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The scaling of erosion and performance characteristics of electrodeless plasma thrusters
with magnetic nozzles is investigated analytically and numerically. A quasi 1-D, two species
model was used in conjunction with sheath and sputtering models to develop a numerical
scheme for erosion rates and thruster performance. Analytical scaling laws were derived for
thrust efficiency and erosion rates and analyzed through the numerical model. Wall impulse,
which is derived as the total impulse obtained per unit thickness of wall material eroded, was
analyzed as an objective metric for lifetime characteristics. Scaling laws strongly depended
on the dominant diffusion mechanism, and the inclusion of anomalous transport introduced
unique trade-offs between thrust efficiency and wall impulse. Generalized asymptotic scaling
laws for thrust efficiency and wall impulse were calculated for argon and xenon. Comparison
with wall impulse of existing Hall thrusters suggest that the erosion rates in electrodeless
plasma, thrusters can be comparable to those of Hall thrusters and lifetime limitations cannot
be ignored.

In addition to the investigation of scaling laws, an EXB probe, or Wein filter, was
designed and made as a diagnostic method for future research. The probe was tested on

the SPACE Lab Alternative Propellant ECR eXperimental (APEX) thruster along with a



Langmuir probe. The probe was able to collect velocity data as expected and was also able
to distinguish doubly charged ions at high input powers. Direct correlation between the
numerical model and measured data was not possible likely due to differences in geometry

and energy injection methods.
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Chapter 1

INTRODUCTION

Electrodeless plasma thrusters, along with magnetic nozzles, are actively being re-
searched as an innovative propulsion method [1][2]. These types of thrusters can operate in
a wide range of powers ranging from < 50 Electric Cyclotron Resonance (ECR) thrusters
[3] and Helicon thrusters [4] to > 50kW Helicon thrusters [5], largely due to the absence
of electrodes whose erosion typically limits the lifetime of high power thrusters [6]. The
quasineutral nature of the plume does not require it to have an additional neutralizer cath-
ode, along with the associated weight and complexity. It is also possible to use in-situ
alternative propellants such as water, which may contaminate and corrode the electrodes of

other types of thrusters [7][8].

Having such benefits, it is no surprise that there is an abundance in both theoretical
and experimental work on the design and performance of such thrusters and Magnetic
Nozzles (MN). However, the erosion and lifetime characteristics of these thrusters are rarely
evaluated in literature, perhaps due to the fact that the electrodeless nature gives the
impression that lifetime limitations are less relevant and that these are yet to see active in-
flight testing. While it is true that there are no electrodes, channel wall erosion in the plasma
source area induced by accelerated ions across the plasma sheath may still be significant.
In this thesis, the scaling of erosion characteristics in MN thrusters will be theoretically
investigated by combining preexisting physical models into a numerical scheme. Along the
way, the scaling of other performance factors such as thrust efficiency will be revisited to

identify any new trade-offs or design considerations that may be of interest.



1.1 Classification of thrusters

Before establishing the problem, it is necessary to identify the scope of this thesis. One
way to classify thrusters with magnetic nozzles is by their driving species [6]. In magnetic
nozzles, the species with the highest temperature drives the plasma expansion. Thrusters
that satisfy T; > T, are driven by ions, and utilize mechanisms such as ion cyclotron
resonance to heat the ions [9][10]. Thrusters that satisfy T, > T; are driven by electrons,
and are the main focus of this thesis. It should also be noted that non-steady state thrusters
such as Pulsed Inductive Thrusters (PIT) will not be discussed.

The two most commonly discussed thrusters in this category are the Helicon Plasma
Thruster (HPT) and Electron Cyclotron Resonance Thruster (ECRT). The HPT utilizes a
helicon plasma source to generate and heat the plasma. A helicon plasma source operates
by using a steady state magnetic field to propagate helicon waves into the plasma [11]. This
method allows high coupling efficiencies and ionization rates since the waves can penetrate
deep into the plasma. Combined with the fact that the magnetic field can be axially oriented
to form a magnetic nozzle, it is an attractive candidate for a thruster mechanism. The ions
are accelerated by either the formation of double layers, which in this case the thruster
is called a Helicon Double Layer Thruster (HDLT) [12][13], or by ambipolar electric fields
caused by the expansion of electrons with higher mobility [14]. The main difference between
the two mechanisms lie in the length of the potential drop in the plume, where double layers
are typically on the order of ten or hundred debye lengths, whereas ambipolar acceleration
occurs more gradually along the magnetic nozzle.

An Electron Cyclotron Resonance Thruster (ECRT) utilizes the absorption of whistler
waves in the electron cyclotron resonance region when propagating from high to low mag-
netic fields. The microwave is transmitted to the plasma through a waveguide or coaxial
antenna. Similar to the HPT, the heated electrons expand out of the thruster and magnetic

nozzle, creating an ambipolar electric field which accelerates the ions.
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Figure 1.1: Schematic of a Helicon Plasma Thruster. Figure adapted from [1].
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Figure 1.2: Schematic of an ECR Thruster with a coaxial antenna. Figure adapted from

[1].



1.2 Literature review

In this section, we will touch upon literature related to the lifetime analysis and erosion of
electrodeless thrusters as well as the physical model inside the source channel. Literature
related to sheath or erosion physics will be discussed in the relevant sections. One of the
few literature that discusses erosion comes from Berisford et al., where the wall etching in a
helicon plasma source with a cylindrical geometry was experimentally confirmed by placing
strips of kapton tape along the inside of the source tube [15]. Erosion of the kapton sample
was observed in the regions directly under the antenna strips, while kapton was deposited
in other areas, which the authors conclude that the erosion occurs due to the acceleration
caused by the local electric field of the antenna, and erosion does not take place elsewhere.
While this work highlights the possibility that erosion may be enhanced in the vicinity of
the antenna, the validity of the results in a thruster application is debatable. The source
tube was made of glass and the operation time of the plasma source was approximately 30
minutes, which is too short to observe wall erosion associated with thruster lifetime.

Del Valle et al. proposed an experimental framework to characterize dielectric wall
erosion in HPTs, specifically the VASIMIR thruster [16]. In addition to an experimental
setup, the work gives a outline of how erosion characteristics may be theoretically estimated.
The simplified model is given in three steps: i) Plasma Ionization, ii) Ion Radial Diffusion,
and iii) Plasma-Wall Interaction. Unfortunately, no experimental results from an extended
thruster operation could be found in literature.

Some of the earliest physical models of a HPT were formed by Fruchtman [17][18][19].
Fruchtman devised a performance model for both collisionless and collisional thrusters, and
predicted that ionization and backwall losses were the primary source of inefficiencies. In
these models, Fruchtman does not include radial losses. A more complete model that in-
cludes radial losses, ionization, recombination and magnetic nozzle performance was derived

by Ahedo and Navarro Cavallé [20]. They showed that a high enough magnetic field and



electron temperature is required for high propellant utilization rates and minimal wall losses.
However, experimental results show significantly lower efficiencies predicted by this model
[21][22][23]. The reason for this discrepancy is not yet completely understood, however the
fact that this model assumes a classical diffusion mechanism can be one factor. Using similar
methods and approximations, Lafleur derives a performance model for HPTs by adopting a
semi-empirical diffusion constant by fitting a Bohm-like diffusion function to experimental

results in literature [24]. In this model it is shown that radial losses can be significant.

1.3 Impact of this work

This thesis intends to provide an initial estimation on the erosion of electrodeless MN
thrusters through combining physical models that have been successfully used in the past.
General scaling laws for erosion will be derived, as well as for other performance metrics.
The most common metrics of an electric propulsion system are thrust efficiency nr and

specific impulse I, which are defined as:

F2
=0 (1.1)
2mP
F
I, =— 1.2
sp mgo’ ( )

where F'is the thrust, P is the total input power, gg is the gravitational acceleration at
sea level, and 71 is the propellant mass flow. In addition to these, a performance metric for

erosion is proposed, which is defined as

where v, is the maximum erosion rate of the channel wall in mm/s. This metric has the

physical meaning of total impulse obtainable per unit thickness of wall material. While it is



true that this parameter will change over the course of the thruster lifetime due to possible
changes in geometry, it allows the erosion characteristics to be compared over different
thrusters in a consistent manner. This has advantages over lifetime measurements in hours,
since such assessments do not represent actual physical properties, and the values depend
on the specific type of thruster. Through this process, this thesis intends to supplement the
lack of literature on the erosion of electrodeless plasma thrusters by deriving and analyzing

scaling laws which can be related to future experimental results.



Chapter 2

PHYSICAL MODEL

The goal of this chapter is to review the physical models found in literature, and formu-
late a combined model that obtains the plasma parameters and performance characteristics
given a set of operating conditions. The models will be separated into three parts: i) the
plasma channel model, ii) the sheath model, and iii) the sputtering model. This method and
structure of erosion estimation can be found in literature on Hall thruster erosion [25][26],
where the specific physical models implemented differ from reference to reference. In the
following sections, the models chosen in this analysis are explained along with the reasons

behind the decisions.

2.1 Plasma channel model

The physical model inside the source tube of a electrodeless thruster have been disscussed in
multiple sources, which utilize similar assumptions and geometries. Early work by Frucht-
man [17][18][19] forms a two-species (electrons and singly charged ions), 2-D model in a
cylindrical geometry. Throughout the source channel, the plasma is assumed to be quasineu-
tral and to have a constant electron temperature T,. The particle motion is given as a set of
simplified differential equations from particle and momentum conservation laws, and solved
while assuming perfect plasma confinement. Asymptotic scaling laws are derived and com-
pared to experimental results available at the time. A similar, but more rigorous model was
derived by Ahedo and Navarro Cavallé [20]. In this model, wall recombination and electron
inertial effects are included in the axial and radial conservation equations. Spatial density

and velocity profiles and neutral dynamics are discussed, as well as more detailed analysis



of the magnetic nozzle. Lafleur proposed a similar quasi 1-D model using a semi-empirical
approach to the radial diffusion constant [24]. In this model, experimental results of center
to edge density ratios are fitted to a Bohm-like diffusion constant and applied to a similar
scheme to Ahedo and Navarro Cavallé. The magnetic nozzle model is assumed such that
detachment occurs when the ion larmor radius equals the radius of the plume. In all models,
the power coupling efficiency between the rf waves and plasma is not modeled and kept as
unity or a constant.

The plasma channel model mostly follows the derivation by Ahedo and Navarro Cavallé
[20], but with a modified radial diffusion rate to include the effects of anomalous transport.
Taking a different approach to Lafleur’s semi-empirical approach [24], the contribution of
anomalous Bohm-like diffusion is kept as a variable to observe the scaling in different sit-
uations, and to keep the analysis relevant to a wide range of potential future experiments.
For this analysis, we consider a cylindrical plasma source channel as in Figure 2.1. The
magnetic field is assumed to be purely axial and constant throughout the channel. Under
these conditions, the physical properties inside the source channel can be described with
five variables: the magnetic field strength B, channel radius R, channel length L, propellant
mass flow rate m, and the input power P. These are the main variables this work will use
to observe the scaling of thruster performance and erosion.

To formulate the conservation equations, it is necessary to further specify the assump-
tions for the plasma. Following the assumptions in reference [20] and [24], the assumptions

can be summarized as follows.

i) All parameters are axially symmetric.

ii) The electron temperature T, is constant within the source channel.

iii) Cold ions and neutrals, i.e. the ion and neutral pressure is small compared to the
electron pressure. The ion temperature is assumed to be 0.2eV in the numerical scheme.

iv) The plasma is quasineutral throughout the source channel outside of the plasma



P
(X X X Y -
B P o
R D
> m

Figure 2.1: Geometry of source channel.

sheath near the walls.
v) The walls are dielectric, i.e. the net current through the walls are zero.

vi) Plasma density is radially self-similar throughout the channel and has the form of

n(z,r) = n,(z)n,(z,7) where (2/R?) fOR rn.dr =1 for all z.
vii) Neutral density is radially constant and expressed as n,(z).
viii) Axial electron inertia is negligible.

ix) Neutrals are injected at 320m/s into the channel, which is near the sound speed
[24]. Neutral characteristics will be discussed in more detail, but this assumption is mostly

relevant in the context of numerical implementation and not the scaling laws.
x) Only singly charged ions are considered.

xi) The magnetic effects on the ions are negligible, i.e. the ion larmor radius r;; < R.

The axial conservation equations are as follows.
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(2.2)

(2.3)

(2.4)

(2.5)

Equations 2.1 to 2.5 describe continuity, ionization, ion momentum, neutral momentum,

and electron momentum, respectively. It is implied that the plasma density follows the

expression (n(z,r)f(r/R)) = pno(z) = n,, which is consistent with the assumptions made.

We can also write the radial conservation equations, which are as follows [20].

10

o (rnyuy) = nptyy

ou Olnn eB
U 8; = - 3 or - — mlo ug — Nnp (Rzn + Rion) Uy,
Oug eB Ugu
U= = FOUT — [nn (Ren + Rion) + 1y Rei] ug — . "
e
0 01 2
e Or =T, s +eBoue—meE.
Oy or r

(2.9)

For the purpose of this work, we are interested in the plasma flux to the channel walls.

The boundary condition is that the ions enter the wall sheath at the ion sound speed, which

is the Bohm sheath criterion. In the regime where the magnetic field strength is large

eB
/M me

enough such that wy, =

> C%, the plasma flux to the wall is derived as
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Cwan = no(2)aoJ1(ao) Ve /win?, (2.10)

where ag is the first zero of the Bessel function of the zeroth kind, J; is the Bessel
function of the first kind, w?h = w;p R/Cs is the normalized lower hybrid frequency, and
Ve = Xv.R/Cs is the normalized electron collision frequency. v, implies electron collision
frequencies including ion-electron and neutral-electron collisions [20]. To include the effect
of anomalous Bohm-like diffusion, the Bohm collision frequency is defined as v, = Q¢/16
where (). is the electron gyrofrequency. Hence YXv, = ve; + Vepn, + aBlep where 0 < ap < 1 is
the Bohm ratio describing the amount of contribution of anomalous transport. The Bessel
function-like solution for the radial profile also determines the value of the radial density
average [ ~ 1/2.3 [27], which will be assumed for the remainder of the analysis.

To assist in the analysis, it is useful to define a parameter hr = n(z, R)/n(z,0) which is
the ratio between the plasma density at the radial sheath boundary and the density at the
axis. Nomenclature is adopted from Lafleur [24]. From equation 2.10 and the expression

for electron collisions, it is possible to derive that in the case of purely classical diffusion

T1/2
BR °

5 and in the case of purely bohm diffusion hp These scaling

hr X prpr X B2 R?Tg/
laws directly relate to the scaling of radial losses, and hence with performance criteria which
will be discussed in chapter 3.

Now that the radial characteristics have been defined, it is possible to revisit equations
2.1 through 2.5 to formulate a numerical scheme. To further simplify the set of equations,
it is reasonable to assume |uy| > |u,|, and Rion > Ri, for most cases [27]. While the
assumption of |u,| > |uy| becomes invalid in some region within the channel where u, ~ 0,
the neutral velocity is generally much slower than the ion sound speed and the neutral den-
sity is low for ideal operating ranges. Therefore, this approximation can be applied without

significantly affecting scaling or performance characteristics. For the range of electron tem-

perature typically observed in these thrusters, R, is typically orders of magnitude higher
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than R;,. The momentum accommodation constant ., demonstrates how much of the
axial ion momentum is maintained when it undergoes wall recombination and re-injected
into the neutral stream, where «a,, = 0 means the ions are completely halted. The specific
value of a,, may be affected by wall material, ion mass, incidence angle, and other param-
eters, but in the pressure regimes of thruster operation incident gas particles are mostly
reflected diffusely, hence a,, ~ 0 [28]. Combined with the assumption that |u,| > |u,|, we
can assume 1 — a,, =~ 0, effectively stating that the neutral velocity is constant within the
source channel.

With the approximations applied, the axially dependent parameters can be expressed in

a set of normalized ordinary differential equations [27].

da, L X N
i =(1—1a,n,) (1 + ug) — Uy, (2.11)
dn, L N
i (2(1 = Uyny) — Dy) Uyny, (2.12)
dz 9
=1 (2.13)

The parameters are normalized such that 4, = u,/Cs, n, = n,Cs /T, Dy = Viytin/Rionlo,

and Z = z/L. The boundary conditions that are imposed to solve these equations are

Gy =1, =ng, 2 =0, (2.14)

at the thruster exit where 7y = 1;/m is the propellant utilization rate defined as the
ratio between the ion flow rate out the thruster and the propellant mass flow rate. The
integration ends when @, = —1 which is the Bohm sheath criterion at the backwall. At this
point, the equation is fully solvable given T,, B, R, L, and rh.

To complete the physical model and analyze power characteristics, it is necessary to

form a power conservation equation that relates electron temperature to input power.



13

P = Pbackwall + Pe:cit + Pwall’ (215)
2 ) 1 m;
Prackwant = TR enz(_L)Cs 5 + 5 In omm Te +e. |, (216)
) 1 1
P.yit = ™R enz(o)cs 5 + e —1 Te+ e |, (217)

Proait = 2 RC/O R (24 m ()7 + (2.18)
wall = £TLelg 7an 2, < 5 9 n 2. e T € |- .

Here, €. is the loss per ion pair collisions and -, is the ratio of specific heat for elec-
trons. The values for R;,, were taken from reference [29] and €. were taken from references
[30] (argon), [31] (krypton) and [32][33] (xenon). Here, the magnetic nozzle is assumed to
be ideal where the electrons expand polytropically throughout the plume, depositing all

its thermal energy into the kinetic energy of the ions. The velocity gain of the magnetic

’Ye‘i’l

nozzle is then calculated as g, = =

where v, /=~ 1.2 is used which is the approximate
value observed from magnetic nozzle experiments [34][7]. Figure 2.2 illustrates the numer-
ical process of solving the plasma channel model. The full numerical process involves two
major iterations, where one is to find the propellant utilization rate corresponding to the
electron temperature and thruster length, and the other is to iterate this process to match
the electron temperature with the input power. In the analysis, scaling is observed by set-
ting the electron temperature as a parameter instead of the input power because electron
temperature relates more directly with performance metrics such as specific impulse, and it
allows the power matching iteration to be omitted, significantly reducing the computational
burden associated with nested loops. Figure 2.3 shows an example solution of the plasma
density and velocity profile within the source channel. It can be seen that there is a region

in the channel where the density is maximum, which corresponds to where the plasma ve-

locity is zero. The plasma is assumed to be ’choked’ at the channel exit, which is valid for
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Figure 2.2: Process of solving the plasma channel model.

most magnetic nozzle configurations and the range of operations this work is interested in.
However, it is possible for the numerical solution to become invalid in extreme conditions

where these boundary conditions cannot be satisfied.

The validity of this model for non-helical plasma thrusters such as ECRT's are somewhat
up for debate, as the differences in coupling mechanisms may induce local differences in
plasma properties, most notably electron temperature. Especially in ECRTs with a center
antenna, simulations report a possibly significantly higher electron temperature around the
antenna and in the resonance region [35]. In this case, erosion can be much more prominent
at the center pole wall due to larger sheath potential drops and local electric fields. Due to
the lack of data, it is difficult to confirm and model such phenomena. However quasi-1D
models like this have been used in past literature to analyze ECRTs [7][36]. While this
study generalizes the analysis to electrodeless thrusters with magnetic nozzles, it is possible

that different types of thrusters show unexpected localized behaviour in practice.
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Figure 2.3: Sample profile of axial plasma density and mach number with the conditions of
B = 1kG, R = 5cm, L = 10 cm, T, = 25 eV, 1 = 1 mg/s, argon propellant.

2.2 Sheath model

The sheath model is necessary to evaluate the energy gained by the ions when they are
accelerated across the plasma sheath formed at the walls. The sheath structure, especially
in the presence of a magnetic field is studied in multiple references, most notably from the
work of Riemann [37][38][39] and Chodura [40]. The presheath - sheath matching problem
that is used to analyze the sheath structure considers how the collisional presheath area and
the non-collisional sheath area are seamed together. Beilis [41][42] and Keidar [43] proposed
a smooth presheath - sheath matching model in the presence of an oblique magnetic field,
and Ahedo [44] investigated the effect of secondary electrons in the sheath structure. In the
perspective of erosion, the energy gain of the ions accelerated across the sheath and how it
may be affected by the magnetic field is the main interest. Holland et al. derives the sheath

potential in the presence of a oblique magnetic field with a small angle of incidence € < 10°
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using a fluid model [45]. In this reference, the potential at the wall is derived as

) 1 2 2
—Y = ln< Wme) + vE—“’coseQ, (2.19)

where vy, is the E x B drift velocity at the wall, v, is the thermal velocity of the
electrons, and ¢ is the incident angle of the magnetic field. Typically vg, < v, hence
the magnetic field dependent term is negligible. Chodura also arrives at the conclusion
that the wall potential is nearly independent of the magnetic field strength and angle of
incidence for all incidence angles of 10° < € < 90°. Therefore the potential drop across the
plasma sheath can be approximated as the case of a saturated sheath without a magnetic
field. Considering the boundary condition in this derivation is that the ions are entering
the sheath parallel to the magnetic field at the ion sound speed, the total energy of the ion

when it impacts the wall can be expressed as

me
Ei,p=-—(1+1 ! ) 2.20
ion 5 ( + n<27rme>> ( )

The boundary condition of the sheath model that the ions enter the sheath parallel
to the magnetic field at the sound speed may seem inconsistent from the bohm sheath
criterion imposed in the plasma channel model. However, there is a point in the plasma
sheath where the ion velocity perpendicular to the wall becomes the sound speed, which
resolves the inconsistency in flux. In addition, the sheath thickness is small compared to the
channel radius. The sheath model is only used to evaluate the potential energy gain of the
ions, hence the specific location of the presheath - sheath boundary has negligible impact
on the analysis. It should be noted that secondary electron emissions are not considered in

this analysis.
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2.3 Sputtering model

Earliest work on sputtering caused by ion impingement have been done by Sigmund [46].
Sigmund formulates a general sputtering model based on linear cascade theory. Expanding
on this work, Bohdansky derives a universal relation for sputtering yield [47]. Yamamura
and Tawara modifies the expression of Bohdansky through empirical data of various ion-
material combinations [48].

For this analysis, the expression in Lieberman [49], which is adopted from Zalm [50] is
used. This is the approximation also used by Berisford et al. in their estimation of wall
erosion in a helicon plasma source [15]. The expression for sputtering yield in atoms per

ion is given as

0.06 /=
Y~ V7 (VEion — Ve ) . (2.21)

where

= 2Zt
T 2+ (27 22

Here, Z; is the atomic number of the target material or wall material, Z; is the atomic
number of the incident ion, € is the surface binding energy, and €y, is the threshold energy.

The threshold energy can be approximated by

o\ 2/5
Ethr ~ 86 <Z> : (2.23)

where m; and m; are the mass of the incident ion and target respectively [51]. For the
analysis, we choose BN as the wall material, which is a commonly used material in electric
propulsion applications. The difficulty in estimating the erosion properties of BN comes
from its lattice structure, which can exhibit different behavior compared to monatomic

materials. Therefore a semi-empirical approach is adopted where the experimental data



18

o
-
S
T
1

mm?®/C)
o 2
- N

e
o
®

Sputtering yield (
o o
2 3

0.02

100 200 300 400 500
lon energy (eV)

Figure 2.4: Sputtering yield fit (line) of HBC BN to experimental data of Rubin et al.(dots).

from Rubin et al. [52] are fitted to the expression of equation 2.21 using a least squares
method.

In the work of Rubin et al., the expressions from Bohdansky[47] and Yamamura[48]
are adopted. In this analysis, equation 2.21 is adopted due to its more general expression,
where a single fit can be approximated to include the effects of different propellants, whereas
the expressions from Bohdansky and Yamamura depend on specific ion-target combinations.
From equation 2.20, it can be seen that the velocity gained in the sheath can be several times
the ion sound speed for typical electron temperature ranges. Therefore it is approximated
that the ions have normal incidence to the wall. Figure 2.4 shows the least squares fit.
The density of BN was taken as 2.1g/cm?, and m; o 2Z; was assumed for the conversion
between the sputtering yield units. The threshold energy e, ~ 24eV was also taken from
Rubin et al. The fit yields Z; =~ 6.99, which is consistent with the chemical composition of

BN, and is used throughout the analysis in the form of equations 2.21 - 2.23.
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Chapter 3
SCALING LAWS

In this chapter, the physical model discussed in chapter 2 are used to derive asymptotic
scaling laws, and are compared to numerical results. The typical range of parameters
observed in these type of thrusters are listed in table 3.1. Although these do not cover
the entirety of possible values, they give a range wide enough to observe scaling laws and

represent the majority of electrodeless thrusters developed.

Parameters Range

B 10 G - 2 kG
R 3-6cm

L 10 cm

m 1 mg/s

P 50 W - 2 kW
N, 1018 m—3

T, 10 - 40 eV
Rion 1.5 x 107 "m3/s

Table 3.1: Typical range of parameters.

3.0.1 Performance scaling

Before the erosion characteristics are examined, other conventional performance metrics are

discussed. The thrust from a thruster with a magnetic nozzle can be expressed as
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T,
Fr = nR%g, cos Hdwnz(O)miC’f + rhauy, <1 + i’ ) , (3.1)

miu2

Yet+

o V11 is the velocity gain of the ideal magnetic nozzle model,

where g, =
84iv ~ 0 is the divergence of the magnetic nozzle, and T} is the temperature of the neutrals.
In the analysis T, ~ 0.026eV is set[24], but the contribution of the thermal pressure is small
compared to the total neutral thrust. From the definition of thrust efficiency in equation
1.1 and equation 3.1, the thrust efficiency can be decomposed into several efficiencies as

follows.

F2
— — 3.2
nr P NdivNdMPNI, ( )
Ndiv = COS edi'ua (33)
N R2Cn,(0)m;
na= T TRCn(O)mi. (3.4)
m m
P .
np = ~5, (3.5)
T,
nr= < (3.6)

Te + e/ (% 4 %1_1) .

Here, 14y = 1 is the divergence of the magnetic nozzle, 7,4 is the propellant utilization
rate, np is the power efficiency defined as the ratio of the directed power to the total input
power into the plasma, and 7y is the ionization efficiency which describes the losses by
ionization and excitation. It should be noted that the power efficiency is different from the
coupling efficiency, which is the ratio of total input power to the power absorbed by the
plasma and is assumed to be unity for the purposes of this analysis. By breaking down

the thrust efficiency into these components, it is possible to form a more detailed picture
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of performance scaling. In the following sections, the scaling of each of these individual
components are discussed.

First, the propellant utilization rate is discussed. Due to the fact that the expression for
the plasma density at the thruster exit is influenced by a variety of factors, it is difficult to
formulate a simple algebraic scaling law for 7y. Fruchtman derives the approximation for

ng in the limit where radial losses are ignored and when 74 is large as [19]

nRionL
ndzl—Qexp< 11 ion >

mR2m;u,C, (3.7)
In the work of Ahedo and Navarro Cavallé [20], the propellant utilization rate is derived

in the case of ideal confinement as

mRionl /,,/4 1 — tan? ¢

— = —F—d(. 3.8
TRmunCs ) 54 1—ngsin2( 3

In both cases, the propellant utilization rate is a function of the dimensionless parameter

ThRionL

TR G which can be interpreted as the likelihood of a neutral particle being ionized be-

fore leaving the channel. However, radial losses are assumed to be small in both expressions
and wall recombination can significantly lower the utilization rate.

Figure 3.1 shows numerical results of 1y compared to the ideal expression of equations
3.7 - 3.8. It can be seen that radial losses significantly affect the propellant utilization
rate, which is more pronounced in the case of xenon compared to argon, mainly due to the
larger ion larmor radius. The expression of Fruchtman does not agree well with the trend
of the results, mostly due to the neglect of radial losses and mathematical approximations
made in the derivation. The disparity between the case of full bohm diffusion and purely
classical diffusion is particularly important. In literature that adopts a classical diffusion
mechanism, a moderate magnetic field strength is enough for the ideal scaling laws to be
valid. However, anomalous bohm-like diffusion can quickly dominate over classical diffusion

which significantly decreases the maximum propellant utilization rate, and subsequently the
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Figure 3.1: Propellant utilization rate scaling with varied magnetic field and T,. Other
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23

thrust efficiency a thruster can achieve. These results show that evaluating the diffusion
mechanism is critical in making an accurate prediction of performance in an experimental
setup. The numerical results does maintain the characteristics of the scaling laws presented
by Ahedo and Navarro Cavallé [20], in which there is a ’knee’ that can be used as a desirable
operating point, or a minimum value of the dimensionless parameter % that needs
to be achieved to ensure efficient propellant use.

Moving on to the power efficiency np, an expression can immediately be obtained from

equations 2.15 - 2.18.

np = Pe;tit ~ 1
- P (1 + Pb};)ck'wall) + QIEL nz(z,R)dz ’
exit

(3.9)

Bno(0,0)R
In the case where T, > 1 i.e. n; = 1 and maintaining the assumption for the magnetic
nozzle performance, the value for 1 + W is approximately 2.41 for xenon and 2.30
for argon, having a low dependence on propellant species. The factor for radial dissipation
depends on the density profile within the source channel, however the density profile de-
pendency is weak [24] and can be approximated as a constant. Therefore, it is possible to

further approximate equation 3.9 into the form of

1
1 + Pb})ck@all) +5hR%7

exit

np ~ (3.10)
(

where § is a fitting parameter that can be used to identify the scaling law. Figure
3.2 shows a sample dataset with the fitting performed. Several trends are of interest.
First, the scaling laws for classical and bohm diffusion differ due to the different scaling for
hr. The most notable difference is the scaling in relation to T.. In the case of classical
diffusion, a higher electron temperature improves confinement, leading to higher efficiencies.
In addition, optimal confinement is easily achieved by moderate magnetic field strengths.

However, when Bohm like collisions dominate, a higher electron temperature increases the
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Figure 3.2: Power efficiency scaling with varied magnetic field and T.. Other parameters
are fixed at R = 5cm, L = 10cm, m = 1mg/s.

diffusion rate and lowers the power efficiency. It is also difficult to achieve high confinement
unless the magnetic field strength is increased over the typical range found in thrusters. In
all cases, it can be seen that the scaling trends towards the asymptotic fit as the electron
temperature becomes higher which is because of ionization losses. While lower electron
temperatures appears like it yields a higher power efficiency, it is due to lower potential

drops across the sheath and the decrease in propellant utilization rate is more prominent.

The ionization efficiency is plotted in figure 3.3, which shows the temperature dependent
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Figure 3.3: Ionization efficiency for argon and xenon assuming a perfect magnetic nozzle.

1y described by equation 3.6. It can be seen that xenon generally yields a lower 5y, but
approaches unity at moderately high electron temperatures. While the ionization energy of
xenon is smaller than argon, the excitation energy and other collisional losses contribute to

inefficiencies.

Now that all components of thrust efficiency have been discussed, it is possible to combine
the asymptotic scaling laws into a general scaling law for thrust efficiency. The asymptotic
thrust efficiency is a parameter of the five variables, R, L, P(T¢), 1, and B. Figures 3.4 and
3.5 show the asymptotic scaling of thrust efficiency for argon and xenon respectively. The
x axis value of % represents the probability of ionization (ny) and the y axis represents
the confinement. It can be seen that the thrust efficiency generally scales with electron
temperature, but the scaling of hr may affect general scaling behavior. The inclusion of hr
in the y axis describes the effect of anomalous transport in a general case. In practice, hr

will be determined primarily through empirical means.
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3.0.2 FErosion scaling

The scaling of erosion characteristics are examined through the parameter Iy, which is
defined in equation 1.3. In a general scaling perspective, traditional lifetime metrics in
hours of operation are not intuitive, since the operational time of a thruster heavily depends
on the specific operating conditions and structural design. Iy, which is the total impulse
obtained per unit thickness of wall material eroded, is useful since it directly relates to
the total delta-v obtainable throughout the thruster lifetime, and also allows comparison
between different operating conditions.

The asymptotic scaling law for Iy can be derived from equation 1.3. The erosion rate
can be expressed as

Myan Myan

= nohgC,Y , (3.11)
Pwall Pwall

Ver = DyanY

where My,q;; and pyqp are the atomic number and density of the wall material respec-
tively. Since the first point of failure limits the thruster lifetime, the maximum value of v,
within the channel is implied unless otherwise stated. From equation 2.21, Y o /T, — dy,
where dy & 2.15 for argon and dy =~ 2.04 for xenon. While the equation suggests that dy
can be ignored when the electron temperature is large, it remains significant in the typical
electron temperature ranges. Adopting equation 3.1 for thrust and the scaling for hg, it is

possible to arrive at the conclusion that

32 5T2
Iy o m(\/Zi”j—edy)’ (Classical) (3.12)
BR?
I —_. Boh 3.13
wox S (Bohm) (3.13)

The most notable difference in the two dominant diffusion mechanism is the dependence
on T, where if classical diffusion is dominant, it is beneficial to operate in a high temper-

ature, and if Bohm-like diffusion is dominant, a higher electron temperature results in a
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poorer erosion characteristic. This presents a unique trade-off, as higher temperatures are
generally desired for higher efficiencies. The scaling laws can be observed from the numer-
ical results. Figures 3.6 - 3.9 shows the scaling of Iy for argon and xenon, in the case of
purely classical diffusion and including the full effects of anomalous Bohm-like transport.
The scaling laws are verified by collapsing the data onto the form presented by equations
3.12 and 3.13. The deviation in lower electron temperatures are not of significance, since
it is in a regime where the neutral component of the thrust becomes significant due to low
ionization rates and plume velocities. Another notable difference is the difference in values

for the case of classical diffusion and Bohm diffusion, which results from the difference in

confinement.
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Figure 3.6: Iy scaling of argon in the case of purely classical diffusion. Parameters are
B = 1kG, R = 5¢m, L = 10cm, m = 1mg/s unless specified.

Figures 3.10 and 3.11 show the effect of different contributions of Bohm diffusion against
the asymptotic scaling of Iy, for argon and xenon. It can be seen that even a small amount
of Bohm-like diffusion drives the scaling law, but the amount of contribution greatly affects

the predicted value of Iy. Table 3.2 lists some data for commercial Hall thrusters for
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Figure 3.7: Iy scaling of argon in the case of full Bohm-like diffusion. Parameters are
B =1kG, R = 5¢m, L = 10cm, mh = 1mg/s unless specified.

comparison. The parameters are calculated from reported values of thrust and erosion
rates found in literature, and may vary depending on the specific operating conditions
of the thrusters. Comparing these values to figure 3.11, it can be seen that the lifetime
performance of electrodeless thrusters can be comparable to Hall thrusters in the case
of strongly dominant Bohm-like diffusion. The results show that there is potential for
electrodeless thrusters with a magnetic nozzle to overcome the lifetime limitations of Hall

thrusters, but the claim that they are free from such limitations is debatable.
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Figure 3.8: Iy scaling of xenon in the case of purely classical diffusion. Parameters are
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Thruster Iy (EN - s/mm) | Ig(s)

SPT-100[53][54] | 30 1570

SPT-70[55][56] | 40 -

BHT-600[57] 40 1500

Table 3.2: Calculated values of Iy and reported specific impulses of several commercial
Hall thrusters.
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Figure 3.9: Iy scaling of xenon in the case of full Bohm-like diffusion. Parameters are
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Chapter 4

EXPERIMENTAL DATA

While experimental data on wall erosion could not be obtained for the duration of this
study, supplementary data using an ECR thruster in the University of Washington SPACE
Lab were used to compare empirical scaling data to the predicted scaling laws. This also

provides information on the validity of the scaling laws to ECR thrusters.

4.1 ECR Thruster

The thruster that was used in the tests is the SPACE Lab Alternative Propellant ECR
eXperimental (APEX) thruster, which operates on 2.45 GHz microwave input. The channel
diameter is 0.875 inches, the channel depth is 0.9 inches, and has a 1/8 inch diameter
copper rod for the center antenna. The channel is machined out of Macor ceramic to resist
corrosion due to alternative propellants such as water, however all the data presented here is
operated on argon. Figure 4.1 shows the SPACE Lab APEX thruster viewed from the front.
The APEX thruster uses six permanent ring neodymium magnets to generate a diverging
magnetic field with a maximum axial field strength of approximately 1 kG. The resonance
region occurs around 875 G for a 2.45 GHz source. The axial field profile is shown in figure
4.2. The APEX thruster is operated in the SPACE test facility, which has a background

pressure of 2 x 10~ "torr and pumping speed of 12 kL /s xenon and 60 kL /s H20.
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Figure 4.1: The SPACE Lab APEX thruster viewed from the front. Here, a 1/4 inch
diameter alumina sleeve is inserted around the center antenna. The propellant in injected
axially through the channels around the antenna.
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Figure 4.2: The axial magnetic field profile of the APEX thruster.

4.2 Diagnostics

4.2.1 E x B Probe

An ExB probe, or Wein filter, was made to analyze the plume of the ECR thruster. The
probe operates by passing the test particles, or plume ions, through a perpendicular mag-
netic field and electric field. The particle travels straight only when the Lorentz force is
zero, or when v = E/B, where v is the velocity of the particle. Therefore, it is possible to
selectively detect particles with a certain velocity by varying the electric field strength. Fig-
ure 4.3 shows the operating principle of the EXB probe. The probe body was constructed
out of 3/8 inches thick carbon steel to contain the magnetic field within the probe [58]. The
bias plates were made of 4 x 1.5 in aluminium plates, and had a separation of 1.5 inches. The

bias voltage was applied through a Kepco 500M bipolar operating supply. Nylon bolts and
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Figure 4.3: Schematic of EXB probe operation

garolite spacers were used to isolate the plates from the body. Permanent ceramic magnets
were used to generate the magnetic field within the test section, and was measured to be
within the range of 0.110—0.1297". The collimator was 2.5 inches in length and had a orifice
diameter of 0.069 inches. It was constructed using telescoped stainless steel tubes and was
attached to the probe through a threaded Yor-Lok fitting for easy replacement. The detec-
tor was a tungsten electrode carved to minimize the effect of secondary electron emissions
[59], and was isolated from the probe body through PTFE tubing. The output was detected
via a Keithley 6485 PicoAmmeter. The detector electrode was originally constructed out of
graphite, but was replaced with tungsten due to poor sensitivity. All electrical connections
are achieved by BNC coaxial cables to shield the signal from the ambient plasma and mi-
crowave noise, and the probe body was grounded through the coaxial cable of the detector.

Figures 4.4 and 4.5 shows the constructed EXB probe and its installation.
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Figure 4.4: Top-down interior view of the EXB probe (left) and exterior view of the EXB
probe (right). The probe is symmetric in geometry and the topside magnets are removed
for visibility in the picture.

4.2.2  Langmuir probe

Since the EXB probe only provides relative information, a Langmuir probe (LP) is used
to obtain the electron temperature and plasma density. The LP was constructed using a
tungsten electrode and had a diameter of 1 mm and length of 5 mm. The circuit of a LP
can be seen in figure 4.6. The Langmuir probe operates by measuring the current collected
through the electrode submerged in the plasma over a swept voltage. A Kepco 500M bipolar
operating supply was used to sweep the voltage, and a 1 kOhm resistor was used to measure
the current.

For a Maxwellian electron distribution, the collected current can be related to the bias

voltage by

In|l — Isqt| = (V = V§) /T + constant, (4.1)

where I, is the ion saturation current and Vy is the plasma floating potential. Therefore
by taking the logarithm of the collected current and calculating the slope, it is possible to
obtain the electron temperature. The ion saturation is the collected current when the signal

saturates in the negative limit of the bias voltage. The plasma density is then obtainable
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Figure 4.5: Picture of EXB probe and Langmuir Probe installed in the SPACE test facility.
The probe surface and supporting structures are covered in graphite sheets to prevent
sputtering.
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Figure 4.6: Schematic of Langmuir probe measurement.
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Figure 4.7: Example of Langmuir probe trace and analysis. The trace is taken at 3sccm
argon, 30W power, and 12 inches from the thruster exit plane.
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through the relation

1 T,
Isqr = Apexp <—2> en ¢ = (4.2)

m;
where A,, is the area of the probe, which is approximated as the side areas in a cylindrical

probe. Figure 4.7 illustrates how a LP trace is analyzed.

4.3 Results

EXB probe and LP traces were taken over a range of input powers and mass flow rates.
Measurements were taken at a distance of 12 inches from the thruster exit plane to the
collimator entrance and LP, and along the axis of the thruster. Measurements closer to the
exit plane were infeasible due to the magnetic attraction between the thruster and the EXB
probe.

Figures 4.8 and 4.9 show the EXB probe traces for various input powers and mass
flow rates, respectively. Various methods of analyzing the probe trace can be found in
literature [60]. Hofer [61] suggested the use of peak heights, which is the most simple and
straightforward method provided that the variation in peak widths can be neglected. Beal
[62] suggested triangle fitting, which is a simple method to account for peak broadening.
The area of the triangle is then proportional to the peak height and half-width at half-peak.
Linnell [63] suggested a method of fitting the data to a Gaussian profile to capture the peak
characteristics more accurately. Another approach to curve fitting was proposed by Kim
[58], which argued that the curve would be somewhere between a Gaussian function due to
collisional processes, and a Druyvesteyn profile due to a steady state distribution in a steady
electric field with elastic collisions. In this work, the approach by Linnell was adopted, due
to the fact that the peak is not clearly identified from the raw signal and the peak width is
significant. The fit and position of the peak is shown along with the data in figures 4.8 and

4.9. Having identified the position of the peak, it is possible to estimate the ion velocity by
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Figure 4.8: EXB probe traces over varied input power. Doubly charged ions can be seen in
the highest input powers.
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the relation

Vs _ E _ %ias
on B dB '

(4.3)

where Vj,;45 is the bias voltage of the probe and d = 0.0381m is the distance between the
bias plates.

Figure 4.10 shows the electron temperature and density calculated from the LP traces.
As input power increases, the electron temperature rises as expected. The plasma density
also increases as higher propellant utilization rates are achieved, which flattens out as it
approaches unity. It should be noted that there are two effects competing against each
other, which is the increased density due to more ionization leading to higher propellant
utilization rates, and a density decrease caused by a higher exhaust velocity. Therefore,
as higher input powers are reached, the measured plasma density will eventually decrease.
This is not seen in the ranges of this experiment, and should be considered together with
the electron temperature and plasma velocity to assess performance characteristics. For
increased propellant mass flow rate, it can be seen that the electron temperature decreases,
as ionization losses and wall losses become more prominent. On the other hand, the plasma
density is seen to increase. Similarly to the previous case of varied power, the effect of lower
propellant utilization rates due to lower electron temperatures act to lower the plasma
density, but having more propellant creates additional plasma that causes an increase in
plasma density.

Having obtained the electron temperature and density data, it is possible to relate it
back to the EXB probe trace. Figure 4.11 shows the estimated plume velocity to the electron
temperature obtained by the LP data calculated through equations 4.1 and 4.2. The data
corresponds to those shown in figures 4.8 and 4.9. It should be noted that the error shown
in the plot is not random, and is from the upper and lower limits of the magnetic field

strength measured in the test section. Since the magnetic field is constant for all tests, the
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Figure 4.10: Electron temperature and density data calculated from Langmuir probe trace.

trend is valid and all data will shift in a consistent manner. While the ion velocity in the
plume increases with electron temperature as expected, a sharper decline is observed when
the mass flow rate is increased. It can be speculated that this is due to the presence of more
neutrals in the plume and vacuum facility slowing down the ions due to collisional processes,
however further testing and investigation into facility effects is required for validation.
The height of the peak, or specifically the area under the Gaussian fit, is also of interest.
Ideally, the area of the fit will be proportional to the flux of incident ions, which is the
plume ion velocity times the plasma density at the collimator entrance. This relation can

be written as

Iowp = eZin;u; A, (4.4)

where I, is the collected current, Z; is the charge state of the ion, n; and u; are the
ion density and velocity, and A, is the area of the collector or collimator orifice, whichever
is smaller. Figure 4.12 shows the area of the fit divided by the measured plasma density
against the estimated plasma velocity. This demonstrates that apart from a single outlier
case, the results agree well with the form stated by equation 4.4.

Figure 4.13 shows the measured electron temperature and the results from the numerical
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Figure 4.13: Measured electron temperature of thruster compared to the numerical results
of the model. The parameters used for the geometry are B = 875G, R = 1.1em, L = 2.3cm.

model presented. The parameters used are the thruster channel radius, depth, and resonance
magnetic field outlined in section 4.1. It can be seen that while the scaling law appears to be
consistent, the predicted values of electron temperature differs significantly. However this
does not necessarily invalidate the model as this can be attributed to a variety of factors. The
largest difference between the APEX thruster and the model is the geometry and method
of energy coupling. The center antenna reduces the area in the channel, effectively reducing
the radius of the thruster. In addition, it creates a secondary wall for the plasma to diffuse
into, changing the radial density profile and increasing wall losses. The energy coupling is
also highly localized in the resonance layer and around the center antenna, which also leads
to localized differences in electron temperature. This has been predicted by Sanchez-Villar
et. al. through PIC simulations, and can also be visually confirmed through the plume as
shown in figure 4.14. It is also important to note that the measurements were not made at

the exit plane and further down the plume, which accounts for the cooling of the electrons.
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Figure 4.14: Picture of the plume from the APEX thruster. The focused plume around the
center antenna is visible.

Overall, these characteristics can account for the difference in model and measured results,

and suggests different modeling methods should be used for ECR thrusters.
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Chapter 5

CONCLUSION

Despite the increased interest in electrodeless plasma thrusters, there has been no work
yet studying the lifetime characteristics of such thrusters in detail. While experimental data
is much desired, it is also necessary to model the erosion characteristics to predict scaling
laws and identify any trade offs that may affect the design of a thruster. In this thesis,
asymptotic scaling laws for erosion and performance metrics are derived through simplified
balance equations, and a self-closed numerical model is formed to evaluate the validity
of the derived scaling laws. The physical model starts off by adopting a quasi 1-D two
species approach found in literature by Ahedo [20][27] and Lafleur[24] to obtain the electron
temperature, plasma density, and wall flux within a plasma source channel. Then simplified
sheath scaling laws and semi-empirical sputtering models were used to estimate the wall
erosion rate. Through the derivation of thrust and erosion rates, wall impulse, which is
the amount of impulse obtained per unit thickness of wall material eroded, was used to
evaluate the erosion characteristics across various operating parameters. In addition, this
thesis contains the design of an EXB probe for thruster plume diagnostics and test results

on a ECR thruster.

5.0.1 FErosion and Performance Scaling Laws

The scaling laws for an electrodeless plasma thruster were broken down into propellant uti-

lization rate, power efficiency, and ionization efficiency. In the case of propellant utilization

f mR;on L
TR2miunCs’

rate, the scaling was obtained as a function o which is the probability of a par-

ticle becoming ionized before leaving the channel. It was shown that this parameter must
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be above a threshold value to obtain high utilization rates. In addition, effects of anomalous
transport was shown to negatively impact the scaling, and made it require higher magnetic
field strengths to approach asymptotic scaling laws. In the case of power efficiency, which is
the ratio between the amount of power directed out the plasma exit and total input power,
the scaling laws depended on the dominant diffusion mechanism. Most noticeably, a higher
electron temperature was desired in the case when classical diffusion dominates, but a higher
electron temperature led to lower efficiencies in the case of dominant Bohm-like diffusion.
Similar to propellant utilization rates, the presence of anomalous transport significantly
affected the required magnetic field strengths for high efficiencies. Ionization efficiencies are
unaffected by diffusion mechanisms, and motivates operation in higher electron tempera-
tures, or higher input powers. The individual scaling laws were combined to obtain scaling
laws for thrust efficiency. The asymptotic scaling laws for wall impulse were also derived
from the physical model. It was shown that the scaling laws heavily depend on the dominant

diffusion mechanism, as wall flux directly drives the erosion rate. When classical diffusion

. B2R5T?2 . - . BR3
dominates, Iy VT—5y) whereas when Bohm-like diffusion dominates Iy o N

This result highlights an important trade-off in the presence of Bohm-like diffusion since
thrust efficiency generally benefits from higher electron temperatures, but this negatively
impacts lifetime characteristics. This suggests that the diffusion mechanism must be well
characterized when designing a thruster, and motivates further experimental and theoretical
work on erosion mechanisms. Comparison of estimated ranges of wall impulse to those of
existing Hall thrusters predict that the lifetime expectancy of electrodeless plasma thrusters
can be comparable to those of Hall thrusters, motivating further examination of the claim

that electrodeless plasma thrusters are not subject to lifetime limitations.
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5.0.2 EXB probe design and diagnostics

As part of this thesis, an EXB probe was designed and used as a diagnostic for the plume of
the SPACE Lab APEX ECR thruster. The probe successfully measured the plume velocity
and was able to distinguish doubly charged ions at higher operating powers. A Langmuir
probe was used to measure the electron temperature and plasma density. Electron tempera-
ture increased with input power, and decreased with increased mass flow rates as expected.
The estimated plume ion velocity increased with electron temperature as expected, but
exhibited a overall downwards shift in larger mass flow rates. This is speculated to be due
to increased neutral density and collisional effects, but could not be confirmed through the
collected data. Correlation between the plasma flux and the collected current was mostly

linear, confirming that the EXB probe was operating as expected.

5.0.3 Future work

While the work in this thesis provides an overview of erosion scaling in electrodeless plasma
thrusters, it lacks the experimental results to confirm the results. Therefore direct measure-
ments of wall erosion rates in various operating conditions is essential to both confirming
the validity of the model and finding any discrepancies. The use of quartz microbalance
(QCM) sensors and profilometers are both possible ways to measure the erosion rate of
thrusters, similar to those used in Hall thruster erosion measurements. Such data are not
yet existent in literature, and would be valuable for pushing electrodeless thruster concepts
into practical use. In this research, it has been established that the scaling laws heavily de-
pend on the dominant diffusion mechanism. In literature, both classical diffusion and Bohm
diffusion are reported in helicon plasma sources, which motivates further understanding of
plasma diffusion in order to accurately estimate lifetime characteristics as well as other
performance metrics. Furthermore, the power coupling mechanism of the plasma is also a

poorly understood area and should be investigated.
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The EXB probe can be further used for plume diagnostics. Measurements along the axis
as well as at an angle from the centerline can provide spacial velocity and composition data
for the plasma plume. Several improvements can be made to the EXB probe, which mostly
involves reducing the collimator diameter to improve resolution while maintaining a good
signal-to-noise ratio. Such diagnostics can be used to analyze charge exchange collisions in

plasma plumes, as well as identifying facility effects.
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