,
due to the low vapor pressure of zinc. As the antenna was exposed to the vacuum and
subjected to moderate heat loading from the plasma, the zinc migrated to the surface of
the antenna and subsequently sublimated, even when protected by a threaded Macor cover,
Fig. 3.9. In addition, the heat loading on the antenna gradually softened the connector
insulating material and caused arcing in the cable connectors. These issues, along with the
unintentional plasma formation in the rear of the thruster ultimately drove the decision to

redesign the thruster, leading to the v2 APEX thruster.

3.2.4 APEX Thruster, v2

The improved APEX thruster was designed specifically with (1) higher power RF connectors

that were further removed from the plasma source and (2) no high density gas regions outside
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Side view

Figure 3.7: 45° angle side (top) and end-on (bottom) view of plasma forming in the plenum

region of the thruster.

of the thruster channel. In order to accomplish this, we switched from N type to 7/16 DIN
connectors. The 7/16 DIN series is designed for higher power loading (2 kW) compared with
the N series (500 W). Furthermore, the thruster antenna was reimagined as a continuation
from a coaxial assembly. The antenna is a solid 1/8” copper rod fitted inside a 1/4” OD
alumina tube. The end of the alumina tube is capped with Aron-D ceramic (a one-part
ceramic epoxy that consists largely of alumina and silica). The solid copper is the same

dimensions as the center conductor in standard LMR-400 RF cable, and the alumina is
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Figure 3.8: Images of destruction wrought by unwanted plasma. Shown here is the polyimide
foam (top left), ceramic paper (top right), and the surface arcing on the threaded bulkhead

connector that occurs without any protection (bottom).

approximately the same size as the insulator in that same cable. A 3/8” OD aluminum tube
serves as the coax shielding and gas distribution. These antenna components are assembled

and connected to a 7/16 DIN bulkhead connector designed for LMR~400 cable.

Mitigating the dark space in the thruster required a redesign of the gas injection scheme

from the vl APEX thruster. The new design, shown in Fig. 3.10, axially injected gas near
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Figure 3.9: Image showing the zinc vaporization present in the threaded N type connectors

after exposure to the thruster environment. The N type connector on the left was fired in

vacuum, while the connector on the right was not.

the central antenna via four flutes, as shown in the CAD rendering in Fig. 3.11, with a
circumferential groove that allowed the gas to spread radially. The smaller dimensions of
the gas distribution region mitigated plasma formation, and no effects of unintended plasma
were observed.

However, the new antenna configuration provided its own difficulties. Arcing occurred
between the alumina sleeve and the copper antenna, as evidenced by charring on the antenna
itself. While this arcing was intermittent and plasma ignition could usually be obtained by
increasing gas flow, we could not ascertain the actual power deposited into the plume vs
into the arc. A modification to the antenna shroud was further necessitated by observations
of said shroud glowing red hot after operation at high powers or flow rates, as shown in
Fig 3.12. We postulated different reasons for this heating: ion impingement onto the shroud,
direct heating of the alumina, indirect heating of the alumina by the copper antenna, and

effects of the arcing. As such, we modified the antenna shield to mitigate these potential
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Figure 3.10: Image of the APEX v2 thruster.

causes.

Initially, we installed a fused quartz tube over the antenna, which served two purposes:
(1) the transparency allowed us to see heating effects due to the copper and (2) quartz
has a different RF absorption compared with alumina, which industrially is sintered using
microwaves. The quartz tube was the same outer diameter as the alumina but a different

inner diameter, meaning the fit over the copper antenna was not as tight. The thruster lit
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Figure 3.11: A Solidworks slice of the APEX v2 thruster.

with minimal difficulty, but evidence of arcing between the quartz and the copper antenna
limited testing. These tests with the quartz showed no evidence of surface heating on the
copper due to microwave transmission within in the thruster, but the quartz did glow in a
similar manner to the alumina shroud. Heated quartz does not glow red, as one would expect;
impurities on the surface might glow red hot, but the quartz itself is bright white/yellow,
and then it emits strongly in the IR as you get closer to the melting point of the glass. We
did notice that the quartz did appear to be glowing red, but this heating property of quartz
indicates that, instead, it may be refracting light from deeper within the thruster. If the
copper is glowing red beyond the view angles presented, it is likely due to arcing causing
localized heating; resistive heating on the surface should be more global. Thus, the quartz

tube met with only limited success in determining the cause of the alumina shroud heating.
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Figure 3.12: The alumina shield protecting the copper antenna is visibly glowing.

Figure 3.13: The APEX v2 thruster running with a fused quartz tube covering the antenna.
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Figure 3.14: Evidence of an arc between the quartz shroud and the copper antenna.

Figure 3.15: Evidence of heating the quartz shroud.

For both the alumina and quartz shroud, we saw evidence of surface plasmas (Fig. 3.16)
occurring on the surface of the shroud. These surface plasmas occasionally formed during
the ignition process but did not reliably translate into bulk ignition. Confronted with these

complexities, we turned to the literature. Computational work published during the course
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of the experiments [111] that found the electric field near the antenna is the driving force
for effective power coupling. Between this computational evidence and the experimental
complications, we decided to eliminate the insulating antenna shields from the thruster,
while preserving the alumina insulation between the 7/16 DIN bulkhead connector and the
back plane of the thruster. This approach maximizes the plasma near the maximized electric
field while preventing damage to the power connector and is more similar to experimental

efforts from other groups [141, 126].

Figure 3.16: Surface plasmas on alumina (left) and quartz (right) shroud.

The bare antenna had an immediate impact on the visual appearance of the thruster
plume. A bright, narrow jet formed around the antenna at approximately the radius of
the earlier shields. This bright region is shown in Fig. 3.17. All data presented in this
work is taken from this bare antenna configuration. However, this configuration is lifetime
limited by erosion of the copper antenna by the plasma. Over the course of collecting data
for this dissertation, the exposed part of the antenna decreased in diameter from 3.18 mm

to 2.72mm. There is a clear distinction between the antenna sections exposed to plasma
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and those protected by the alumina walls. The sputtered copper is partially redeposited
on the insulating macor walls on the inside of the thruster (Fig. 3.18), and the thruster
is cleaned during those occasions where the chamber is open over the course of testing.
Following operation on water vapor, the exposed copper antenna has a patinated surface
due to oxidation. Following operation on noble gases, the exposed copper antenna appears
shiny /polished. Operation was not observed to be noticeably different operating with or

without the copper deposition.

Figure 3.17: Thruster operation with a bare copper antenna.



58

Figure 3.18: The patinated copper antenna, showing the demarcation between the protected
and exposed sections of the antenna (top) and copper deposition on the thruster components

(bottom).

3.3 Power Supply

Microwave power at 2.45 GHz is provided to the thruster by a Sairem GMS450 solid state
coaxial 450 W supply via SPP375 corrugated coax cable with N type and 7/16 DIN connec-
tors. A Narda 3022 dual directional coupler (DDC) is used to directly sample forward and
reverse power to the thruster immediately prior to entering the vacuum chamber. As will be
discussed below in Sec. 3.5.5, waveguides transmit power from the thrust stand shroud to the
inverted pendulum thrust stand, and, overall, there is a 1.9 dB power loss in transmission
between the dual directional coupler and the thruster as mounted inside the chamber. The
thruster is electrically isolated from both the thrust stand and the STF. The overall power

transmission is shown in Fig. 3.19.



29

Vacuum
chamber
Sairem. SPP375
GMS450 Vacuum -
power DDC feedthrough Waveguide
supply
|' Waveguide ster

[ Thrust stand
\

\

Figure 3.19: Microwave power transmission components.

The high power to mass flow ratio required for high performance necessitates a high-
powered supply, and we expect thermal management to be a major concern in vacuum
testing, especially with lower efficiencies. We placed thermocouples on the permanent mag-
nets and main thruster channel in order to monitor temperature; the Curie point for the
neodymium magnets is 80°C, and we cease operation whenever the magnet thermocouple

exceeds 70°C.

3.4 Propellant Mass Flow Control

Because water is a liquid at standard operating conditions and freezes readily when in-
troduced to vacuum, plumbing the water vapor propellant line requires some ingenuity.
Standard gas mass flow controllers can operate with water vapor, but they are not robust
to incidental liquid water, either through condensation on internal components or droplets

entering the controller.

The vapor pressure of water at room temperature was too low for an Alicat 2.5 SLPM flow
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Figure 3.20: The water flow manifold as mounted next to the chamber. The flask of distilled
water and the four valves representing different flow rates are shown. Only three valves
were used during testing. The Alicat mounted here was used exclusively for measuring the

backpressure of the line (0.31 psi during operation).

controller to sustain flow rates in the region of interest, and efforts to heat the water reservoir
to increase the vapor pressure were insufficiently insulated, and liquid water condensed on
lines leading to the flow controller, ultimately destroying it. Instead, a manifold consisting
of a series of valves and flow constrictions (Fig. 3.20) was implemented in order to provide
three different water vapor mass flow rates. An Erlenmeyer flask was halfway filled with
deionized liquid water, and a rubber stopper was fitted into the top. A 1/4” surethane tube
was inserted into this rubber seal, and the water vapor was tapped out of this line. In this
manner, liquid water was separated from the water vapor by gravity. This line was split into

three different lines, with a pressure sensor reading the upstream pressure. The three flow
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rates were calculated by weighing the water reservoir before and after flowing gas. Due to
the low mass flow of interest here, we ran these flow tests for on the order of one to two
hours in order to evaporate a measurable amount of water. The water used during thruster

testing was not measured; instead, we used the calculated flow rate, listed in Table 3.1.

Table 3.1: A table of water flow rates tested in the ECR thruster.

Valve Number | Calculated Mass Flow Rate (mg/s) | Standard Deviation (mg/s)

V1 0.362 0.022
V2 0.224 0.010
V3 0.136 0.013

The flow rates for the noble gas species was controlled using an Alicat 500M gas mass

flow controller. The error in measurement is estimated at 0.2 scem.
3.5 Diagnostics

In order to assess the composition of the molecular plasma, we need diagnostics that describe
density of neutral, ion, and electron species, electron temperature, ion velocity, thrust, and
thruster efficiency. These diagnostics must be (1) resilient to any plasma radicals, (2) un-
obstrusive to plasma flow, and (3) not affected by RF radiation. These requirements enable
us to determine the effects of plasma chemistry on thruster operation without significantly
modifying the collected data between propellants. Furthermore, we wanted to measure axial,
radial, and angular variation of the plume. The diagnostics are explained in detail below,

and a schematic of representative probes in the chamber is shown in Fig. 3.21.

3.5.1  Optical Emission Spectroscopy

Optical emission spectroscopy (OES) identifies molecular and atomic neutrals and ions based

on characteristic emission from bound electrons. A 1”7 collimating lens focuses the signal to
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Figure 3.21: Schematic of diagnostic layout in STF.

400 pm, 1 m long fiber optic connected to the spectrometer. The lens is placed 0.95 m from
the thruster exhaust plane. We use a ThorLabs Compact CCD (Charge Coupled Device)
spectrometer with a 200 - 1000 nm range and < 2 nm full width half maximum resolution.
The collimating lens is mounted at a 45° angle to the thruster axis and centered on the
thruster centerline at the exit plane of the thruster. The volume observed by the lens there-
fore incorporates a view approximately halfway into the thruster channel. The spectra are
corrected for the sensitivity of the spectrometer. Since we are concerned with line intensities
of dominant emissions and not with any line widening due to Doppler, Stark, Zeeman, or
pressure broadening, the available spectrometer is sufficient for identifying different species.

We identify dominant lines for atomic species from NIST [113] and for molecular species from
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Table 3.2: Spectroscopic lines used for species identification.

Species | Line used for reference (nm) | Other strong lines visible (nm)
H,0 927 n/a
OH 309 n/a
H 484 656, 433, 409
O 77 844
H,Ot 746 n/a
OHT 356 n/a
O+ 465 n/a

Pearse and Gaydon [100]. We use lines that are strong, distinct, and separated from poten-
tially conflating lines in other expected species. The lines chosen are shown in Fig. 3.22 and
listed in Table 3.2. The integration time is modulated to increase detection of the smaller
peaks while avoiding saturation of the O I 777 nm line. This integration time ranged from

25 ms at high powers to 100 ms at lower powers.

There are several limitations to OES. First, it is a chord-averaged measurement, and the
spatial resolution is correspondingly broad. In this case, we are observing all the light in a
2.54 cm diameter by 0.95 m volume. Second, some emission lines are not well disambiguated
from other nearby lines or do not strongly emit in the visible. A spectrometer with a finer
diffraction grating would be able to resolve close lines, but with a smaller wavelength range.
Additionally, specialized spectrometers and optics are required for species that emit in the
IR or UV. Furthermore, it is very difficult to derive quantitative measurements of species
concentrations from OES, and we satisfy ourselves here with a qualitative assessment of the

relative abundance.

Two sample spectra are shown in Fig. 3.22 to show the difference in emission at low and

high power. The water vapor plasma spectrum shows clear peaks corresponding to O and
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Figure 3.22: Two spectra showing the emission from water vapor in the ECR thruster. The

mass flow rate is 0.224 mg/s and the input power is 60 W (top) and 174 W (bottom).

H neutrals and broader peaks corresponding to the molecular species [100]. The integration
time is modulated to increase detection of the smaller peaks while avoiding saturation of the
O 1777 nm line. This integration time ranged from 25 ms at high powers to 100 ms at lower
powers. By presenting intensity results relative to the 777 nm line, we remove integration

time as a variable.
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3.5.2  Langmuir Probe

Langmuir probes measure electron number density and electron temperature. They consist
of one or more electrodes immersed in a plasma as the voltage on the electrode is swept
over a range of interest. We use a single Langmuir probe (LP), constructed following Lobbia
and Beal [82] and shown in Fig. 3.23. One 1.0 mm diameter tungsten rod is slipped into a
3 mm diameter single-bore alumina tube telescoping inside a 6.35 mm diameter single-bore
alumina tube. The probe tip is 5.0 mm long, and the voltage is swept from approximately
-50 to 150 V at 1 Hz using a FG-100DDS function generator controlling a Kepco 500M
Bipolar Operational Power Supply/Amplifier. We averaged four LP traces to improve signal
to noise ratio. The LP data was taken at the 23.5 cm from the thruster exit plane, where
the ambient magnetic field is low enough to ensure that r; >> r,, where 7 is the electron

Larmor radius and 7, is the effective radius of the probe surface.

Figure 3.23: Image of the emissive (top) and Langmuir (bottom) probes used in testing.

We analyze the LP in the manner described by Lobbia and Beal [82], and a typical
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current-voltage (IV) trace is shown in Fig. 3.24. In short, the ion current is subtracted from
the overall signal, and a line is fit to the logarithm of the remaining signal between the floating
potential and the plasma potential. The slope of this line is inversely proportional to the
plasma temperature. The plasma number density is calculated from this temperature and
the collection area of the probe. Classic LP theory assumes a thin sheath, with r,/Ap > 50,
where 7, is the radius of the probe, A\p = \/m is the Debye length of the plasma
sampled, and ¢, is the permittivity of free space. In the downstream region sampled in our
experiments, we find r, > Ap ~ 3, which prompts us to correct for orbital motion limits.
This correction modifies the collection area for the current to account for the expanded

sheath and is solved iteratively here to match ion number densities as described [82].
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Figure 3.24: The raw and averaged signal (left) and the fitted line (right) for the Langmuir

probe analysis.

3.5.3 Emissive Probe

An emissive probe was constructed [120] to determine the potential drop in the plasma at
the plane of the RPA and is aligned parallel to the thruster axis. A 0.13 mm diameter, 1 cm
long tungsten wire is bent into a hairpin shape and friction fit into a 2.29 mm double bore

alumina tube with two copper wires. This alumina tube is telescoped into a 6.35 mm single
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bore alumina tube 10 cm from the emissive probe tip. The probe is heated using a half-wave
rectified AC current from a 240 V variac, and the floating voltage is measured during the
non-heating half-wave. The probe is heated until the floating voltage does not change with

any increase in power. An example trace is shown in Fig. 3.25
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Figure 3.25: The floating voltage is determined from the half-wave rectified section of the

emissive prove.

3.5.4 Faraday Probe

A swept Faraday probes was developed to assess plume divergence. The Faraday probe is
mounted on a rotational stage 0.54 m away from the thruster exit plane that sweeps from
-90deg to +90deg to measure the plume divergence in the far field. The probe collector is
12.5 mm in diameter and surrounded by a guard ring with outer diameter 24.0 mm and a
0.4 mm separation gap between the collector and guard ring. Both the collector and guard
ring are made of 0.5 mm 99.9% molybdenum and mounted to an alumina silicate backing.
The Faraday probe has an angular resolution of 1.25deg, and the small gap and guard ring

ensure a flat sheath on the probe surface [16]. Both the ion collector and the guard ring are
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biased to -250 V using a TDK-Lambda GEN600-1.3 power supply. A TLP7920F optically-
coupled isolated amplifier conditions the floating measurement for the DAQ), and the current
is measured using a 200 {2 resistor. The response and linearity of the amplified signal was

checked across the expected range. The probe and an example trace is shown in Fig. 3.26.
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Figure 3.26: The Faraday probe used in these experiments (left) and a trace from the ECR
thruster operating on 0.09 mg/s of argon at 42 W (right).

We analyze the Faraday probe following Jarrige et al [55] to determine the divergence
efficiency, np = luziat/ Ibeam, Where Lo is the axial ion current and lpeq, is the total beam
current. The beam current is found by integrating the current density, J;, over the angular

sweep, as

w/2
Tyeam = / JimR%.» sin 0d0), (3.1)

—7/2
where Rpp is the distance between the thruster and the probe and @ is the angle relative to

the thruster axis, and the axial current is found from
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w/2
Lovial = / Jim R3. p sin 0 cos 0d0. (3.2)
—7/2

This calculation does not correct for the geometric error arising from assuming the thruster is
a point plasma source, which is expected to be negligible since the thruster size is sufficiently
small relative to the probe sweep radius [16]. From this plume divergence efficiency, we can

determine the plume divergence half angle 6p = \/np.

3.5.5 Thrust Stand

Measuring thrust for EP devices, due to their low thrust-to-weight ratio, usually requires a
pendulum stand, and consideration into force balances, propellant and power connections,
and chamber dimensions is paramount [104]. The measured thrust data from a thrust stand
is incomparable; given propellant mass flow rate, we can calculate both specific impulse and
thrust efficiency, in addition to the net thrust produced.

We built an inverted pendulum thrust stand able to measure thrusts between 100 uN and
100 mN [135], Fig. 3.27. This stand measures steady-state thrust with a response time on
the order of 4 s. The stand itself is protected by a a water-cooled shroud in order to minimize
sputtering and thermal effects during operation. The stand displacement is measured by a
laser sensor that outputs to an oscilloscope. Testing of the SPACE Lab thrust stand show
good linear response to increased force, simplifying sensor measurements to thrust values.
We configured the thrust stand with 0.030” thick flexures, providing sensitivity in the thrust
range of interest (100 - 1,000 uN), with a calibration of 674 mV/mN. In order to preserve
stand sensitivity, we took care in connecting propellant, thermocouple, and power lines to
the thruster. Surethane propellant lines were fed from the top of STF vertically down the
arm used to support the thruster, and calibration tests were conducted and compared to
baseline tests. There was no difference in period, frequency, or magnitude of the deflection.

Providing microwave power to the thrust stand without changing its response character-

istics was more of a challenge. RF cable is inherently stiff and lossy — with high transmitted
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Figure 3.27: The SPACE Lab inverted pendulum thrust stand, with water-cooled copper
shroud, installed in STF. The rails allow the thrust stand to be easily slid in and out of the

chamber for reconfiguration.

power, the cables are likely to heat up and flex, displacing the thrust stand and confusing
the thrust produced. To avoid that obfuscating measurements, we incorporate waveguide
transmission of the input microwave power. We use two RF Lambda RFWA340B9CFAL
waveguides to couple the microwave power from the chamber to the thrust stand. This
allows the thruster to float and mitigates changes in thrust stand response due to cable
stiffness or thermal expansion. One waveguide was mounted on the stationary water cooling
shroud and connected via vacuum feedthrough to the power supply. The other waveguide
is mounted to the top of the thrust stand, moves with the stand, and supplies power to the

thruster via SPP-375LL coax. Fig. 3.28 shows the power connections from the vacuum RF
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feedthrough to the thruster. The receiving waveguide is electrically isolated from the thrust
stand, to ensure the thruster voltage can float. The electrical isolation of the waveguides also
acts as a DC break, preventing thruster voltage from propagating upstream and damaging

the microwave power supply.
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Figure 3.28: Microwave power connections to the SPACE Lab thrust stand.

Transmitting and receiving waveguides are separated from one another by a 1.7 mm
vertical gap and up to a 2 mm horizontal displacement during operation. The power loss
incurred by the vertical displacement was measured and determined to be less than 1%;

a plot of transmitted power vs horizontal displacement is shown in Fig. 3.29. The power
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transmitted is > 99% of the 0 mm displacement for up to 2 mm displacement, and there
is only a 3% power loss up to 4 mm. This agrees with previous results for thrust stands
transmitting 2.45 GHz power, albeit on a torsional stand [128]. The maximum displacement
of the stand during testing was < 1 mm, and we conclude that the power loss due to
waveguide alignment is negligible compared to the insertion losses characterized by the rest
of the system, and we ignore it in the rest of this work. The net power transmission from
the DDC to the thruster is measured to be 85.9%, and all powers recorded in this work are

corrected for these losses.
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Figure 3.29: Waveguide power transmission relative to perfect alignment as a function of

horizontal displacement. The maximum displacement during testing is < 1 mm.

The thrust stand does experience thermal drift, but the timescale is sufficiently long

to not hinder measurements. An example trace is shown in Fig. 3.30. All thrust stand
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measurements are taken after the stand has reached steady state and the power is turned
off but flow rate is still on. Therefore, the thrust measurements do not account for cold gas
components. For low powers, ignition is achieved by ramping up the power and/or mass
flow rates, then the conditions are relaxed to those of interest, and the chamber pressure and

thrust stand deflection are allowed to come to steady state (=10 s).
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Figure 3.30: An example thrust stand trace showing the ignition and step down for 0.13 mg/s
of krypton at 66 W of forward power. In this case, the thruster was lit at the test power
condition but with a puff of high mass flow (6.5 mg/s) and then allowed to relax to steady

state conditions.

3.5.6 FEzB Probe

For determining ion species fractions, we use an ExB probe, also called a Wien filter. Incom-
ing charged particles are deflected by crossed electric (E) and magnetic (B) fields, unless
their velocity is such that the Lorentz force equation is balanced: E 4+ u x B = 0. The
ExB probe used here [42] is constructed using permanent magnets and the electric field is
established by varying the voltage between two parallel plates using a Kepco 500M power
supply. The probe is mounted 30 cm downstream to sample the thruster centerline. The

probe collector is tungsten, and the current is read using a Keithley 680 picoammeter. The
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probe has an entrance collimator with an acceptance angle of 2°, an electrode separation of
3.8 cm, and a 1,300 G magnetic field, which are comparable to commercially available ExB
probes [17]. Previous research has measured ExB current in the 1 - 10 pA range for xenon
(Xe™, Xet?, Xe™) [64] and iodine (I], IT, I72) [129]. These prior works have the benefit of
large charge-to-mass ratio differences between the species; in this work, we need a much finer
voltage resolution to differentiate the ions H,O", OH", and O". In order to fit velocity pro-
files to the collected current, we must resolve differences corresponding to changes in velocity
of 300 m/s or in potential of 2 V. The spread of voltages accepted at the collector plate is
estimated at 1% of the voltage drop of the thruster [17], here estimated at 100 V drop or a
1 V acceptance on the collection plate. This resolution is insufficient to definitively extract
velocity data for the heavier ions resulting from water vapor plasma. Experimentally, we see
the full-width half-maximum of the peak is on the order of 10 V, sufficient to disambiguate
the noble gas ion species but insufficient to definitively extract species data for the various
ions resulting from water vapor plasma. Therefore, the ExB probe data is not assessed for

the water vapor plasma in this work.
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Figure 3.31: Example ExB trace with the Gaussian fits on the current peaks. This trace is

for the ECR thruster operating on 0.12 mg/s of krypton at 44 W.
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Determining the current fraction requires calculating separate ion currents for each ion
species. Several methods have been implemented: Hofer simply measured the peak heights
and ignored peak width [45]; Beal used triangles to fit the peak and full-width half maximum
[9]; Linnell fit a succession of Gaussians [75]; and Kim derived a variable exponential fit [63].
A comparison of these methods, along with a charge exchange correction for background
neutral collisions for xenon [119], showed only moderate disagreement among these four
methods without the correction; including the correction did improve the fits for all cases
tested, but determining an appropriate model for this charge exchange for the different gases
tested is beyond the scope of this research. We use the results from Shastry et al [119] to
estimate the error of the analyzed current as 10% and use the Gaussian fitting method [75]

for all ExB probe traces, and the applied analysis is shown in Fig. 3.31.

3.5.7 Retarding Potential Analyzer

We use a four grid retarding potential analyzer (RPA) to measure the ion energy distribution
function (IEDF) 30 cm downstream of the exit plane. The first grid is floating to minimize
perturbation to the plasma plume. The second grid is biased to -30 V to repel electrons.
The third grid is swept from 0 to 250 V to filter ions. The fourth grid is biased to -30 V to
suppress secondary electron emission effects. A typical trace is shown in Fig. 3.32. The RPA
is aligned with the axis of the thruster. The raw signal is smoothed using a butterworth filter
and differentiated to determine the IEDF. A Gaussian is fit to the forward voltage sweep
data to determine the peak of the IEDF and full-width half maximum of the distribution.
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Figure 3.32: An example trace of the RPA for 0.28 mg/s of krypton at 130 W power.
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Chapter 4

PERFORMANCE ANALYSIS ON ARGON, KRYPTON,
XENON, AND WATER VAPOR

This chapter examines how propellant properties influence the mass utilization and frozen
flow losses in an ECR thruster. The chapter begins by discussing the performance theory
used to assess the thruster performance. Then, we describe the vacuum facility, the thruster,
and the performance and plasma diagnostics. We present experimental results for thruster
operation on argon, krypton, xenon, and water vapor. Using the resulting data, our analysis
focuses on identifying how differences among the tested propellants impact the performance
of the thruster. The paper ends with a discussion on relative importance of loss mechanisms

observed in the thruster and suggestions for future work.
4.1 Thruster Performance Theory

Throughout our analysis, we use thruster performance measurements to derive important
quantities that we cannot directly measure and provide deeper understanding into the mech-
anisms driving performance. We present the equations used to analyze thruster performance
from the measured experimental quantities here. From the measured thrust 7', we can cal-

culate the specific impulse (1) as

T
Iy = —, (4.1)
mgo
where m is the total mass flow rate and gq is the acceleration of gravity. Analytically, thrust

is given by

T =iy, (4.2)
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where m; is the mass flow rate of ion species j and (u;) is the average ion velocity, which

can be written as

27
<uj> = JQVB COoS 0div7 (43)

m;

where Z; is the charge of j, ¢ is the electron charge, Vg is the beam potential, m; is the
mass of j, and 6y, is the divergence half angle. If we define the total ion mass flow rate as

m; =) ;m;, we can rewrite Iy, as
I, = l@\/QqVB c08 Ogiv » my |2 (4.4)
sp % m v mZ mju .
with mass utilization efficiency n,, = m;/m. Mass utilization efficiency can then be deter-

mined experimentally using

T = 1 gO[sp
" acos Oy \/2qV /M

where we define o as a parameter correlated to the relative fraction of multiply charged ion

(4.5)

species given by

m;

m; |MZ;
a:Zﬁ-f% (4.6)
J

and M is the mass of the neutral species entering the thruster.

Likewise, from thrust and power, we calculate the thrust efficiency, nr, as

T2
~ omp’

nr (4.7)

where P is the power at the thruster from the supply. Thruster efficiency can also be

represented as the product of all the component efficiencies

nr = NmNd" s Meb (4.8)
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where 1y = cos? 0y, is the divergence efficiency, ngf = Prp/Pey is the frozen flow efficiency,
N is the coupling efficiency, n, = P.. /P, is beam efficiency, Pkp is the ion kinetic power,
P., = P.yq+ Pion + Pk is the power exhausted from the thruster, P,.q is the radiated power,
P, is the power required to ionize the propellant, P, = P., + P,, is the power deposited
into the plasma, and P, is the power lost to the walls.

To determine the frozen flow efficiency, we consider the frozen flow power losses, described

by

Prad—i_Pion:Z@

J

o GT), (4.9)

where €} is the effective ionization energy including excitation losses as a function of T7,
the electron temperature in the source. We find an effective ionization energy for the first
ionization state following the method of Little [80], based on the numerical results of Dugan
and Sovie [37], and assume an effective second and third ionization energy as twice the
ionization energy of that state. For water vapor, we use the average ion cost from a non-
equilibrium plasma chemistry model [121] to determine this effective ionization energy.

We did not measure 7 directly, as any physical probe would disrupt operation of the
thruster, and we did not have the capability to measure indirectly (e.g., with optical or laser
diagnostics). Instead, we infer TF assuming a polytropic expansion of the plume from the

microwave nozzle throat [91],

.1
kpT? = 22—~ qVy, (4.10)

e

where kg is the Boltzmann constant, and ~, is the electron polytropic index, generally found
to be between 1.15 and 1.37 experimentally [31, 77]. We use the value 1.2 here. Eq. 4.10 is
derived from a model that assumes a collisionless plasma past the magnetic nozzle throat and
Maxwellian electrons at 7" at the throat [91]. Various studies have experimentally assessed
this polytropic expansion, with varying levels of confidence in its goodness of fit. While the

polytropic expansion fits tend to agree within the measurement error of the diagnostics [77,
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131], there is also evidence that more complex fits may better explain the plasma expansion
further downstream [28] or considering time-resolved measurements [62]. We use Eq. 4.10,
as those caveats are mitigated here: first, we measure the ion energy sufficiently close to the
source such that the polytropic expansion is still a good fit; and second, we are interested in
the time-averaged effect of temperature.

With these definitions, we can calculate the frozen flow efficiency using

am;qVp
amqVe + M > g

Jj omg; - J

N = (4.11)

With the assumption of singly charged ion species, the frozen flow efficiency scales with
the beam voltage over the effective ion energy. The presence of higher charge states (m;
for j = 2,3) leads to a reduction in 7y, since the denominator increases faster than the
numerator. « scales with \/Z , while the second term in the denominator scales directly
with the effective ionization cost for those higher ionization states.

With respect to the remaining terms in Eq. 4.8, we define a source efficiency, n, = n.n,
where 7. is the coupling efficiency and 7, is the beam efficiency. This source efficiency
represented the total power exhausted from the thruster over the total input power. Here,
coupling efficiency is the fraction of power delivered to the plasma over the total power
delivered to the thruster. Beam efficiency is the fraction of kinetic power exhausted from
the thruster over the power deposited into the plasma. With the data from the experiment,

we determine source efficiency as

nr

S (4.12)
NmMd?) ff

s

The source efficiency captures the effects of losses that are difficult to measure experimen-
tally. While a dual directional coupler or other device can measure the power delivered to
the thruster, experiments have yet to discern the amount of power that is deposited into
the plasma from the power radiated by the thruster. Likewise, beam efficiency relies on

understanding this coupling efficiency and spatially resolving the ion kinetic energy and has
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not been measured experimentally. Numerically, Sanchez-Villar et al calculated a coupling
efficiency of 25.3% and a beam efficiency of 32.2% for a coaxial ECR thruster operating on

xenon [111].

4.2 Plasma Diagnostics

Here, we describe the specific equations and assumptions necessary to utilize our diagnostics

described in Ch. 3 to determine the performance detailed above.

4.2.1  Langmuir Probe

We must verify that the assumptions made in the Langmuir Probe (LP) analysis are well
met by the sampled plasma. First, we consider the influence of magnetic fields. In the plane
of measurement, the ambient magnetic field (= 50 G) is low enough to ensure that r; >> r,,
where 77, is the electron Larmor radius and 7, is the effective radius of the probe surface
for all species considered here. Next, we consider quasineutrality. Water is electronegative
below ~ 4 eV [102], which requires analysis to account for negative ions reaching the probe
[15]. However, in the work presented here, all probe traces collected using water vapor are

well above that temperature, and the complicating effects are ignored.

4.2.2  Retarding Potential Analyzer

For simplicity, we assume that the ion energy is solely kinetic and that the ions are singly

charged. This allows us to determine the ion velocity (u;) using

2 vea - V asma

ui:\/ 4(Vpeak = Vplasma) (4.13)
my;

where Vjeqr is the voltage corresponding to the peak of the ion energy, Vyissma is the plasma

potential measured by the emissive probe described later, Vipear — Vilasma = Vi as defined

earlier, and m; is the ion mass.
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4.2.3 FEzB Probe

If we assume all ions are accelerated by the same voltage drop in the thruster, the ion
velocities are proportional to the square root of the charge state, and the ExB probe can

distinguish between ion species. The total ion current to the probe (I;) can be written as

2qZ1VB

i
where Z; is the ion charge state, n; is the ion number density, and A, is the collector area.
We can determine the ion mass flow rate from the ion current following Huang and Shastry

[47] using

) Iim; K§m~/col (V)
J— — Ac J pJ\"'p d‘/
m; : K ) V2 P>

J

(4.15)

where [; is the current of ion species j, K; and K, are geometric constants related to the
construction of the ExB probe, V,, is the probe voltage, and I, ;(V,) is the probe current as
a function of V,, for the jth species. Since A., K;, and K, are constants for the probe, we

can rewrite Eq. 4.6 as

4.16
T " (4.16)

L/ ViV, [MZ;
azzfo 0l Vo &y i
J
This equation for a requires distinct ion currents for each ion species from the probe signal.
We use the results from Shastry et al [119] to estimate the error of the analyzed current as

10% and use the Gaussian fitting method [75] for all ExB probe traces, as discussed in Ch. 3.
4.3 Experimental Results

Mass, ionization energy, and ionization cross section all change with propellant. Mass influ-
ences neutral and ion velocity, which would suggest variation in transit time in a thruster of
a constant length. Ionization energy determines the fraction of the electron population with

sufficient energy to ionize the propellant particles, which impacts both plasma density and
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mass utilization efficiency. Propellants with a larger ionization cross-section would also likely
have increased mass utilization and plasma density, resulting in higher thrust and efficiency.
To explore these characteristics, we tested the ECR thruster on argon, krypton, xenon, and
water vapor. The propellants chosen span almost an order of magnitude in mass, about
thirty percent in ionization energy, and a factor of around four in ionization cross section

at the temperatures of interest. This range is to evaluate the key drivers in performance

variation.

(a) Argon (b) Krypton (c) Xenon (d) Water
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Figure 4.1: Photos of operation (top) and measured thrust (bottom) from operation on (a)

argon, (b) krypton, (c¢) xenon, and (d) water vapor. The error bars represent one standard

deviation of the measurement.

The top row of Fig. 4.1 shows images of the thruster firing on the different propellants.
The thruster plume in all cases is highly collimated, and we notice a bright region near the
central antenna. This localized brightness qualitatively agrees with the numerical work of
Sénchez-Villar et al [111] showing areas of high current density near the antenna.

The measured thrust increases with power for all flow rates and all propellants, as shown
in Fig. 4.1. At the lowest flow rates for both krypton and argon, the thrust seems to roll
over as power increases, suggesting a limitation on acceleration gain vs loss mechanisms.

Increasing mass flow rate is correlated with a higher thrust at all power levels, but the gain
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for mass flow rate is not constant, particularly for water. We see a factor of about 2 reduction
in thruster performance on xenon and krypton compared with literature [139, 138, 107] at
similar conditions. The thruster tested here is approximately 8 mm longer than that reported
earlier, which may indicate that this discrepancy in performance is due to losses associated
with longer residence times, namely secondary ionization reactions and collisions with the
walls. These thrust stand results, however, are comparable to or slightly higher than those

reported by Moloney et al [92], which is also shorter than the thruster tested here.
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Figure 4.2: Performance characteristics of the ECR thruster operating on (a) argon, (b)
krypton, (c) xenon, and (d) water vapor. From top to bottom, the rows show the specific

impulse, ion velocity, and electron temperature in the plume.

To balance the competing effects of increasing power and mass flow rate on thruster
performance, we consider the rest of the thruster performance and plasma characteristics as

functions of the ratio 7 /P. This is in accordance with previous ECR research [55] and is
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helpful in considering the energy balance, as this metric describes the inverse of energy per
particle. While this normalization does reduce some of the variability, we still find mass flow
rate to influence performance in some parameters for some propellants.

Fig. 4.2 presents the data from the diagnostics: specific impulse from the thrust stand,
ion velocity from the RPA, and electron temperature from the Langmuir probe. For all four
species considered here, decreasing 71/ P is correlated with increased I, with an approximate
scaling of Iy, ~ (m/P)~! dependence. This agrees with the linear relationship observed
between power and thrust shown in Fig. 4.1 but does contrast with the linear fit between
m/P and I, found by Vialis et al [138] on xenon. The observed non-linear relationship in
I, suggests that the plume is not fully ionized until a critical value of 1/ P, at which point
excess power goes into heating the electrons and accelerating the ions in the ambipolar field
in the thruster. The second row of Fig. 4.2 shows that the ion velocity in the beam is quite
high and relatively flat above a threshold value of /P for most species. At lower /P,
the ion velocity increases sharply for argon, krypton, and water vapor, indicating that the
increased power goes into accelerating ions. The ion velocities described by the RPA match
well with laser induced fluorescence results for xenon (= 11 km/s for 0.1 mg/s Xe at 30 W)
reported by Wachs and Jorns [141]. Comparing the RPA ion velocity to the effective ion
velocity from the specific impulse, the lower values of the specific impulse suggest that mass
utilization efficiency is low.

The electron temperatures are shown in the third row of Fig. 4.2. For argon and kryp-
ton, the electron temperature increases strongly as 71/ P decreases, while the effect is more
moderate for xenon. The electron temperature in the water vapor plasma appears to have
a slight dip in temperature at moderate 7 /P. These trends in electron temperature are
similar to the trends in ion velocity, which is consistent with ambipolar acceleration in a

—3, consistent

magnetic nozzle. The LP measured plasma densities on the order of 1 x 104 m
with the sampling in the far field region of the thruster.
Fig. 4.3 shows the charge state current fraction for the noble gases. The ExB probe

was not able to sufficiently resolve the velocity spread of the ion species in the water vapor
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Figure 4.3: The influence of charge states of the ECR thruster operating on (a) argon, (b)
krypton, and (c) xenon. The top row shows the charge state current fractions from the ExB
probe and the bottom row shows «, from Eq. 4.6, all as functions of mass flow rate divided

by power.

plume, due to the small difference in charge to mass ratio of the ion species. We see that,
for all noble gases, the plume is comprised almost entirely of singly charged ion species. For
argon and xenon, particularly, we see that there is no evidence of triply charged ions and the
doubly charged ion fraction is no greater than 8% of the total current to the probe. Krypton
has both a higher fraction of doubly charged ions and an observable population of triply
charged ions in the plume. This is unexpected, as the krypton does not have significantly
higher electron temperatures in the plume and its first, second, and third ionization energies
are moderate and bounded by the corresponding ionization energies for argon and xenon.
The lack of triply charged xenon ions is contrary to results for ExB probe traces in Hall
thrusters, which shows that conditions producing triply charged krypton ions also produce

triply charged xenon ions with a higher current than krypton [75].
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The second row of Fig. 4.3 shows the impact of these charge states on the parameter «,
as defined in Eq. 4.6, which represents the influence of the current arising from higher charge
species as a single parameter. Higher « increases specific impulse at the cost of decreased
mass utilization and frozen flow efficiency. We see that a decreases with increasing /P
for krypton, while it is largely constant for xenon and argon. Additionally, « is much larger
for krypton than for the other species, due to the increased presence of secondly and triply
charged ions in the plume. Interestingly, we do not necessarily see the negative effects of
increased o on the mass utilization efficiency, shown in Fig. 4.4. This indicates that other

factors dominate the losses in 7,,.

Fig. 4.4 shows the efficiencies derived from the thruster performance measurements. The
thrust efficiency, shown in the first row, increases slightly for a given 71/ P as mass flow rate
increases and increases as m/P decreases for all species except xenon. Thrust efficiency for
xenon is approximately flat across /P and higher for the lower mass flow rate tested. In
contrast to the work of Vialis et al [138], the /P normalization does not collapse the thrust

efficiency well onto one curve.

We calculate the mass utilization efficiency from our probe data following Eq. 4.5. We
measured a divergence efficiency of 73%+2% with the Faraday probe. The divergence ef-
ficiency shows no variation in divergence with mass flow rate, power, or propellant type
tested, in agreement with the literature [20, 138, 28]. Mass utilization efficiency is shown in
the second row of Fig. 4.4. It is observed that the mass utilization efficiency increases with
decreasing /P for all species. This correlates with the higher electron densities measured
by the Langmuir probe. Comparing the noble gases, argon has the highest ionization energy
and lowest atomic mass and xenon has the lowest ionization energy and highest atomic mass.
Xenon neutral particles have a slower thermal velocity at ambient temperature due to their
higher mass and, therefore, a longer residence time in the thruster channel, which increases
likelihood of ionization. This compounded with the lower ionization energy increasing the
fraction of electrons with sufficient energy to ionize a neutral explains the difference in mag-

nitude of mass utilization efficiency decreasing from xenon to krypton to argon. The electron
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Figure 4.4: From top to bottom, the rows show thrust efficiency, mass utilization efficiency,
frozen flow efficiency, and source efficiency for the ECR thruster operating on (a) argon, (b)

krypton, (c) xenon, and (d) water vapor.

temperature in the source, T, is also a key factor in increasing mass utilization efficiency.
As T increases, so does ionization rate, for the moderate electron temperatures considered
here. This effect explains most of the increase in 7, for m/P < 5 ug/J. Water vapor has
a lower atomic mass than other species tested here but an ionization energy comparable
to xenon. The trend shown in Fig. 4.4 demonstrates the relative importance of these two

effects. At high 7/ P, the neutrals exhaust before they can be ionized, while at low /P,
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the electrons have sufficient energy and density to ionize the plume.
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Figure 4.5: (a) The experimental data compared to theoretical scaling [3] of 7, with (L/L*)
and (b) the experimental 7,, scaled with (L/L*)(n’ /n,). The mass flow rates of the various

species correspond to the caption in Fig. 4.4.

To gain deeper insight into the influence of propellant properties on mass utilization, we
compare our experimental measurements to a theoretical scaling law proposed by Ahedo and
Navarro-Cavallé [3]. Ahedo and Navarro-Cavallé derive an analytic scaling for mass utiliza-
tion efficiency as an implicit function of the ratio of L/L*, the transit length L over the
ionization length scale L* = ¢,/(n,Rion), where ¢ is the ion sound speed, n,, is the neutral
density, and R;,, is the ionization reaction rate. This scaling was specifically derived for a
helicon source but should be applicable to the tested ECR thruster due to the similarity in
geometry and magnetic field structure. Fruchtman also finds the ratio L/L* to be important
in the scaling of mass utilization efficiency [39]. We present Ahedo and Navarro-Cavallé’s
scaling in Fig. 4.5(a) along with the experimental data for the propellants tested here. Here,
in calculating L/L*, we have assumed Maxwellian electrons at 7" and used the first ioniza-
tion cross section for noble gases [146] and the total ionization and dissociation cross sections

for water vapor [121]. It is clear from the figure that the experimental data does not follow
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the theoretical scaling. Instead, the data suggests that a more complex scaling exists that
depends on both the mass flow rate and propellant particle mass. We find that the experi-
mental data collapses onto a single curve [Fig. 4.5(b)] if the x-axis is scaled by n} /n,, where
n, = m/(myu,A) is the neutral density in the thruster, A is the cross sectional area of the
thruster, and n is a characteristic value. We choose ) such that a linear extrapolation of
the observed scaling yields n,, ~ 1 when L/L* = 3 and n,, = n}. This method gives the
value n’ ~ 3 x 10" m™. The model of Ahedo and Navarro-Cavallé predicts 7,, ~ 1 when

L/L* > 3. Our results then suggest that additional mass utilization loss processes appear

*

when n, > n;,

which cannot be explained by an insufficient ionization rate. One possible
explanation is the onset of increased wall losses, which Ahedo and Navarro-Cavallé assumed
to be small in the derivation of their analytical scaling law. A second explanation may be the
appearance of wave cutoffs above a certain density. We expect the plasma density scales as
Ne ~ Ny, \/m, which would give a value of n* ~ 10*” m™3 for T, ~ 20 eV and T, ~ 300 K.
This value is on the order of the cutoff density for 2.45 GHz waves, n, ., ~ 7.5 x 106 m=3.
This may suggest that microwave power is being shielded from the outer regions of the flow

when n,, > n;. Additional numerical and experimental examination of these effects are

needed, but are beyond the scope of this work.

Frozen flow losses account for ionization, radiation, and dissociation energy that is un-
recoverable in the plume. As shown in the third row of Fig. 4.4, the noble gas species have
similar 7 over the range of 7, and /P considered here. This may seem counterintuitive
because these species have different ionization energies and cross sections. To understand
this observation in more depth, we present Fig. 4.6, which compares the beam voltage across
the range of propellants. Recall that Vp is also used to obtain 77" according to Eq. 4.10, and
therefore also the effective ionization energy, €* = . (ni;/m;)€;. We note that decreasing
m/ P increases beam voltage, as expected, although that effect is not as pronounced for either
xenon or water vapor. Krypton and argon have comparable effective ionization energy, Vg,
and T, which is reflected in the similar 7 shown here. Likewise, while xenon has a lower

effective ionization energy compared to krypton or argon, its Vp is lower and it therefore
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has a similar 7. For all species, as /P decreases, n increases, and more power is put
into heating the electrons and accelerating the ions. This trend for the atomic species is
due to both increased Vi and decreased €*. However, for water, we see that, while 7y and
Vg increase as m/P decreases independent of mass flow rate, the effective ionization energy
for a fixed mass flow rate also increases, albeit slowly. This suggests that increased beam
energy has a larger impact on frozen flow losses than the ionization costs. Indeed, over the
range of 1/ P shown here, the ionization cost for a given propellant varies by 15 - 25%, while
the beam voltage varies by up to 400%. Compared with the atomic species, water vapor
has about 50% higher effective ionization energy, as expected for a molecular compared to
atomic propellant. This effective ionization energy also has a dependence on mass flow rate

not seen in the atomic species, with larger mass flow rates corresponding to higher losses.
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Figure 4.6: (a) The beam voltage and (b) the effective ionization cost for all propellants as

function of m/P. The mass flow rates of the various species correspond to the caption in

Fig. 4.4.

From our analysis, the source efficiency, which embodies wall losses and coupling effi-
ciency, is approximately constant across 7 /P for argon and water vapor, Fig. 4.4. Water

has a higher 1, than any of the species, but its smallest mass flow rate has a lower 7,. Con-
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sidering krypton and xenon, the efficiency rises for 1 /P < 5 ug/J, then approximately levels
off. For krypton, this trend is inversely proportional with the increasing electron tempera-
tures, while for xenon, no apparent explanation arises. More research is needed to assess the
roles of wall losses and coupling efficiency in these thrusters. With respect to wall losses, the
thruster backwall is unshielded and near the neutral gas injection region, which combine to
increase the likelihood of high wall losses. This effect is similar to that expected in helicon
sources [3] and can be mitigated by modifying the magnetic field to shield the backwall. In
the course of testing, we did see empirical evidence of losses from the central antenna. The
plasma sputtered the exposed copper antenna onto the rear and side walls of the thruster
channel, ultimately removing 0.1 mm from its diameter over the course of data collection
(=~ 40 hrs). Sanchez-Villar et al modeled the characteristics of a xenon plasma in an ECR
thruster with good agreement to available experimental results [111]. The modeled thruster
is similar in diameter but 40% shorter in length than the one presented here, and in that
shorter thruster, wall losses accounted for two thirds of the energy loss. These losses are con-
centrated along the central antenna, where the electron temperatures are sufficiently high to
overcome any magnetic shielding, and substantial along the backwall of the thruster, which
qualitatively agrees with experimental results. Sanchez-Villar et al conclude that shielding
on the lateral walls works well [111].
Finally, we combine Eqs. 4.1 and 4.7 to calculate the thrust-to-power ratio T'/P as

T 2

P B g()]sp'
Fig. 4.7 presents a contour plot of ny as a function of Iy, and 7'/P for all data discussed

(4.17)

here. We see that operation with water vapor and argon corresponds to an approximately
constant 7'/ P spanning the range of conditions tested, whereas operation with xenon tends
to follow a line of constant ny. Krypton splits the difference, with test points falling on a line
with a shallower slope than the lines of constant ny. Comparing to the literature, at least
two thrusters have operated with xenon and have performance generally spanning the range

between 10 and 35 mN/kW and between 200 and 1000 s [,,, with thrust efficiency between 1
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Figure 4.7: Thrust to power ratio vs specific impulse for all propellants tested in this work
with lines of constant thrust efficiency. The shaded boxes represent the span of published

results on argon (purple) [55, 92|, krypton (orange) [139], and xenon (gray) [19, 138, 92, 107].

and 16% [19, 138, 92, 107]. Data published with argon shows lower performance: 90 - 315 s
I, at a thrust-to-power ratio of 6 - 11 mN/kW and between 0.3 and 1.7% thrust efficiency
[55, 92]. Vialis et al tested krypton [139] and found performance between 350 and 650 s at
an approximate 7'/ P between 11 and 16 mN/kW with a maximum thrust efficiency of 3.7%.
The argon performance is comparable to that shown here, while the xenon and krypton
performance is generally higher. Surprisingly, we find that even with the large frozen flow
losses and poor mass utilization, we do not observe significantly worse performance with
water vapor compared to xenon. We note that this thruster has not been optimized, and
groups obtaining superior performance have iterated on materials and geometry to enhance
performance. Our results suggest that, while xenon has been the propellant of choice in

previous ECR literature, comparable performance on other propellants may be achievable
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with optimization.
4.4 Conclusion

In this chapter, direct thrust measurements and ion energy diagnostics describe coaxial ECR
performance on argon, krypton, xenon, and water vapor. The first results of an ExB probe
on an ECR thruster show the presence of doubly charged ions for argon and xenon and triply
charged ions for krypton, in contrast to results seen in Hall thruster operation comparing
xenon and krypton. Higher ion exhaust velocities for the lighter species (water and argon)
do not translate to higher specific impulse due to low mass utilization efficiency, and mass
utilization efficiency appears to be driven more by the neutral density and residence time in
the thruster than by the ionization energy of the species. Frozen flow losses do not have a
large effect on thruster performance for the atomic species tested and have a moderate effect
on performance for water vapor. High wall losses predominantly on the central antenna

contribute to thruster erosion and poor thrust efficiency for all species.
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Chapter 5
WATER PROPELLANT CHEMISTRY

In Chapter 2, our control volume model indicated that plasma composition is a function
of electron temperature and pyL. For EP applications, we are interested in regions that
show high concentrations of molecular ions compared with neutrals and atomic ions, which
corresponds to a pyoL between 0.03 and 0.3 mTorr-m for 7, > 15 eV, as shown in Fig. 2.2.
Dissociation reactions are more common in lower temperature plasmas, while dissociative
recombination reactions are more likely at high po .. By modifying experimental parameters,
we can target these different regimes.

This chapter presents a unification of theory and experiment to describe the physics
driving performance in a water thruster. We describe in more detail results from the thruster
experiment described in Ch. 4, which motivate modifying the model presented in Ch. 2 and
including loss mechanisms to better represent the experimental ECR thruster described in
Ch. 3. We comment on the agreement between theory and experiment and conclude with
suggestions for future experiments to improve thruster performance and clarify lingering

physics questions.

5.0.1 Optical Emission Spectroscopy

We compare line intensities relative to the O I line, and two spectra can be seen in Fig. 3.22.
While actinometry usually uses a trace gas to determine absolute concentration of a process
gas [10, 48, 123], we use the line ratios to indicate the relative concentration of the species
in the thruster plume [38]. If we assume coronal equilibrium, two processes are important:
electron impact collisions that excite species and spontaneous emission that de-excite species

[38]. A coronal equilibrium model is not as accurate as models that incorporate the influence



96

of metastable species that have been shown to have a significant impact in xenon excitation
intensity in Hall thrusters [12], e.g., a collisional radiative model [57]. Our plasma conditions
do not strictly meet those for coronal equilibrium, as the ionization fraction is high, but
the electron temperature and number density are within the range usually expected for
applicability. However, the coronal model, while simplified, is sufficient to reproduce the
qualitative behavior of the changes in number density with power. Following Czerwiec et al

[30], the ratio of two spectral lines scales as

Il . Xleffnl
IQ X;ffng ’
where I 5 is the intensity of lines 1, 2, C'is a constant, n; 5 is the particle density of species 1, 2,

(5.1)

and X¢//(T,, n,,...) is the effective excitation rate, which is generally a function of electron
temperature, electron density, etc. C accounts for those differences that are constant for the
two lines considered: wave energy, Einstein coefficients, etc. While X¢/7 is function of number
density, that dependence is simplified in a coronal equilibrium model to that represented by
the electron distribution function. Since the electron distribution function is the same for
the actinometric pairs, X¢// is a function of T, [38]. A more complete calculation of X¢//
is found using a collisional radiative model, which accounts for interactions of metastable
states with electrons and is beyond the scope of this work. This line ratio method assumes
that X¢// is either weakly dependent on 7T, or that 7, is well-known and the rates can
be calculated [38]. For the atomic spectral lines, we have good information regarding the
required excitation energy and cross sections from the ground state to the emitting upper
state [1, 59, 50]. However, for the molecular species, the excitation cross sections are not well
correlated to emission lines [52, 23, 43]. This precludes us from being able to calculate the
reaction rates. However, to satisfy this condition, we measured 7T in the source to be ~ 10 eV
and to not vary significantly between thruster test conditions [122]. This introduces error
into our assessment of relative intensity, which is higher for the lowest mass flow rates and
highest powers where temperatures are slightly higher than in the rest of the test conditions.

We estimate that error to be on the order of 50%.
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5.1 Thruster Performance
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Figure 5.1: The experimental vs predicted (a) thrust, (b) ion energy, (c) mass utilization
efficiency, and (d) frozen flow efficiency. The line of best fit corresponds to r. = 1/2r; and

¢ = 0.6.

Fig. 5.1(a) shows the measured and predicted thrust across all flow rates. We note a
sublinear increase in thrust at high powers and low flow rates. The thrust is closely grouped
at lower powers, with thrust increasing at a similar rate with power for all flow rates. At
higher powers, however, the curves begin to deviate. This turning point is also visible in the

ion energy. Fig. 5.1(b) shows the ion energy as measured by the RPA. The measured ion
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energies show a shallow slope at low power, which becomes steeper as power increases. This
increasing slope is correlated with the turning point in thrust shown in Fig. 5.1(a).

To explore the plasma composition factors that influence both thrust and ion energy,
we look at Fig. 5.1(c), which shows the mass utilization efficiency, or ionization fraction,
N = Golsp/ €OS Oy \/W , where g is the acceleration of gravity, I, is specific impulse,
04 1s the divergence half angle, ¢ is the electron charge, and M is the mass of the propellant.
We see that n,, asymptotes to a fraction much less than 1, which suggests a saturation in
ion concentration in the thruster. This saturation is correlated with the turning point in
thrust and ion energy, indicating that the linear increase in thrust with power is primarily
driven by increasing ionization and that once some saturation in ion concentration is reached,
additional power goes into accelerating the ions. However, we observe that this additional
acceleration is insufficient to maintain the linear increase in thrust with power.

While the behavior of the ion energy plots is a good indicator that additional power goes
into accelerating the ions, we can evaluate how changes in mass utilization affects frozen
flow efficiency. Fig. 5.1(d) presents the frozen flow efficiency as a function of power. We see
that frozen flow efficiency slowly rises across the range of powers shown here. This agrees
with predictions that higher electron temperatures increase frozen flow efficiency [121]. The
experimental data, then, suggests that electrons are heated at an approximately uniform
rate with respect to power. This implies that the hotter electrons contribute predominantly

to accelerating the ions and not continuing to react with species in the thruster.
5.2 DModifications to the Theoretical Model

Between the visual evidence shown in Fig. 4.1(d) and the saturation in mass utilization ef-
ficiency, we consider modifications to our earlier model [121] to better represent the radial
variation and incorporate loss mechanisms that were experimentally determined to con-
tribute substantially to reduced performance. The one dimensional control volume model is
described in detail elsewhere [121] and summarized here. We assume a cylindrically symmet-

ric plasma source with device radius r; and length L, with a primarily axial magnetic field
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and a magnetic nozzle, a geometry suitable for modeling a variety of electrodeless thrusters
(e.g., helicon, RF, and ECR thrusters).

Electron impact collisions dominate the chemistry inside the source, but resonant charge
exchange collisions are also considered. We ignore any explicit time dependence in the
solution and cross field diffusion, and we consider only axial variation in z. We ignore wall
losses and assume the plasma in the thruster is azimuthally symmetric and that the plasma
chemistry is frozen in the plume.

We use a chemical kinetics model to track the production and consumption of the neutral
species H,O, OH, O, and H and the ion species H,O", OH*, O", and H*. This model
conserves mass and momentum through these species, and we track the power in the thruster

as

P = Pff + P, + PlosseS7 (52)

where Py represents the frozen flow power losses, P, represents the kinetic power, and Pj,sses
represents other loss mechanisms (e.g., wall losses and coupling inefficiency).

The frozen flow power depends on €;_,, the energy required for the j — k reaction. For
ionization reactions, this is an effective ionization energy which incorporates radiation and
excitation losses. We assume the effective energy loss for ionization of a neutral species is
twice the ionization energy, the asymptotic limit at high 7, of this type of energy loss for
noble gases [73]. For dissociation reactions, this energy is equal to the dissociation energy,

i.e., all excitation and radiation losses are incorporated into ionization energy loss.

Yetl

e term, which represents the additional acceler-

The kinetic power includes a g, =
ation ions undergo in a magnetic nozzle assuming polytropic expansion [79].

In our optimized thruster case [121], we assumed P,sss = 0, but the experimental data
suggests three considerations that will improve the match between the predicted and observed
performance: (1) we approximate the radial variation as consisting of a core plasma region

along the center antenna surrounded by cold gas, (2) we incorporate wall losses along the

central antenna, and (3) we include a coupling efficiency to account for discrepancy between
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the power absorbed by the plasma and the power radiated from the thruster.

Cold gas Magnetic nozzle throat
Magnets

Plasma core

Control Volume L

Figure 5.2: Schematic of the modeled thruster geometry.

With respect to the radial variation, the core plasma is defined by the free parameter
r. and shown schematically in Fig. 5.2. While the mass flow is uniformly distributed over
the entire area of the thruster (defined by r;), only the core plasma region absorbs the input
power. The characteristics of the plasma core describe the ion energy, frozen flow losses,
and expected spectral concentrations, while thrust and mass utilization efficiency contain
information about the ratio of mass flow rate through the core to the overall mass flow rate,
me/m = r2/r?.

By splitting the mass flow in this way, we modify the kinetic power of the thruster,

1 1 rw?
Pv = 571'7"(2: Z gimjn]u? + Z ijLjU? + §7r(’]"2——’r’2)’ (53)
jE€ions j¢ions t ¢

where u,, is the neutral velocity of the propellant exhausting from the thruster, the first
two terms on the right side represent the contribution of the plasma core to the kinetic
exhaust, and the last term on the right represents the cold gas contribution. We use
U, = Ma\/m, where M, is the mach number of the neutrals, kp is Boltzmann’s
constant, T,, = 298 K is the neutral gas temperature, and m is the neutral propellant mass.

Experimentally, we measure the cold gas thrust and find M, = 2.5.
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We next incorporate power losses to the walls (P,) and through coupling (P.). We assume
the wall losses in the thruster are concentrated along the central antenna, in agreement
with numerical work from Sénchez-Villar et al [111] and experimental results which showed
moderate erosion along the antenna tested here. Wall losses along the central antenna are
estimated following the model of Lafleur [69]. While this model is specifically for a helicon
thruster, the assumptions regarding the axial magnetic field, magnetic nozzle, and cylindrical
symmetry of the device are broadly applicable to the ECR thruster presented here and have
been adapted for a similar thruster [20]. Lafleur assumes a Bohm-type diffusion coefficient
inversely proportional to B and fits a sheath-edge-to-center density ratio h, to experimental
data. This h, parameter folds into the larger wall losses as

kgT.

L
5 e
P, = 27rrahr/ (nev;(zkpT. + log|
; 2 2

m;

|+ é&))dz (5.4)

2Tme

where r, is the radius of the antenna, v; = \/W is the Bohm velocity of the average
ion at z, m;(z) is the average ion mass at z, and €;(z) is the average ionization energy at
z. We find m; and €; by taking a mean of the individual values. Eq. 5.4 accounts for the
wall losses in a Bohm sheath, where the kinetic energy for the ions at the wall is equal to
kpT./2(1 + log(m;/(2mm.))) and for the electrons is equal to 2kgT. [73]. The collisional
energy loss at the wall is equal to €. While wall losses impact the thruster power, wall
recombination is not considered as a source for neutrals.

The coupling power loss, P., scales with the total input power with the free parameter &,

which represents the loss fraction. We calculate P. as

PC:§<PU+Pff+Pw). (55)

This loss fraction & represents the power that is not coupled to the plasma and is instead
lost through radiation to free space or through heating of the thruster. This power loss is
separate from the reflected power that indicates an impedance mismatch in the line. That

power loss is accounted for in the experimental data by the dual directional coupler.
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5.3 Experimental Fit to Model

The free model parameters r., h,., and £ are varied to provide agreement with the experiment.
We fix h, = 0.33, which gives wall losses of ~ 50%, comparable to Sanchez-Villar et al [111].
Next, we vary r. and & to fit predicted thrust and ion energy to that determined in the
experiment. We varied first r. to capture the general trends in thrust and ion energy and
then used £ to match power to the experimental results. Reducing r. inherently lows the mass
utilization efficiency; by assuming only a fraction of the mass flow rate interacts significantly
with the thruster power source, we cap the mass utilization efficiency at r2/r?. The best fit
parameters we found are r. = 1/2r, and £ = 0.6. This implies that only 40% of the power
available at the thruster actually is absorbed by the plasma.

Fig. 5.3 shows the comparison between the observed spectral ratios and the model predic-
tions for number density relative to O at the thruster exhaust plane. These model predictions
are only for the plasma core, which we expect to dominate the emission intensity. These
ratios largely start out high, as there is expected to be a small fraction of O at lower powers.
As power increases, the population of O increases, and we see variation in expected con-
centrations. These plots are normalized relative to the spectral intensity at 0.224 mg/s and
25 W of power to facilitate comparison between the flow rates and species concentrations for

both the measured and modeled data.

In Fig. 5.3(a), we observe the variation of H,O with O. The model predicts a sharp drop
off, but the observed spectra do not decay as rapidly. Additionally, there is still substantial
emission from water vapor at higher powers that asymptotes to a relatively constant value.
This qualitatively agrees with our suggestion of a core plasma surrounded by a region of cold
gas. Fig. 5.3(b) shows H concentration relative to O, which decays not as rapidly as the HyO
concentration. H is predominantly formed from the initial dissociation reaction of water and
is destroyed by the formation of the HT ion. The experimental trends generally agree with
the predicted trends, although we again notice that the H line ratios do not fall off as sharply

predicted and still emit substantially at higher powers, which may again provide additional
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Figure 5.3: The observed spectral ratios compared with model predictions for the species (a)
H,0, (b) H, (¢) H,OT, and (d) OH'. The experimental data is a ratio of line intensities,

and the modeled data is a ratio of number densities.

evidence to suggest there is water in the plume that interacts with the core plasma. This
could additionally be related to the optics view angle into the thruster, which incorporates
not only the thruster plume but part of the inner channel.

The second column of Fig. 5.3 shows the ion concentrations in the plasma. The model
predicts a slower drop off for the HyO" compared with the neutral H,O, which generally
agrees with the observed emission and reflects the extended presence of molecular ions in the

plume. Fig. 5.3(d) shows O™ intensity relative to O. This ion species, which is an end state of
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propellant dissociation and ionization in the thruster, shows a different expected trend at the
lower flow rates than the other species. We see that the predicted relative concentration rises
to a peak at moderate powers then falls off. This suggests that Ot grows at a similar rate
to O until some threshold power. Below this threshold power, lower electron temperatures
encourage the reactions that produce OT. Above this threshold power, the species that

produce OT exhaust before they can react significantly with electrons in the thruster.
5.4 Conclusion

By incorporating a Bohm sheath model for wall losses to the central antenna, a power cou-
pling efficiency, and a plasma core approximation to radial variation, we are able to capture
agreement between measured and predicted performance metrics. Frozen flow efficiency
slowing increases with power, suggesting that the electron heating mechanism is relatively
constant throughout the range of conditions tested here. As the plasma core reaches a sat-
uration value in mass utilization, additional power increases ion energy. The actinometric
assessement of species concentrations qualitatively agrees with model predictions and varia-
tion between the two supports the core plasma assumptions. This work enables a closer look

at the thruster plasma chemistry that influences the bulk performance.
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Chapter 6

CONCLUSIONS AND FUTURE WORK

This dissertation has discussed the feasibility of using water vapor propellant in elec-
tron cyclotron resonance thrusters. Molecular plasmas have been studied for use in electric
propulsion thrusters, and water’s ubiquity makes it an excellent initial candidate. However,
the plasma chemistry complicates thruster design. We explored this complexity theoretically

and experimentally in this work.

Computational results show that water would perform comparably to state of the art
propellants provided the plasma conditions encourage molecular ion formation over atomic
ion formation or molecular dissociation. These conditions are largely driven by the electron
temperature (better performance is associated with 7, > 15 eV) and the combination of
molecule concentration and residence time in the thruster channel (as described by poL).
The approach taken here is broadly applicable to other molecular species and applications

outside of propulsion.

The results from the computational work informed the design of an ECR thruster for
experimental validation. The APEX thruster was operated with the argon, krypton, xenon,
and water vapor. Where available, the APEX thruster was compared with published re-
sults from other ECR thrusters. We explored the differences in propellant performance as
they varied with ionization cost, ionization cross section, and molecular mass. Frozen flow
efficiency in the APEX thruster did not vary significantly due to ionization cost or cross
section; however, multiple reaction pathways and dissociation reactions in the water vapor
propellant did decrease frozen flow efficiency. We found that mass utilization efficiency for
all species was predominantly influenced by the neutral density and residence time in the

thruster, which supports our model predictions finding self-similar behavior for pyL for water
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vapor. Lighter species (water and argon) have higher ion exhaust velocities and lower mass
utilization efficiencies than heavier species (krypton and xenon). These competing metrics
yield comparable specific impulses for all species tested. Wall losses are concentrated along
the central antenna and contribute to low thrust efficiency for all species.

We discovered that three modifications to the original model were necessary in order to
match the water vapor experimental data: incorporating radial plasma variation, wall losses
on the central antenna, and coupling efficiency. The radial variation was approximated
simply as a plasma core that absorbed the RF power surrounded by a cold gas component.
The wall losses incorporated a Bohm sheath approximation to the flow to the central antenna;
including these wall losses is supported by empirical evidence of significant erosion of this
antenna during testing and numerical simulations suggesting that these losses and coupling
inefficiency are important. With these modifications, the model agreed with experimental
data and provided additional information regarding how plasma composition varied with
power. The spectral intensities corroborated the plasma density information.

The results of the work presented here lead to multiple potential paths for future work.
The main driver in future ECR studies should be improving thruster efficiency. Based on
the results shown in Ch. 4, reducing wall losses and improving coupling efficiency will have a
large impact on increasing thruster efficiency for all propellants. These improvements should
incorporate modeling of the magnetic field topology and the propagation of RF in the thruster
channel. We additionally suggest material improvements on the thruster antenna, to both
improve resiliency and additionally better propagate the wave energy into the plasma.

As coupling efficiency improves in the thruster, the future experimenter should feel more
comfortable in increasing power. Higher powers enable higher electron temperatures, lower
frozen flow losses, higher ion energies, and overall improved performance. However, as
thruster power increases, additional care should be put into thermal mitigation efforts, to

potentially include radiation surfaces or incorporating electromagnets vs permanent magnets.
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