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Abstract

Development of 1D Particle-in-Cell Code and Simulation of Plasma-Wall
Interactions

This thesis discusses the development of a 1D particle-in-cell (PIC) code and the
analysis of plasma-wall interactions. The 1D code (Plasma and Wall Simulation —
PAWS) is a kinetic simulation of plasma done by treating both electrons and ions as
particles. The goal of this thesis is to study near wall plasma interaction to better
understand the mechanism that occurs in this region. The main focus of this investigation
is the effects that secondary electrons have on the sheath profile.

The 1D code is modeled using the PIC method. Treating both the electrons and ions
as macroparticles the field is solved on each node and weighted to each macro particle. A
pre-ionized plasma was loaded into the domain and the velocities of particles were
sampled from the Maxwellian distribution. An important part of this code is the boundary
conditions at the wall. If a particle hits the wall a secondary electron may be produced
based on the incident energy.

To study the sheath profile the simulations were run for various cases. Varying
background neutral gas densities were run with the 2D code and compared to
experimental values. Different wall materials were simulated to show their effects of
SEE. In addition different SEE yields were run, including one study with very high SEE
yields to show the presence of a space charge limited sheath. Wall roughness was also
studied with the 1D code using random angles of incidence.

In addition to the 1D code, an external 2D code was also used to investigate wall

roughness without secondary electrons. The roughness profiles where created upon



investigation of wall roughness inside Hall Thrusters based off of studies done on
lifetime erosion of the inner and outer walls of these devices. The 2D code, Starfish[33],
is a general 2D axisymmetric/Cartesian code for modeling a wide a range of plasma and
rarefied gas problems.

These results show that higher SEE yield produces a smaller sheath profile and that
wall roughness produces a lower SEE yield. Modeling near wall interactions is not a
simple or perfected task. Due to the lack of a second dimension and a sputtering model it
is not possible with this study to show the positive effects wall roughness could have on

Hall thruster performance since roughness occurs from the negative affect of sputtering.
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Chapter 1 : Introduction

Electric propulsion devices have been around for over a century, with a vision of
using them to power a launch vehicle using nuclear power. Although this vision has not
been successful, the optimization of electric propulsion currently being used in space is
an important field. Electric propulsion is a general term that describes any device that
uses electrical energy to create high velocity exhaust, as opposed to the widely used
chemical reactions in chemical propulsion. There are three types of electric propulsion
devices; electrothermal, electrostatic, and electromagnetic. The 1D code developed for
this thesis is a plasma and wall simulation (PAWS) written in C++. Although this 1D
code has an absence of a magnetic field, it will be used to reference Hall Thruster
optimization and design. The plasma-wall interactions in Hall Thrusters are of great
importance, because of the effects that secondary electron emission can have on the Hall
Thruster performance. It can affect the discharge due to power loss and wall conductivity
[1].

Recently much work has gone into the study of the interaction between the plasma
and the walls of these specific devices to determine how best to optimize these devices
for operation. Some of the simulation results in this thesis will be used to validate work
done by Georgia Tech on similar research into plasma wall interactions. There have been
studies done to show that the effects between the wall and the plasma can affect the
highest attainable electron temperature in the thruster [2].

It is important to study the sheath because it provides great insight into plasma-wall

interaction. In addition when using a fluid model to study plasma, sheath properties are



useful for boundary conditions. Sheath properties are also useful when using a Langmuir
probe [3].
The goal of this thesis is to show the effects that plasma wall interaction have on the

sheath profile, as it would relate to the sheath profile in a Hall Thruster.

1.1 Thesis Overview

In the rest of Chapter 1 the basics of plasma physics and particle-in-cell coding is
reviewed. This section also includes background information on secondary electron
emission and sheath models. In Chapter 2 the layout of the PAWS 1D code is described.
In Chapter 3 wall erosion and sputtering is reviewed from history to demonstrate the
motivation behind studying rough walls. Then in Chapter 4 the results are discussed and

Chapter 5 is the conclusion of all this work.

1.2 Basic Plasma Physics

The study of plasma has been ongoing since the early 20th century. Plasma, put
simply, is an ionized gas in which the total charge of electrons and the density of ions are
the same (quasi-neutrality).

Plasmas are widely used in the area of electric propulsion. One important type is
the Hall thruster. Although it has been around since the 1950s there is still much research
being done to optimize the performance of these thrusters. A lot of research has gone into
understanding and modeling the plasma wall interactions inside Hall thrusters to improve
performance and increase lifespan. Hall thrusters have a magnetic field which traps

electrons. The interaction between the gas and these trapped electrons cause ionization to



occur, creating ions. These ions are then accelerated by the electric fields present in the
thruster and this acceleration creates thrust. Most electron motion is along the field lines.
Sometimes due to this motion or collisions they scatter towards the wall and come in
contact with the wall. These interactions can affect the performance of the thruster. This
interaction is the focus of this thesis.

There are a number of term, definitions, and concepts that are important to
understanding plasma physics. First of is the Debye length, Ap, which will be shown later
to have great significance in cell sizing of the code. The Debye length is the characteristic

length over which electrostatic effects can be felt, or over which quasi-neutrality is

1. = Eokae
P 1 q?n, (1.1)

The Debye length equation above is for cold ions and is a function of the permittivity

conserved.

of free space, €,, the Boltzmann constant k;,,the electron temperature T,, the charge of an
electron e, and the charge particle density n,.The Debye length is not only important in
the size of the cells in the simulation, but also because when plasma comes in contact
with a wall, quasi-neutrality will no longer be preserved near the wall but the bulk plasma
will have quasi-neutrality preserved. The size of the area that will not be quasi-neutral is

on the scale of the Debye length [4].

1.2.1 Sheath Formation
This “area” of non quasi-neutrality is really called the Debye (or Langmuir) sheath.

Since electrons move much faster than ions do, if plasma comes in contact with an



uncharged wall, the flux of electrons to the wall will be much higher than the flux of ions.
This higher negative flux will charge the wall negatively, and since similar charges repel
each other the negatively charged wall will start to repel the electrons, now decreasing
the flux of electrons to the wall. Figure 1.1 shows a class sheath profile with the
negatively charged dielectric wall, the ions flux to the wall, and the electron flux to the

wall, where the electrons are being diverted back out.
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Figure 1.1: Diagram of a classic sheath.

As mentioned before the size of the sheath will be on the scale of the Debye length.
The potential drop will grow until steady state is achieved, where the flux of electrons
and ions are the same, although the exact size is not 100% defined. Another area to

consider in the formulation of the sheath is the velocity of the ions. [4,8] Introduced by



David Bohm, the Bohm criterion states that the speed of the ion at the beginning of the

sheath must be greater than or equal to the ion sound speed.

M; (1.2)

This means that ions must be accelerated to speeds on order of Mach 1 at the sheath
edge for the sheath to form. It should be noted here that the Bohm condition is a function
of the electron temperature not the ion temperature. The Bohm criterion only hold if the
collisions of ion and neutrals are very rare, which in the case of this simulation is valid
due to neutrals being treated not as particles but as a fluid, neglecting their collisions with
other particles, and themselves [4,5].

There are actually different types of sheaths; floating and grounded. A floating sheath
occurs when a wall is inserted into plasma and the wall charges up as electrons hit the
wall. This occurs until the sheath forms and the electron and ion fluxes are equal. A

grounded sheath occurs when the wall is electrically charged.

1.3 Basic Plasma Equations

To the core the very basics of plasma physics are Maxwell’s equation, the Lorentz
force law, and Boltzmann’s Equation. Maxwell’s equations are four partial different
equations that describe the electric and magnetic fields acting on the plasma and the

interaction between the two fields. These four equations are

=_ OB

VXE= —>- (1.3)
S oE

VxB—]-l-SO% (1.4)



V-B=0 (1.5)
g_P
v E_eo (1.6)

J is the current density and p is the charge density (p = e(Z;n; — n.), where Zi is the
charge state. The Lorentz force is used to describe the forces that electric and magnetic
fields exert onto charged particles.

F=q(E+9xB) 17)

Where g is the charge of an electron, E is the electric field, v is the particles velocity
vector, and B is the magnetic field [6]. Since the 1D simulation is an electrostatic
simulation this equation simplifies to.

F=qE (1.8)

Assuming no variation in the magnetic field of plasma over time, equation (1.3) is set
to equal zero.

VxE=0 (1.9)

Therefore

E=-vod (1.10)

Where & is the electric potential. Now equation (1.3) becomes

pP
ZCD -
v £ (1.11)

This equation is known as Poisson’s Equation. Since p is a function of the electron
and ion densities, assuming that Z is 1, if the two densities are equation the electric

potential will be zero, which is quasi-neutrality [6].



1.4 Particle-In-Cell Method

There are many different ways to model plasma and its many complicated aspects,
including electron, ion, and neutral motion, collisions, wall interactions, and electric and
magnetic fields, just to name a few.

There are generally three different types of ways to simulate plasma; fluid, kinetic,
and hybrid. In fluid modeling the plasma is treated as a fluid meaning that no actual
particles are simulated. Fluid models solve Maxwell’s and Poisson’s equations
macroscopically, and rely of statistical values (such as Maxwellian distribution) which
results in a lack of temperature distribution. However fluid models are very fast. Kinetic
models simulate the actual particles (macroparticles), both electrons and ions, in the
plasma. Kinetic models can take into account the actual interactions between particles,
like collisions. However these models can be very computational intensive, taking a long
time to solve the forces between particles and the interaction between particles and other
surfaces. Hybrid models are a combination of fluid and kinetic. Generally in hybrid codes
electrons are treated as a fluid while the ions are treated as real particles. Although the
hybrid model is computational advantageous since it does not simulate actual electrons, it
is not the chosen model for the 1D code in this thesis, since the simulation needs to model
secondary electron emission of the wall. Therefore a fully kinetic model, simulating both
electrons and ions as macroparticles, was chosen.

Simulating plasma with a computer was done as early as the 1950s. These were
collisionless, grid-less, simple models. In the early 1960s a method came about that used
a spatial grid in which Poisson’s equation was solved on the grid and interpolated to the

particles. This was the beginning of what is now commonly referred to as the Particle-in-



cell method (PIC). This term comes from the work done by Burger and Hockey in which
the number of particles was counted in each cell and the density was assigned to the
node. This particular method of “weighting” is referred to as nearest-grid-point (NGP) or
zero-order weighing and is a crude and simple method that can cause great discrepancy in
calculations that create a step function for the forces [7].

The very basic, general process of a PIC simulation is as follows; “weigh” each
macro particle by distributing it to a specific node to calculate the charge density at that
node, integrate the field equations on each nodal point to determine the potential and
electric field, weigh these values back to each particle, then integrate the equations of
motion to update each particles velocity, and then update the particles location. This
process is then repeated again. This is the very basic structure and does not include the
loading of new particles, collisions, or wall interactions. The specifics of the code layout

are in Chapter 2.

1.5 Sheath Theory
Between the plasma and a floating wall the potential drop of the sheath can be

predicted based on theory.

1

O, = T, ln( J )2 (1.12)

For this case the sheath width will be a few time larger than the electron Debye
length,Ap, , which is based on the density at the plasma-sheath interface.

A matrix sheath is a sheath of high voltage, where only ions exist inside the sheath,
and they exist at a uniform density. Although these sheaths may not have only ions in
them and are not necessarily very high voltage, this model will be used to compare to the

8



code results. To predict the sheath profile the following equation may be used, where ns is

the density at the sheath edge.

€o (1.13)
The sheath width is calculated by the following equation where Vj is the positive

value of the potential drop at the wall.

1
2

‘= <2€0V0)
en, (1.14)

In reality the matrix sheath doesn’t take into account the decrease of ion density in
the sheath. This is taken into account in the Child law sheath, which takes into account

the ion current to the wall. The potential profile is predicted by the equation below.

4
N3

o =¥ (5) (1.15)

The sheath width is calculated by the following equation [6].

3
AN
ADS ( )

=3 T, (1.16)

These models will be used to validate the code in section 2.5.



1.6 Secondary Electrons

When an electron strikes the surface of a wall a few options can occur. For simplicity
purposes a lot of the time it is assumed that all ions and electrons that hit the surface are
recombined in to the plasma. Electrons can also be reflected back into the plasma, or
another option is that the wall is an electron emitting surface meaning that it creates new
electrons. If the electron (the primary electron) has enough energy when it strikes the
wall it will enter the solid and the energy will dissipate and cause an electron (secondary
electron) to be discharged from the wall into the plasma. Secondary electrons affect the
current balance between ions and electrons which is necessary for sheath formation.
Figure 1.2 demonstrates this process showing that not all primary electrons create

electrons that get released to the surface.

Primary ®

Electron ,

!
4
7 Secondary

7/ OEIectron

Secondary
Escape Depth

N _,i e
N

Figure 1.2: Secondary electron emission mechanism
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Secondary electron emission yield is the ratio of ejected electrons to the primary
electrons that hit the wall (incident electrons). This is a function of many things including
the electron energy, the angle it struck the wall at, and the material properties of the wall
[8]. Technically true SEE vyield takes into account true secondary electrons and elastically
backscattered electrons (the ones that were reflected when they hit the wall) [4]. There
are other ways in which a surface can be an “emitting surface” like thermionic emission
or photoelectric emission but this study will only be addressing emission from particles
hitting the surface of the wall [1]. The effects secondary electrons have on the sheath
profile have come under investigation recently and are a large focus of this study, due to
their effect of reducing the sheath potential drop in plasma which affects the plasma

confinement [1].

1.6.1 Importance of SEE

As SEE vyield increases more electrons at low temperatures enter the plasma due to
the creation of secondary electrons which will escape the sheath into the plasma. As this
occurs less ionization happens which lowers the density in the quasi-neutral plasma. This
decrease in density also decreases the current density of the plasma and lower current
density will cause lower voltage. Therefore, increases in secondary electron emission will
cause lower voltage output in a Hall Thruster which is an adverse effect. Therefore it is
assumed that it is vital to have a yield as small as possible in order to optimize the
performance in a Hall Thruster [9].

In order to demonstrate the effects that different shapes and sizes of erosion profiles

have on SEE one study pre-eroded materials to specific shapes of grooves. This study

11



showed that some secondaries that escape will hit another portion of the wall. It is also
possible that this bombardment could create what this paper called “second generation”
secondaries. Figure 1.3 demonstrates this phenomenon. It shows the triangle and

rectangular grooves used in that study [3].

Figure 1.3: Example of SEE in rough wall

The results from this study, as seen in Figure 4.1, show that with grooves the SEE
yield is lower, and when considering the effect of secondary generation secondaries the
yield slightly increase. It should be noted that these second generation secondaries have
much lower energy than the first generation secondaries so they will have a much lower
SEE vyield [3]. For this reason second generation secondaries will not be taken into

account in PAWS.

1 1 1
0 1000 2000 3000
Eneragy, eV

Figure 1.4: SEE yield with rough surface example yield
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1.7 Space Charge Limited Sheath

It is generally predicted that with a large enough SEE yield (much greater than unity)
the classic sheath profile will no longer exist, but instead will be replaced by what is
called a space charge-limited (SCL) sheath. In a classic sheath, the potential will always

increase as it moves away from the wall. In a SCL this is no longer the case.

&

Clazssic

Figure 1.5: Generic model of SCL

In a classic sheath the flux of electrons and ions must be the same. But the flux of
electrons is really a function of the electrons crossing the sheath boundary and the
secondary electrons emitted.

le—totar = le— = Tsgr = Tion (1.17)
[10]

Under normal conditions when the flux of SEE is less than the flux of electrons the
value of the total electron flux is positive which is fine. However here we consider the
case where the flux of SEE is larger than the flux of the primary electrons, which
mathematically makes equation(1.17) negative, but the flux of ions cannot be negative.
This causes the deviation from the classic sheath profile. It was stated by Hobbs and

13



Wesson that the classic sheath will begin to breakdown when SEE vyield hits a critical
value of 0.91. [11]

Under normal classic sheath conditions, electrons emitted from the wall will leave the
wall and enter the plasma. However when the SEE vyield is larger than unity a potential
well forms which instead of forcing the electron away from the all will actually pull some

of the secondary electrons back to the wall. [12]
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Chapter 2 : Code Layout

2.1 Introduction

Before the specific details of the code layout are described, a few things must be
covered first. First off are the boundary conditions. The main types of boundary
conditions potentially used are periodic, absorbing, reflective, Dirichlet, and Neumann.
Periodic, absorbing, and reflective mainly refer to the actual particles (although they can
apply to the field), while boundary conditions such Dirichlet and Neumann would apply
to fields. In a periodic boundary condition when a particle strikes the wall it is
reintroduced to the simulation at the other end. So if it hits the wall its new position
would be at x=0 (the other end of the domain from the wall). In an absorbing boundary
condition when a particle hits the wall it is “absorbed” into the wall and is either deleted
from the system or given a zero value for its charge. For reflective boundary conditions
when the particle hits the wall it is reflected back into the system, either elastically or
inelastically. The angle at which this occurs varies by chosen method. If the collision is
elastic, the momentum of the particles will be conserved and it will keep its velocity but
will now be moving in the opposite direction (away from the wall). When implementing
a Dirichlet boundary condition for differential equations the value of the field at the wall
is prescribed. This means that the value of the field (the potential) is set at x=0, and at the
wall. However a Neumann boundary condition specifies not the value of the field but its
derivative (the electric field).

Choosing to treat both electron and ions as kinetic, instead of treating electrons as a
fluid, may be a more accurate may to model plasma in the PIC method, but this creates

restrictions on the model that must be addressed. These restrictions are mainly the time

15



step and the cell sizing. According to [13] the time step must be less than 0.2/wp,, where
wp, is the electron plasma frequency. In PAWS the time step was chosen to be smaller,

after trial and error, at 0.01/wpe.

e? *n,
€o *M (2.1)

wpe
The other constraint is the cell size must be on the order of the Debye length. As

mentioned earlier the Debye length is defined as;

Eokb7;
e2n, (2.2)

D =

In PAWS the cell size was chosen to be 1/4™ of the Debye length.
To simulate an initially quasi-neutral plasma in the code, a Maxwellian distribution
was used. The Maxwellian distribution is used to describe the speed of particles and is a

probability distribution [6].

3

m \z mv?
F@) =n(57) eXp(‘m) (2:3)

This was done by sampling the Maxwellian distribution using a technique done by

many people but first used in Abramowitz and Stegun (1965, pp. 952-953) [14] or
Hammersley and Handscomb (1964, p. 39) [15] M is an integer, where R is a random
number less than , and vy, is the thermal velocity of the particle . M is usually chosen to
be equal to 12 to prevent velocities from begin 6 times larger than the thermal velocity. In

this simulation the value of 12 was used.

M -1
Z i ‘%] o (24)

Um = Utn
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k,T

Ven = (2.5)

Figure 2.1 shows the general layout of the 1D PAWS code written for most of the
analysis in this thesis. Details of each part follow this section. To begin quasi-neutral
plasma is pre-loaded into the domain, with both ions and electrons. Using 1% order
weighting the charge density on each node is calculated. This density is used to solve for
potential and electric field on each node. These field values are then weighted back onto
each macro-particle and the force on each particle is computed. This force is used to
determine the new velocity of the particle, which in turn calculates the new position of
the particle. This process continues for ever time step until the simulation is complete (at

the formation of a steady sheath).

Integration of equation of Check boundary conditions
- motion Add new particles (SEE)
- Particle pusher “| remove particles outside of
Fparticle = Vpartide™ Xparticle domain
Notend End
v Moot _
Weighting Weighting Output at end of
(®, E)gis > Frartice (% V) pwricse > Peria simulation
/) A\
Load particles
(for quasi-neutral plasma) :
Integration of field

M

M equations

’ Perid 2 (@, E)grs
If converges S T

i If doesn’t
i converges
i

Check for potential solver
convergence

Figure 2.1: PAWS 1D code layout

17



Filament

Figure 2.2: Code schematic layout

2.2 Field Solver
Since Poisson’s equation is a second order partial differential equation, to be solved
on the nodes of the system, the finite difference method must be employed. Specifically

the central differencing scheme is used in 1D.

__r
ve=y (26)
0%\ Giv1 —2¢; + iy _p
(W) =T @or TO@t=—g @)
Qi1+ iy (Ax)? p
¢ = 2 LI (2.8)
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Since the potential is solved by using the potential of the nodes adjacent to the ith
node, the first and last node cannot be solved this way and must have boundary
conditions (either Dirichlet or Neumann) applied to it.

Poisson’s equation is to be solved iteratively by using the previous iteration as an
initial guess. In PAWS Poisson’s equation is solved using the Jacobi method. In order for
the potential solver to converge to one solution it must be computed multiple times until
the residual error is below a certain value. The potential value on each node is computed

until the convergence criterion occurs and goes below the error.
|¢in_¢in_1| <eg (29)
From Maxwell’s equation we know that E= -Vo. Using the central differencing

method to solve for the electric field on each node we find that

B i1 — Pit1
P 2Ax (2.10)
And on the first and last node
o b0 ¢
0 Ax (2.11)
E _ ¢wall—1 - d)wall
wall — Ax (2_12)

2.3 Particle Pusher
The equation of motion of the particles is controlled by the Lorentz force and the

equations of motion

F=md=m_ (2.13)

(2.14)
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L d¥
T (2.15)

Taking into account each particle and the iteration of time these equations become

_ oy Fibt
A, (2.16)

n+1

L%

xin“ = xin + VlAt (2 17)
2.4 Boundary Conditions

In order for the sheath to form, a Dirichlet boundary condition is set at the wall. The
value of the potential at the wall is set to zero. So that a sheath can grow, at x=0 (the
source) a Neumann boundary condition is applied. The electric field at the source is set to

zero so that the potential at the source is equal to the potential at the node to its right

Figure 2.3: Boundary Conditions

Applying the boundary conditions like this allows the potential at the source to
grow positively. Although in reality when a sheath forms the potential at the wall is
negative, this still creates the same potential difference between the source and the wall

which is all that is of importance for this study.
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2.4.1 Secondary Electron Emissions
Prior to the study done by Dunaevsky et al. [29] on the secondary electron emission
of dielectric materials most SEE yields where computed using a power fit and where

based on experimental values with incident electron energies between 10 and 100eV .

a

LONE (218)

However based on the experiment performed by Dunaevsky the results followed a

more linear model.

~ Ep
o(Ep)=0o + (1 — ap) E, (2.19)

max 4

Ep

0 :
E max Energy (eV)

Figure 2.4: Secondary electron yield curve

It should be noted that these models are only truly valid for energies above 10eV, but
since the SEE yield of low energies is hard to measure, these models will be used and

extrapolate to lower energies. SEE yield at lower energies are hard to measure because of
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surface charging. This assumption however is not entirely accurate or acceptable, but is
the only available data at semi low energy values. A lot of data available is for energies
above 100 eV, and possibly about 1000 eV. This assumption is not perfect due to the fact
that SEE vyield is more highly affected by surface conditions at very low energy values.
Surface roughness will be discussed in Chapter 3 and section 4.4. Also it should be
mentioned that in experiments it is difficult to distinguish between true secondary
electrons and backscattered electrons. At these low energy levels backscattering plays an
important part. The yield given by these equations contains both true secondary electrons
and backscatter electrons. However in PAWS backscattered electrons are not modeled so
the entire yield value is attributed to secondary electrons.

The following table shows the values for these fits for boron nitride, (BN), Macor,

and Quartz.
Table 2.1: Power and Linear SEE model parameters
Material Power fit Linear fit
El o El 6o
BN 35 0.5 40 0.54
BN 30 0.57 30 0.59
Macor 35 0.38 38 0.67
Quartz 30 0.26 35 0.8
Quartz 45 0.32 45 0.73
[29]

Another model developed earlier by VVaughan [16] gives the opportunity for energy
and angular dependence, and for surface roughness affects.
1—W)k

0 = Omax(we

(2.20)
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E, — E,
wW=——
Emax - EO (2'21)

. {0.62 ifw<1
~l025ifw>1 (2.22)

[16]

It has been shown that a larger angle of incidence of a primary electron causes a
higher SEE yield [17]. Based on the Vaughan [16] model angular dependence can be
factored in. This model also takes into account the surface roughness. It should be noted
that in PAWS the angle of incidence is random for each particle due to the model being
in 1D. For simplicity purposes the angle of the secondary is the angle of the primary
electron that dislodged it. In order to take into account angle of incidence and the surface
the values in Equations (2.20)and (2.21) are modified.

Omaxt = Omaxo(1 + ks62/m) (2.23)
Emaxo = Emaxo(1 + k0% /21) (2.24)

0 (rough) < ks < 1.5 (smooth) (2.25)

Table 2.2: SEE values for BN for Vaughan model

omax 2.9
EO 0
Emax 600

[30]
Figure 2.5 shows yield curves for boron nitride for all three models. At values below

10 eV the linear fit varies from the other two models.
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Figure 2.5: Various low energy SEE yield models

In all models the energy of the emitted secondary electrons is considered negligible,
assuming a value of less than 1/10™ of the primary electrons [18]. Secondary electron
yield is of great importance to erosions, which will be discussed in Chapter 3. A higher
SEE vyield is predicated to reduce the sheath potential drop. This smaller drop will reduce
the energy of the electrons and ions hitting the wall. Less energy of ions will reduce the
sputtering yield and less erosion will occur. This will increase the lifetime of the thruster
[11].

When utilizing a SEE model with a set yield instead of dependent on incident energy
the model takes the set yield and multiplies it by 100. A random number between 0 and
99 is then generated. If this random value is lower than 100 time gamma a secondary will
be created. Another method was tested in which the SEE yield of each incident electron

was added up and once this value reached 1 a secondary was created. These two models
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resulted in marginally the same SEE yield however the probability model was selected
for set yields due to the fact that it is easier to implement, making it more efficient for the
computation.
2.5 Code Validation

To verify the 1D code, the simulation was run at the following parameters, with no
secondary electron emission.

Table 2.3: 1D Code inputs

Parameter Value
At (s) 1.77e-10
AXx (m) 1.86e-3
n0 (m”-3) lel2
Te (eV) 1
Ti (eV) 0.01
Electrons/Macro-particle le7
lons/Marco-particle 1e7

The simulation was run and then the values were plotted against the theory
predictions discussed in section 1.5 for the same parameters. This proves the marginal
validity of the code. The reason the code results vary from the matrix sheath could be due
to the voltage not being large enough, and the presence of some (but few) electrons in the
sheath. The Child Law sheath also assumes there are no electrons in the sheath [19]. The
presence of electrons inside the sheath could be the possible reason for deviation of

profiles. However the simulation results and the theory are in general agreement. It

25



should be noted that due to the lack of new particles being created at the source, if the
simulation is run for too long, the sheath will grow and then break down due to the lack

of electrons as they move away from the source and are absorbed by the wall.

45 W
. N\

35 —e— Code \°

S IR Matrix Sheath Theory \\‘\'
e = Child Law Sheath \

2.5 Wall

\

0 T T T T
0.05 0.06 0.07 0.08 0.09 0.1
Distance (m)

Potential (V)

Figure 2.6: Code sheath results compared to theoretical models
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Chapter 3 : Wall Erosion

3.1 Erosion

The erosion of the channel walls of a Hall Thruster is the major limiting factor in the
lifetime of the thruster[20,21,22,23] The focus of this section is provide background
information and show the motivation behind the rough wall simulation section 4.4 in
this thesis. Although Hall Thrusters are a lighter propulsion system, the downside to them
is their lower thrust. This lower thrust means that the mission time will be longer. Longer
mission time results in a longer period of time for erosion to occur, so it is more
important to have an accurate model of the erosion so that the thruster won’t fail before
the specified mission is completed. Since Hall Thruster can be in operation for thousands
of hours, to accurately test the erosion of the channel walls a laboratory test must also be
run for thousands of hours [20,21,22,24,25] This is both impractical and expensive. If
the test was run in an experimental setting and not in a simulation, it would cost more
than $20 million for one lifetime test. In addition, to validate the result of the experiment
a test would need to be run multiple times. Therefore simulations are used instead, not
only because they can model hours of run time in a much shorter time span but they can

also be run many times for varying conditions [20,21]

3.2 Sputtering

In this section how erosion of the wall occurs and what this erosion does to the
thruster in terms of performance and physical characteristics is examined. The method of
which erosion of the wall occurs is presented from various sources and focuses on

sputtering. To analyze what occurs when the wall erodes, various past papers, most
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consisting of simulations that compared their model to past experiments, were examined.
Then a preliminary study was performed using an outside source 2D simulation tool to
see how different imperfections affect the sheath of the plasma. The simulations and
experiments reviewed in this paper only looked into wall thickness and overall thruster
performance, and not near wall properties or a rough surface, so the plasma interacting
with of a rough wall was preliminary examined. These imperfections varied in size and
shape, and the potential of the plasma was analyzed for each case. In addition the plasma
density was varied to see how far into the plasma the imperfections would propagate
based on this density change. This simulation does not take into account a continuously
eroding wall just an already eroded surface, and is only a preliminary study. The results

of this 2D simulation are shown in section 4.4.

3.3 Erosion Simulation and Knowledge

The main reason that having accurate knowledge of wall erosion mechanisms is
necessary is because erosion will keep occurring until there is nothing left to erode [23].
When the wall completely erodes parts of the thruster, like the magnetic coils, will be
exposed and the thruster will fail [21]. It is important to have a predictable and reliable

way to know how long the thruster will last to judge how long the mission can be.
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Cathode

Figure 3.1: Hall thruster layout

Simulations of the erosion of a Hall Thruster can predict not only how long the
thruster will be able to run but also how the erosion will alter its performance. There are
three ways to simulate erosion of a Hall Thruster. First is to extrapolate from physical
experiments that are performed for shorter times. The second is to model the thruster
based on experiments performed (semi-empirical). The final method is a full model
simulation like using PIC or a fluid method [23]. In these models the sputter yield is
determined from experimental data based on the material of the wall. Most data that
exists for sputtering is for ion energies over 100eV but the ions in a Hall Thruster have
energies below 100eV. To use this data for Hall Thruster simulations the experimental

data must be extrapolated [20, 21].
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A comparison of two sets of experiment data and one set of simulation data shows
that as time goes on the thickness of the inner and outer wall decreases due to erosion.
The experimental data is from measurements of a SPT-100 thruster, performed by
Absalamov et al. and from measurements from a cyclic endurance test on an SPT-100
Hall Thruster performed by Garner et al [23]. The simulation is a fluid model that
simulates a SPT-100 Hall Thruster [27]. It should also be noted that the wall erodes away
the performance of the thruster is altered. As the wall erodes the thrust decrease, and may
decrease past the point of appropriate performance [21, 23]. The drop of the curves in this

data also shows that the rate at which the wall thickness decreases lessens with time.
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Figure 3.2: Wall thickness over time.
This shows that the wall decreases over time and that the erosion rate drops off. Two sets
of experimental data and a situational confirm this and agree with each other [23,27].
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To further look into how their erosion rate changed with time a comparison of
experimental data and two simulations for erosion rate over time shows that over time the
level of erosion decreases. The experimental data is from measurements of a SPT-100
thruster, performed by Absalamov et al [21,27]. The simulations are fluid models that
simulate a SPT-100 Hall. Both simulations are performed by the same people but the
second data comes from a later paper. The erosion rate decreases a lot in the beginning
of the thruster life [21]. The inaccurate simulation, and zero erosion rate, of the erosion
after 1200 hours of the first paper [21] is probably because there is another factor causing
erosion that isn’t included in this simulation. This other factor that may cause small
amounts of erosion after 1200 hours is ions that diverge or scatter from the plasma [21,
27]. The second simulation added erosion from the ions that scatter away from the main
plasma which increased erosions but marginally. However this wasn’t completely
accurate because not all ions where considered, only ones closes to the wall [27].

However another simulation called HPHall [20], which is a hybrid-PIC simulation, in
combination with a sputtering yield model, which simulates an SP-100 Hall Thruster, did
not show that the erosion rate decreases over time, at the exit, like experimental data
shows, and like the other two simulations showed. This may have been due to incorrect

simulation of the magnetic field at the spots that eroded [20].
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Figure 3.3: Volumetric erosion rate versus time

This that erosion rate decreases. Bothe experimental data and two different simulations
(by the same people) agree. The incorrect zero erosion from simulation [21] is due to not
including ions that scatter from the main plasma. This was corrected for in simulation
[27].

Another observation that should be noted from this experimental data and the two
simulations is that more erosion occurs near the exit of the thruster channel. This is due to
the fact that the ion energy is larger at the exit [24]. As you can see in Figure 3 which
shows erosion of one wall as a function of distance from the thruster exit for the

experimental data and from both simulations confirms that erosion is larger at the end of

the thruster. Results from reference [21] are on the left, and reference [27] on the right.
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Figure 3.4: Erosion rate versus distance
Erosion of wall in respect to distance from thruster exit and time shows that there is more
erosion at the thruster exit from two different models and experimental data [21,27].

Also another simulation, that was a hybrid (PIC/fluid) model of stationary plasma
thruster shows that there is more sputtering on the outer wall than the sputtering on the
inner wall due to the shape of the magnetic field profile and from the ions accelerating

through the potential profile [24].
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Chapter 4 : Results and Discussion

4.1 Neutral Pressure and Voltage Bias
This section will discuss the effects that varying the neutral background gas pressure

and various voltage biases have on the sheath potential profile.

4.1.1 Experimental Set-up

In order to compare experimental results to those simulated, the experimental set-up
must first be described. As part of the High-Power Electric Propulsion Laboratory at the
Georgia Institute of Technology a plasma cell was set-up to study sheath profiles. The
experimental set-up consists of a cylindrical aluminum cage which is filled with neutral
Argon gas from a vacuum chamber. Five thoriated tungsten filaments (in parallel) are
biased below ground therefore giving energy to the electrons that are emitted
thermioncally. A quasi- neutral, uniform plasma is created from the collision of the
electrons and neutral atoms. The electrons are confined by magnets that line the cage.
Below is the schematic of the set-up. In the diagram, W is the wall material being tested,
F is the filament, LP and EP are the probes, and B are the magnets. An emissive probe
was used to measure the sheath profile and a Langmuir probe was used to measure the

bulk plasma parameters. [28]
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Figure 4.1: Georgia Tech experimental set-up

4.1.2 2D Starfish Simulation and Results
The initial simulation was performed using Starfish which is a general 2D
axisymmetric/Cartesian code for modeling a wide a range of plasma and rarefied gas

problems [33]. For simplicity purposes this simulation did not model ionization. Instead a
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pre-ionized quasi-neutral plasma was pre-loaded into the simulation domain and modeled
to interact with the wall. This is a collisionless model. The sheath profile was solved with
a linear Poisson solver, and the overall potential drop was set to the values from the

experiment. In addition the density and electron temperature of the plasma were set from

the experimental values. The simulation is run until sheath formation occurs. [28]
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Figure 4.2: Sheath profile over BN
Measured and simulated (2D-Starfish) sheath potential profile over a BN wall. Neutral
background pressure was varied.

It can be shown that Starfish models these sheath profiles marginally well. These

slight differences can be attributed to the lack of collisions in this Starfish model.

4.2 Different Models for SEE
As previously discussed, in section 1.5, there are three different models for using

primary electron energy to determine the yield of secondary electrons in PAWS; power,
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and linear as discussed in Dunaevsky [29] and the model in Vaughan [16] which is based
on the maximum point on the SEE vyield curve. All three were run under the same
conditions. As can be seen previously in Figure 2.5, in the code layout section, for low
incident energies the linear model produces much higher SEE yield, which should
produce a lower potential difference of the sheath. The power and Vaughan models were
very similar but Vaughn has slightly smaller values for SEE vyield. The yield for the

power model came out to be 0.18, linear at 0.5, and Vaughan at 0.14.
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Figure 4.3: Sheath profile with different SEE models

Since the power and Vaughan models are very similar one of these needed to be
picked to be the main model used. The power model was selected because the Vaughan
model is based on maximum SEE and the power model is more for low energy values. In

Figure 4.4 a comparison was performed using the power fit model and a set yield to
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compare the results of increased SEE vyield. As predicted, adding SEE to the model
decrease the sheath potential drop and decreased the size of the sheath. Setting the yield
to a higher value increased these affects resulting in a smaller sheath profile. These
results agree with the predicted theory, proving that increased yield shrinks the size of the

sheath.
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Figure 4.4: Incident energy compared to set yield

It was previously discussed in Section 2.4.1that the energy of the secondary electrons
is considered negligible, and is often considered below 1/10™ of the value of the incident
electron. However in order to verify that the energy given to the secondaries does in fact
have an impact on the sheath profile, a study was done using PAWS that varied the
temperature of the secondaries, although always staying below the value of the bulk

plasma. As it can be seen in Figure 4.5 the change is only slight, but increasing the
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temperature at which the secondaries are omitted increases the potential drop and the size

of the sheath.
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Figure 4.5: Comparing change in secondary electron energy

4.3 Wall Material Effect on Sheath Profile

Experimental values from the same Georgia Tech experiment described earlier can
be used to experimentally show the sheath potential change between a BN and Alumina
wall. Although the two sets of data aren’t from exactly the same set up (BN is at 87 V
bias and Alumina is at 90 V) they are marginally similar and suffice for these purposes.

This experimental data shows as predicted; since alumina has a higher SEE yield its
potential drop will be smaller. It should also be noted that we can see the beginnings of a
breakdown in the classic sheath profile in the alumina case due to the high SEE vyield, but

this will be discussed in section 4.5 [28].
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Figure 4.6: Experimental sheath over different materials

This drop in potential was then simulated using PAWS and came to the same
conclusion. This was modeled using the Vaughan model because the only data found for

alumina was the maximum of the yield curve.

Table 4.1: Alumina values for SEE Vaughan model

omax 6.23
EO 0
Emax 590

The potential drop for alumina was indeed lower than BN although in the simulation

case the effects are less pronounced due to the lower density and temperature.
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Figure 4.7: 1D simulation of different wall materials

4.4 Effect of Wall Roughness

At lower energy values the effects of backscatter highly affect the SEE yield which is
greatly affected by surface roughness [29]. SEE yield can be greater than 1 for a smooth
surface or less than one for a rough surface [17]. This implies that a rough surface creates
less of a yield, which is widely accepted theory. The lower SEE yield is due to the fact
that as a secondary electron escapes it is likely to hit another spot on the wall and will not
escape to the actual plasma. However there is another mechanism occurring that can
counter this decrease. SEE yield is a function of energy and angle of incidence. This
angle is measured to the normal of the smooth surface. Technically in a rough surface the
angle that the electron hits is larger than it would be if the surface was smooth. This
increased angle will increase the yield. But in general it is assumed that a rough wall will

increase SEE vyield.
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4.4.1 2D Simulation and Results

The simulation portion of this section was run using Starfish. Particles where loaded
into the cell of the system which was a portion of a wall made of boron nitride,
interacting with Xe. The initial density was 5e12 cm™ The wall size was selected to be
5mm because this was observed as the size of walls inside hall thrusters [21]. Since
complete erosion is what causes failure in the thruster the imperfections where run as
large as 5mm.

For this study, imperfection shape and size were altered, in addition to plasma
density. The different shapes included a triangular wave, square wave, half-wave rectified
sine wave, and a sine wave because anomalous erosion creates periodic imperfections
[26]. A triangular indented surface was also looked into. Below are the equations used
for the wave equations.

frrianguiar wave (t) = —1;1 z [—sm )]sin(nwot) (4.1)

=1,3

4A
quuare Wave(t) =—

E sin(nwot)] 4.2)

n=1,3,5,...

fHalf—Sine Wave (t)

A A Z cos(nwyt) (4.3)

= + Esm(wot) -— 2, (nz —_
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Figure 4.8: Different shaped imperfection profiles

There have been other experimental and simulation studies done with pre grooves

surfaces. Figure 4.9 shows an example of such a sample [3].

Figure 4.9: Example of pre grooved surface

The imperfections are varied for each surface shape from 1mm to 5mm at 1 mm

increments. These imperfections can be shown in the 2D simulation.
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Potential Profile of Tringles at 5Smm Potential Profile of Triangle Wave at Smm Potential Profile of Sine Wave at 5Smm
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Figure 4.10: 2D results over different shaped imperfections

In Figure 4.10and Figure 4.11 the top of the imperfections was increased to help
visualize sheath size change as the imperfection size changes. It can be seen that the only
change in the size of the sheath is due to the raised tip of imperfection. Since there is no
secondary electron emission in this simulation it can be assumed that the size of the
imperfection itself does not affect the sheath profile. This is confirmed by the study done
by Pivi [3] who states that it is not the size of the imperfection but the angle of

imperfection. In section 4.4 the angle of the imperfections will be discussed.
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Figure 4.11: 2D results for different sized imperfections
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Then the effects of varying density where looked into. Simulating a 1mm square
wave wall imperfection, while varying the density of the plasma from 1e12 cm™ to 5e12

cm’® shows that as the density increase the effects of the roughness are felt less.
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Figure 4.12: 2D results with different densities
Potential of 1mm square wave at various densities shows that at a lower density wall
imperfections propagate further through the plasma.
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4.4.2 1D Simulation and Results

Using the angle dependence and surface roughness model by Vaughan [16] a rough
wall sheath was computed and compared to a dull surface. It can be seen that the assumed
theory of which a rough wall will create more secondary electrons therefore decreasing

the potential drop in the sheath hold true.
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Figure 4.13: 1D results of sheath over rough wall

4.5 Space Charge Limited Sheath

Although most models predict the SCL, there was one study done that presented the
idea of an inverse sheath. It was stated that all the models that predicted SCL where using
the assumption that ions always flowed towards the wall. For an inverse sheath to occur
there would have to be no ions in the sheath. [10] The reason this simulation produces a

SCL not an inverse sheath is due to this assumption holding true in this model. All ions
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have positive (moving towards the wall) velocities and there are ions in the sheath.
Therefore under this assumption it is predicted that a SCL will occur not an inverse
sheath when a simulation was performed with a SEE yield larger than unity. Figure 4.14
shows the result of using a SEE yield of 2. As predicted a SCL formed. For comparison
purposes Figure 4.14 also shows the classis sheath profile under normal SEE yield
conditions (0.18). The same was tested by increasing the bulk electron temperature to a
value large enough to produce a SEE vyield larger than unity for BN, but due to the
increased Debye length, the results have low resolution so instead the results of a forced
yield of large than unity are displayed. But the results of the large electron temperature

also produce the SCL sheath, although both are unstable.
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Figure 4.14: Space Charge limited sheath

48



Chapter 5 : Conclusion

5.1  Summary and Considerations

As can been seen in Figure 3.1 the flow of plasma in a Hall Thruster is parallel to the
walls, of which there are two, the inner and the outer wall. However in PAWS the flow is
perpendicular to the single wall due to the 1D constraint. Due to this fact the results of
this thesis cannot be exactly compared to the Hall Thruster but the results can be used for
a baseline model of what would occur for the plasma-wall interactions inside the Hall
Thruster under different conditions.

As theory predicts, the effects of secondary electron emission have a great effect on
the sheath profile. As secondary electron emission grows the sheath profile will become
smaller and the potential drop will decrease. Some studies have stated that a smaller
potential drop (and consequently a smaller sheath width) will cause the ions that enter it
to have less velocity, and that this decrease in velocity will cause less sputtering, which is
a positive effect. However it is widely accepted that high secondary electron yields are
harmful to the performance of Hall thrusters due to the creation of cold electrons in the
bulk plasma. These two theories are opposing. In addition it was shown in this thesis that
rough walls cause a decrease in SEE yield, which should have a positive effect on the
Hall thruster performance since less cold electrons get to the bulk plasma.. However this
rough surface came about due to sputtering, which as stated before can be increased or
decreased due to the size of the sheath which is related to SEE.

It is definitely clear that the size of the wall imperfections does not affect the sheath,
and the rough walls decrease SEE. It is also clear that higher SEE cause smaller sheath

profiles. However due to the correlated effects of SEE, sheath profile, and sputtering, this
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1D model cannot prove definitively what is occurring at the near wall region. To prove
this an accurate sputter model in a Hall thruster simulation would be necessary. The
evidence that rough walls provide lower SEE yield, could motivate work to be done in
pre roughed walls in Hall thrusters, however it is general accepted that rough walls lead
to impurities in the plasma which ultimately leads to such erosion that the magnetic coil

is exposed and the thruster fails. These theories would require further investigation.

5.2 Future Work

There are many areas for this study to be improved, first would be to begin with an
initially neutral gas (as it is in the Georgia Tech experiments) and have the 1D code
ionize based on electron and ion collisions and their energies. This would cause the
temperatures and densities to form on their own instead of forcing them by giving the
initial properties of the quasi-neutral plasma. There is research out there on ionization
cross sections of argon. This would be used to model the collisions (using Monte Carlo).
As can be seen in Figure 5.1 there are 5 sets of data shown, but mainly there are two
trends. However the only data actual available is Smith [31] and Rapp [32] which is

acceptable because Smith matched Tozer, Asundi, and Schram et al.
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Figure 5.1: lonization cross section curve
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It should be noted that
x = log,oE (eV) and y = o(mad) (5.1)
The Smith data measures total ionization using an apparatus and a parallel plate. The
experiment measured ionization efficiency and was converted to cross section. This data
is only valid for 16eV to 4500eV which is higher than the values in this experiment, so it
cannot be considered 100% accurate. These low temperature values will cause errors in
the accuracy of the future code. The equation that will be used to calculate ionization
cross section as a function of temperature is as follows.
y = —0.57x> + 6.1978x* — 23.19x3 + 30.439x?
+ 2.8407x — 18.722 (5.2)
For the Rapp experimental data a total ionization apparatus and a parallel plate where
used and is only valid for temperatures between 16eV and 1000 eV, which is still very
large. The equation for ionization cross section as a function of temperature for this data
is as follows.
y = 2.4024x® — 18.495x? + 44.639x — 31.303 53)
The third option to model ionization is based purely on theory and not experimental

values. This is the Thomson Model [6] which in compared to the Rapp data is results in a

much lower ionization cross section.

= () £ (5 2)
%z =" \4re,) €\E, € (5.4)

The difference between ionization cross section of the Rapp experimental data and

the Thomson Model can be seen in Figure 5.2.
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Using the previously discussed Smith model a preliminary test of ionization using

Starfish was performed. This can be seen below.

nd.xe+

Figure 5.3: lonization in 2D

Other items of future work are to add the magnetic field that is present inside Hall
thrusters to make this model more accurate to the actual interaction occurring inside Hall
thrusters. Although this thesis used a 1D electrostatic simulation to discuss plasma wall
interactions inside a Hall Thruster, the lack of magnetic field makes this inaccurate to a

certain degree, but accurate in comparison to the Georgia Tech experiments which do not
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contain a magnetic field. To make this model more alike to a Hall thruster, two walls,
with the plasma two walls with the plasma running parallel to the walls would be needed.

To further perfect this code instead of leaving it as a 1D code, would be to develop
this into a 2D code. Obviously the more dimension the more accuracy. 2D would also
allow more in depth research into rough walls.

Another area for future improvement would be another addition to make it more like
the actual walls of a Hall Thruster. This would be to have the code actually erode;
meaning the imperfections in the wall would not be constant. This would require the
addition of sputtering into the code. However this addiction of a sputtering model is
necessary to truly model the interaction occurring at the wall and obtain a better

understand of how rough walls affect Hall thruster performance.

5.3 Source Code

To request access to the PAWS 1D code discussed in this thesis please send request

to laura.p.rose@gmail.com
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