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ABSTRACT

A particle simulation computational code has been developed to study the ef-
fect of charge-exchange-induced grid erosion in electron bombardment ion thrusters.
The code is based on the particle-in-cell (PIC) method to simulate the ion flow and
a Monte Carlo method to calculate the charge exchange collisions. Both two- and
three-dimensional versions of this code have been developed. The two-dimensional
model provides a qualitative description of the details of the ion flow and the charge
exchange collisions. The three-dimensional version has successfully predicted the
experimentally observed erosion pattern in which the maximum erosion occurs at

the geometric centers of accelerator grid apertures.
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CHAPTER 1

INTRODUCTION

Essentially all space vehicles are launched from the earth’s surface by chemical
rockets because of their high thrust. Chemical rockets are characterized as energy-
limited devices since the energy required to accelerate the rockets comes from
the on-board propellant and the attainable vehicle kinetic energy is limited by
the energy released in chemical reactions. In other words, the specific impulse of
chemical rockets is limited to about 450 sec because of the strength of the chemical
bonds of the propellants (Oates 1984 and Hill and Peterson 1965).

For those lengthy and/or very high energy missions such as orbit transfer
from low Earth orbit (LEO) to geosynchronous Earth orbit (GEO), interplane-
tary flights, and station keeping and attitude control of synchronous satellites, the
required fraction of propellant mass to overall vehicle mass using chemical propul-
sion becomes excessive. Since electrical propulsion provides higher specific impulse
and, therefore, low mass ratios (defined as initial mass divided by final mass), it has
a weight advantage over chemical propulsion in those missions mentioned above.

Electrical propulsion devices convert electrical energy developed from either
nuclear or solar generators into directed kinetic energy of the propellant. Electric
thrusters can be generally classified into three categories, electrothermal, electro-
magnetic, or electrostatic. Different types of thrusters fit different mission profiles
because of different specific impulse and thrust. For example, arcjets can produce
a specific impulse (I,,) up to about 1500 sec with a thrust greater than 1 newton.
Arcjets, in the available ranges of specific impulse and thrust, are suited for station

keeping and orbit transfer.




Electrostatic thrusters can have specific impulses in the 2,000 to 10,000 sec
range, but at very low thrust level. These devices are best suited for interplanetary
missions. Electrostatic thrusters achieve vehicle acceleration by the interaction of
electrostatic fields with the charged propellant particles. The electron bombard-
ment ion thruster is one of these thrusters presently under development. It is the

subject of this dissertation and will be discussed in more detail in section 1.2.

1.1. About the Topic

Ion propulsion inherently provides low thrust and therefore low vehicle ac-
celeration (~ 10™* to 10~°g), with high specific impulse (~2,000 to 10,000 sec).
This propulsion system is best suited for lengthy missions such as the heliocentric
portion of interplanetary flights (Brewer 1970). Kaufman and Robinson (1984)
and Rawlin and Patterson (1985) also indicated that ion thrusters are an excel-
lent candidate for orbit-raising applications. Ion thrusters also can be used for
station keeping and attitude control of synchronous satellites. The missions that
ion thrusters could accomplish strongly imply that the ion propulsion system have
long life (more than 10,000 hours). Therefore, the engine lifetime is one of the

critical issues for applications of ion propulsion.

A recent xenon ion thruster lifetime experiment conducted at NASA Lewis
Research Center (Patterson and Verhey 1990) has shown that accelerator grid
erosion poses the most likely limitation to ion engine lifetime. During the test, the
accelerator grid suffered a mass loss of 17.759 gm + 0.004 gm over the 956.8 hour
test period, and erosion pits penetrated the entire thickness of the molybdenum
accelerator grid (0.36 mm) at the geometric centers between apertures. It has been
well established that such grid erosion is due to charge exchange collisions between

fast beam ions and slow neutral propellant atoms (Brewer 1970). The charge
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exchange process leading to this grid erosion is sensitive to background neutral
densities and downstream plasma conditions, both of which may be substantially
different in space operation than those in ground tests. Therefore, it is difficult to
estimate accurate effective lifetimes for space operation from such ground tests.
Furthermore, because lifetime testing is long and expensive, parametric studies

are not usually affordable.

In order to facilitate the interpretation of ground tests and to aid in the
extrapolation from ground test results to space conditions, it would be desirable to
have a detailed analytical model to simulate the sputtering of the accelerator grid
in an ion thruster. Because of the low density and the small rate of charge exchange
collisions in an ion thruster, a direct particle simulation numerical method with a
microscopic Monte Carlo model for charge exchange collisions is a proper way to

approach this problem.

The objective of this dissertation is, therefore, to develop an analytical model

based on a particle method to simulate these erosion processes.

1.2. Background

1.2.1. The Ion Thruster

Electrostatic ion thrusters are characterized by the separate acceleration of
positive and negative charges. Therefore this class of electric thruster must in-
clude means for ionizing the propellant atoms, a means for accelerating the ions
by electric fields, and a way to neutralize the ion beams after these ions have
been accelerated to the desired exhaust velocity. To accomplish this, the thruster
includes an ion source, an ion accelerator system, and a neutralizer. The electron

bombardment ion thruster is shown schematically in Fig. 1.1. The propellant is
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Figure 1.1. Ion Thruster Schematic.

introduced into one end of the discharge chamber and the ions are extracted by
the accelerator grid system from the other end of the discharge chamber. During
thruster operation, neutral propellant gas is injected into the discharge chamber
and electrons are emitted by the hollow cathode. These electrons, which are called
primary electrons, are accelerated by an electric field and as the electrons strike
the atoms of the propellant gas, the particles are ionized and the electrons lose
energy. Since the mean free path for ionization is much larger than the dimen-
sions of the discharge chamber, an applied magnetic field is used to restrict the
direct access of primary electrons to the anode without first having had inelastic
collisions with neutral propellant atoms. The ionized particles thus form a neutral

plasma which essentially fills the discharge chamber.



At the downstream end of the discharge chamber, two electrodes (two-grid

system) are used to extract the ions from the discharge chamber plasma to form
an ion beam. The inner electrode is referred to as the screen grid and the outer
one is called the accelerator grid. There exists a plasma sheath region between
the plasma and the screen grid from which the ions are extracted from the plasma
and subsequently accelerated through the grid apertures by the applied negative
potential on the accelerator grid. At the same time, the electrons will be retarded
by the screen grid surface. Electrons are injected into the positive ion beam by
a neutralizer positioned downstream of the accelerator grid in order to neutralize

the ion beam.

In this study, only the accelerator system is simulated.
1.2.2. Charge-Exchange Ion Erosion

The ion thruster will always have some neutral propellant gas flowing out
through the grid apertures. These neutral propellant atoms may undergo charge
exchange collisions with the beam ions throughout the beam flow region. This
charge exchange collision process transforms high velocity ions into high velocity
neutral atoms, and low velocity neutrals into low velocity ions (charge-exchange
ions) which assume the neutral gas thermal velocity. If these charge-exchange (CE)
ions are produced in the negative potential region downstream of the accelerator
grid, they are largely attracted to the most negative electrode of the thruster.
In the usual electrode potential configuration, this is the accelerator grid. Fig.
1.2 shows schematically the trajectories of charge exchange ions created in the
downstream region of the accelerator grid. These charge-exchange ions give rise
to sputtering erosion of the accelerator grid and provide a limitation on the life

expectancy of this grid.
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Figure 1.2. Illustration of the trajectories of charge exchange ions.

In the case of ground testing, charge exchange collisions may occur not only
between beam ions and neutral propellant atoms but also with atoms of the resid-
ual gas in the test facility. The charge exchange sputtering erosion observed in the
ground tests depends to a significant extent on the neutral background density of

residual gas in the test facility.
1.2.3. Literature Review

It has long been realized that accelerator grid erosion by charge exchange
ions might be the most serious and fundamental life limitation for ion engines
(Patterson and Verhey, 1990, Brewer, 1970 and Pawlik and Reader, 1967). To

quantify such erosion, a number of experimental studies have been conducted
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recently for ion thrusters operating on xenon propellant (Patterson and Verhey,

1990, Rawlin, 1988, and Patterson, 1986). Similar studies have been conducted
previously on earlier thrusters which operated with mercury propellant (Pawlik
and Reader, 1967, King et al. 1967 and 1966, Maloy et al., 1981, Beattie, 1979,
and Rawlin and Mantenieks, 1978). For a two-grid accelerator system, the erosion
pattern is similar for ion thrusters operating on either xenon or mercury; the

maximum erosion sputtering occurs at the geometric centers between apertures

(Pawlik and Reader, 1967 and Patterson and Verhey, 1990).

Many electron-bombardment ion thruster systems have been designed using
empirical techniques (Kerslake 1962; Kerslake and Pawlik 1963; Kaufman 1965).
Since this early work, various analog techniques (Hollway 1965; Loukochkov 1956;
Van Duzer and Brewer 1959; Staggs 1965) and digital computer programs (Hamza
and Richley 1962; Kirstein and Hornsby 1963; Hamza 1963; Bogart and Richley
1966) have become available to aid in the accelerator system design. Both ap-
proaches solve essentially the same problem but differ considerably in the method
of solution. Each method offers certain advantages over the other, and each is

subject to certain limitations.

Briefly, the computer simulation method, developed in the 1960s (Hamza and
Richley 1962; Hamza 1963; Bogart and Richley 1966) was used to express Poisson’s
equation in finite difference form at computational mesh points. The simulation
procedure begins by solving the Laplace equation. Then iterations are employed
to obtain local values of current density j and ion speed v, which in turn are used
to provide estimates of the local space charge density p (p = j/v). Final iterative

procedures then yield the solution to Poisson’s equation.

For the electrolytic tank analog method, simulation of an ion accelerator

system is accomplished by placing a scale-model in a tray which is filled with tap
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water that serves as the electrolyte. The simulation of the space charge of the ion

beam can be made by injecting currents into the electrolyte. This technique allows
the simulation of the total electric field in the accelerator region, the measurement
of which provides information for the computation of the exact trajectories that

ions will follow, including those created by charge-exchange collisions.

The outstanding feature of the digital computer method (Hamza and Richley
1962; Hamza 1963; Bogart and Richley 1966) is the capacity for fine detail and ac-
curacy. The primary disadvantages compared to the analog method are computer
time and a satisfactory method for dealing with charge-exchange ion trajectories.
For the electrolytic tank analog method, the capacity for accuracy or fine detail is
considerably less than that possible with the digital computer approach, but the
unique advantage is the simplicity with which charge-exchange ion trajectories
can be obtained. These two techniques were combined (Staggs, Richley and Gula
1967; Lathem 1968a,b and 1969) and became a new approach for analyzing an ion
accelerator system. The salient features of both methods were used and the need
for certain complex equipment formerly required with the electrolytic tank analog

method was eliminated.

The computer simulation method which this study uses (Peng, Ruyten, and
Keefer 1991a,b,c, and d) is different from the one described above. About 1960
Buneman and Dawson developed a method of simulating a plasma by following the
motion of many particles in their own and applied fields in one dimension. After
that, the field of computer plasma simulations using particles developed very fast,
incorporating theories for the effects of spatial grids and temporal differencing,
and in applications to instabilities and transport in fusion plasmas (Birdsall 1985;
Hockney and Eastwood 1989). The advantage of this particle simulation method

compared to the one developed in the 1960s and 1970s is that collisions among the
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simulation particles can be directly modeled. And, because of the integral nature
of the simulation code, there are no a priori limitations on the relative densities
of primary and charge-exchange ions, and space charge effects are accounted for

implicitly.
1.3. Overview

This dissertation is organized in the following manner. In Chapter II, the sim-
ulation problem is described and the detailed simulation methods are developed.
The simulation methods include the Particle-In-Cell (PIC) method and the Monte
Carlo method. In Chapter III, the two-dimensional axisymmetric model is pre-
sented, and sample calculations are given. In Chapter IV, the three-dimensional
model for the usual hexagonal symmetry grid system is described. Sample calcu-
lations and comparisons between two-dimensional and three-dimensional models

are discussed. Finally, the conclusions of this study are summarized in Chapter

V.



CHAPTER II

DESCRIPTION OF THE METHOD

2.1. Problem to be Simulated

An ion engine is a plasma thruster which produces thrust by extracting ions
from a plasma and subsequently focusing and accelerating the ion beams to high
velocities by a negative electric potential applied to the accelerator grid. Fig. 2.1
schematically shows a portion of the two-grid accelerator system with the usual
hexagonal structure of the aperture arrays. The problem with the accelerator grid
system is that some of the beam ions, during this accelerating process, undergo
charge-exchange collisions with neutral propellant atoms and produce slow moving
“charge-exchange ”(CE) ions. many of these slow CE ions are accelerated toward
the accelerator grid and cause grid sputtering. This CE ion erosion process is the
subject of this study. Therefore, the problem to be simulated includes the electro-
static fields, the motion of charged particles, charge exchange collisions between
fast moving beam ions and slow moving neutral particles, and the accelerator grid
sputtering.

In the remaining part of this section, the computational domain is discussed.
Then in section 2.2 the governing equations are described, including the elec-
tric field equations and the charged particle equations of motion. In section 2.3,

the simulation methods for the electric field and charge exchange collisions are

described.
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Figure 2.1. Illustration of multi-aperture accelerator system.

2.1.1. Computational Domain

There are two simulation models in this study: a two-dimensional axisym-
metric model, in which a single set of screen and accelerator grid apertures is
considered, and a three-dimensional model, in which the hexagonal symmetry
geometry of the aperture arrays is utilized. Fig. 2.2 schematically shows the com-
putational domain for the two-dimensional axisymmetric model which includes a
neutral plasma region, an upstream plasma sheath region near the screen grid,
the screen and accelerator grids, and the downstream deceleration region. This

computational domain is subdivided into smaller cells with nonuniform spacing,.
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screen accelerator
grid grid

Figure 2.2. Schematic of the two-dimensional computational domain. Ion flow
is from left to right.

Poisson’s equation is solved at these computational mesh points.

For the three-dimensional model, rather than modeling an entire grid system,
the usual hexagonal symmetry of the aperture arrays is exploited to choose as small
a three-dimensional domain as is possible. Fig. 2.3a shows three apertures in such
an array, and indicates the 30 degree by 60 degree right triangle that constitutes
the minimum cross sectional cell of the 3D domain. Fig. 2.3b shows how this cell is
subdivided into smaller triangular cells. Fig. 2.4 shows the complete wedge-shaped
computational domain for the 3D model, including the screen and accelerator grid

apertures. In both methods, the computational cross-section is constant along the

direction of ion flow.

2.1.2. Assumptions

Upstream of the screen grid, shown in Fig. 2.1, a neutral plasma is assumed,
with properties determined by the discharge chamber conditions. Ions are ex-
tracted through a plasma sheath that is formed just upstream of the screen grid.

In the simulation codes, this is accomplished by thermal sampling from the plasma
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(b)

Figure 2.3. Minimum area cross-section of the three-dimensional model (a) , and
the non-uniform triangular mesh in this cross-section (b).

SCREEN ACCELERATOR
GRD GRID

Figure 2.4. View of the complete three-dimensional domain, including screen
and accelerator grid apertures.

-13 -



on the far upstream surface of the computational grid. Thus, ion velocities are
chosen randomly from a Maxwellian distribution at the ion temperature, with a
mean extraction velocity in the axial direction. The mean extraction velocity and
the initial ion density are chosen to provide the desired beam current. The par-
ticle entry positions are chosen randomly as well, but such that, on average, the
ion flow has a uniform density over the computational domain. Ions then pass
through the screen and accelerator grids, and reach a zero potential region, which
is taken to be a plane (different downstream boundary conditions are discussed in
section 3.3). This neutralization plane bounds the computational domain on the
far downstream side.

To incorporate the charge exchange collisions into the simulation model, a
Monte Carlo method is used to simulate the interaction between the ion beam and
neutral propellant atoms. For simplicity, this background neutral gas is assumed

to have a constant density throughout the computational domain.
2.2. The Equations to be Solved

2.2.1. The Field Equations

The relationships between the electric and magnetic fields (E and B) and the

charge and current density (p and j) are given by Maxwell’s equations:

V-B=0 (2.1a)
., 10E
V-E = p/e (2.1¢)
0B



where ¢ is the dielectric constant, go is the magnetic permeability, and c is the

velocity of light in free space,

c= (60[1,0)_1/2.

For the electrostatic problem, Eqgs.(2.1) can be reduced to:

V.E=2 (2.24)
€0
and
VxE=0. (2.2b)

Thus there exists a scalar, ¢, such that

E=-Vé, (2.3)

where ¢ is called the electric potential. From Eqs.(2.2.a) and (2.3), ¢ satisfies the

Poisson equation,

Vig=-L, (2.4)
€0
where p is the charge density,
p= "'e(ni - ne)a (25)

e is the magnitude of electronic charge, n. is the electron density, and n; is the
ion density.

Eq.(2.4) is the field equation for the electrostatic problem. This equation
is solved over the computational mesh by a numerical method. The discretiza-
tion of this field equation is discussed in chapters III and IV for two-dimensional
axisymmetric and three-dimensional (hexagonal geometry symmetry) models, re-

spectively.
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2.2.2. The Equations of Motion

The equation of motion for a single charged particle is determined from the
forces acting on the particle. Only the electric field is involved in the electrostatic

problem, and Newton’s second law can be written as

dv
m—y = gE. (2.6)

Hence, a particle motion is described by two first order differential equations,

Eq.(2.6) and
j_’; —v. 2.7)
The differential equations (2.6) and (2.7) are replaced by linear algebraic re-
lationships in the numerical simulation program. Consequently, continuous func-
tions x and v are replaced by values at discrete time intervals. The most commonly
used scheme, which is used in this model, is the finite-difference approximation
leapfrog scheme, so called because it uses time-staggered centering of position and

velocity (Hockney and Eastwood 1989). The leapfrog finite-difference approxima-

tion to Eqgs.(2.6) and (2.7) are:
y1/2 _ yn-1/2

m = = ¢E(x") (2.8)

xn+l _ xn
dt

where dt is the time step and the superscript designates discrete time.

= yt1/2 (2.9)

2.3. Simulation Methods
2.3.1. Particle In Cell Method

To obtain the charge density on the right hand side of Eq.(2.4), a particle

simulation method was chosen. Currently, only ions are included as computational
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particles in the simulation model. Immediate thermalization of the electron gas on
the time scale of a computational time step is assumed. Furthermore, in the grid
extraction region of the thruster, few electrons are present since they are repelled
by the negative potential applied to the grids. However, in the ion extraction
sheath formed upstream of the screen grid, the sheath structure is determined by
the electron density. In this model, the electron density, n., is assumed to be in
a Boltzmann equilibrium with the ion density n;, in the neutral plasma (Bohm
1949):

Ne = Nj, €XP ( —e(do — ¢)/kTe), (2.10)

where ¢ is the plasma potential, ¢ is the local potential, T, is the electron tem-
perature, and k is the Boltzmann constant.

The particle simulation method utilizes a large number of simulation particles
whose trajectories are followed in time to simulate a plasma or ion flow. Each sim-
ulation particle carries a representative charge which is generally located within
the cells defined by the computational mesh. Since the electric field equations
(Egs.(2.3) and (2.4)) are only solved at each computational mesh point but the
particle positions are not located exactly at those points, the Particle-In-Cell (PIC)
method is used to obtain the potentials and forces at particle positions by inter-
polating on the array of mesh-defined values. Mesh-defined charges are obtained
by the opposite process of assigning the particle charges to nearby mesh points.
These calculations are called weighting, which implies that some form of interpo-
lation has to be used between the computational mesh points and the simulation
particles. Such interpolation is governed by a particle shape factor. Generally, the
particle shape factor is not defined a priori, and there is considerable flexibility
in choosing an appropriate expression (Hockney and Eastwood 1988 and Birdsall

and Langdon 1985). Usually, the requirement for these particle shape factors is
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the conservation of charge. Ruyten (1991) has shown that the conservation of
charge density is another reasonable requirement for the PIC weighting schemes
in cylindrical and spherical coordinates. The weighting factors used in this study
are discussed in chapters III and IV for the two- and three-dimensional models,
respectively.

Finally, the principal steps of the PIC simulation procedure are:

1. Assign particle charges to the mesh.

2. Obtain the mesh-defined electric potentials by solving Poisson’s equation
(which will be discussed in Chapters III and IV).

3. Obtain the mesh-defined electric fields from the mesh-defined potentials.

4. Calculate the electric field of each simulation particle by interpolating from
the mesh-defined electric fields. .

5. Move each of the simulation particles. In the present study, this process is
repeated until a steady state condition has been achieved. Also, at each time
step, new particles are introduced from the upstream plasma sheath, and
other particles exit the neutralization plane or are lost upon colliding into

one of the two grids.
2.3.2. Monte Carlo Method

The purpose of the Monte Carlo method in this particle simulation code is
to simulate the charge exchange collisions between ions, are moving under the
influence of an electrostatic field, and neutral particles. Therefore, the simulation
procedure must give the free-flight time interval between collisions and the change
in the ion velocity due to the collision.

The selection of free-flight times between two collisions is considerably sim-

plified if the collision frequency is constant. In this case, the probability of a free
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flight lying between ¢t and ¢ + dt is

p(t)dt = vexp(—vt)dt, (2.11)

where p(t) is the collision probability density function and v is a constant collision
frequency.

The only problem with Eq.(2.11) is how to select a set of numbers with a given
nonuniform probability density function p(t) using a uniform distributed random
number generator. To solve this problem, the cumulative distribution function of

p(t) is calculated first,

¢
C(t) = / p(t')dt'. (2.12)
0
Since C(00) = 1, then
0<C<1, (2.13)
and
dC = p(t)dt. (2.14)

If the value of C is chosen as a random number which is uniformly distributed in
the range 0 < C < 1, then the probability of selecting a value in the range dC is
just dC. Thus, according to Eq.(2.14), the probability of selecting a value within
the range dt is p(t)dt. Hence, substituting dC for p(t)dt, Eq.(2.11) becomes,

dC = vexp(—vt)dt. (2.15)
Integrating Eq.(2.15) one obtains,
t
C(t) = / v exp(—vt')dt’
0

=1 — exp(—vt). (2.16)
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Thus, the free flight time, ¢, is

t=—v"1In(1 - C(2)). (2.17)
Let
r=1-C(t); (2.18)
then
t = —v 1 n(r), (2.19)

where r is a random number uniformly distributed on the interval 0 < r < 1.
However, since the charge exchange collision frequency is time dependent
(it is energy-dependent, and, consequently, time-dependent during acceleration),
the simple expression from Eq.(2.16) is not valid. To resolve this difficulty, a
null collision technique (Skullerud 1968) is introduced. In this concept, a null
collision frequency is defined, such that the sum of the real (energy-dependent)
collision frequency and the (also energy-dependent) null collision frequency adds

to a constant (that is, energy-independent) collision frequency v:

Unull = V — Vreal. (217)

Thus, Eq.(2.11) can be used after all, and Eq.(2.17) determines the distribution of
collisions between real collisions and null collisions. The simulation procedure now
is, first of all, to choose a random number r; which determines a free flight time
according to Eq.(2.15). Then, the particle is allowed to move to a new position
under the influence of the electric field. At the new position, the real collision

frequency vyeq is calculated:

Vyeal = nvo(v), (2.18)
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where n is the neutral density, v is the relative velocity, and o is the cross-section

of the charge exchange collision (Hasted 1964), given by

o(v) = v/a — bln(v?), (2.19)
where a and b are constants.

Next, a second random number r; is chosen. If

Vreal
T2 >

(2.20)

the event is assumed to be in the null collision regime (Fig. 2.5), and no change
occurs. Otherwise, the collision is counted as a real charge exchange and a new
slow ion is added to the test particles at this location, with a randomly chosen
thermal velocity. The charge exchange rate for xenon, as a function of ion velocity,

was obtained from Hasted (1964), and is plotted in Fig. 2.5.

1/sec

8.0E+04

null coIIisiqm

region /

4.0E+04 // —
/ real collision
region

0.0E+00
0.0E+00 2.0E+04 4.0E+04 m/sec 6.0E+04

Figure 2.5. Xenon-xenon charge exchange rate as a function of relative collision
velocity for a background neutral density of 5 x 101¥m~2 (from Hasted, Physics
of Atomic Collisions, 1964).
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Sputtering rates for xenon ions impinging on a molybdenum surface where
obtained from a General Mill’s Report (1962), and are shown in Fig. 2.6. It is
assumed that this sputtering is independent of the angle of incidence of the ion.

These simulation methods are incorporated in the two and three dimensional

computer codes described in Chapters III and IV.

atoms

0.5 /
jr
0.0 ol /

0 200 400 oy 600

Figure 2.6. Molybdenum sputtering rate (in atoms per impacting ion) as a
function of the incident kinetic energy of the xenon ions (from General Mill’s
Report, 1962).
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CHAPTER 1III

TWO-DIMENSIONAL AXISYMMETRIC MODEL

The two-dimensional axisymmetric model was developed to simulate a sin-
gle set of apertures in an accelerator grid system. The two-dimensional model
does not produce a quantitative measure for the grid erosion in a grid system
consisting of an array of apertures with the usual hexagonal symmetry geometry;
however, it can pfovide insight into the erosion processes including ion flow, charge
exchange collisions, and grid sputtering. The two-dimensional model solves the
electric field equation, Eq.(2.4), and the charged particle dynamic equations. A
charged particle may experience charge exchange collisions with neutral particles
during its motion as discussed in Chapter II. This chapter discusses the solution
of the Poisson field equation, Eq.(2.4), for a two-dimensional axisymmetric geom-
etry with cylindrical coordinates. The discretization of Poisson’s equation for the
two-dimensional axisymmetric geometry with cylindrical coordinates is discussed
in section 3.1. The PIC weighting factor in cylindrical coordinates is described
in section 3.2. Then, calculations performed with and without consideration of
charge exchange collisions are given in section 3.3. Finally, some conclusions based

on the two-dimensional model are given in section 3.4.
3.1. Discretization of Poisson’s Equation

Poisson’s equation is solved at each computational mesh point shown in Fig.
2.2. Each of those mesh points, (3, k), has an associated volume element as shown
in Fig. 3.1 by the dashed lines. Gauss’ law is applied to these volume elements to

guarantee flux conservation.
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Figure 3.1. Two-dimensional computational interior mesh point and Gauss’ law
volume.
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Figure 3.2. Two-dimensional computational boundary mesh points and Gauss’
law volumes: (a) r = 0; (b) ¥ = rmqz; (¢) 2 =0; and (d) 2z = 2maz-
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To obtain the finite difference form of Poisson’s equation at mesh point (3, k),

Eq.(2.4) is integrated with a corresponding volume element, dv, centered on (j, k):

[l srets==[].oros o

By application of Gauss’ law, Eq.(3.1) becomes

/ RESE / / /d | Pleads, (3.2)
J ian T ///d Pleady = Qs (3:3)

where it is indicated that the right hand side of Eq.(3.3) is essentially the charge

or

inside the computational cell (for simplicity, the dielectric constant €, is absorbed
in the definition of the charge). In the calculation, this charge @, is calculated
by interpolating the particle charges of the computational particles to the grid.
That is,

Qs = Si(i, F)eis (3.4)

where ¢; is the charge of particle i, and S;(j, k) is the weighting factor for interpo-
lating the charge of particle ¢ to the grid point (j, k) (see section 3.2). In Eq.(3.4),
the sum is, in principle, over all the computational particles in the calculation.
In practice, it is only over those particles with a nonzero shape factor, namely
particles that have coordinates between j — 1 and j + 1, and between k£ — 1 and
k+1.

The left hand side of Eq.(3.3) is the sum of the flux contributions to the
control volume shown in Fig. 3.1 in the r and the z directions. These respective

flux contributions may be written as:

Qrjk =Epj_y 8 1dA, ;s +Bpjpy-8rj44d4, 54 (3.5)
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in the r-direction, and
Qejk =B, p 18,4, 1dA, 4 1 +E, 18, 1dA, 1
in the z-direction. The surface elements dA are given by

dA, ;1 =2mr;_1(zp41 — Zk_1)
dA, ;1 = 27741 (2k4 ) — 21_1);
dAz,k—% = dAz,k+%

=n(riyy —7i1),

where
p o= T T
ity = 9 ’
_Ti-1t7
Tj_% = 2 )
Zk41 + 2k
and
_ Rk-112k
Zk_% = —T—.

(3.6)

(3.7)

(3.8)

(3.9)

(3.10a)
(3.100)

(3.10¢)

(3.10d)

To proceed with the discretization, interior and boundary mesh points are dis-

cussed separately.

3.1.1. Interior Mesh Points

Since the normal vectors satisfy the following conditions:

and

(3.11)

(3.12)



Eqs.(3.5) and (3.6) become, for j > 0,

Qrjk = 277(zk+% - zk—%)(rj+%Er,j+%,k - rj—%Er,j—%,k)’

Qzik = 7’(7‘,24% - r?_%)(Ez,j,k+% - Ez,j,k—,})'

Define
(Ar2)1 = 'I° - r]_l,
and
Azy =241 — 2,1
Then

Qjk = Qrjk + Qzjk
=27TAZk(rJ+%Er,]+%,k —7' 2 7’,]“ k)+

“(A"Z)J’(Ez,j,k+1,~ - Ez,j,k—-;-)'

(3.13a)

(3.13b)

(3.14q)

(3.14b)

(3.15)

Single-cell differencing is used to express the electric fields in terms of the poten-

tials:
E. .1 k__¢1+1k ¢1,
T)J+§: -
Ar]_l_l
E . 1.= bik — Dj—1,k
e N e
Arj_%
E = Bjk+1 — Dk
z,j,k-l-; - = b
z
A k+3
_ Sk — $jk-1
z’j’k_% - Azk_l )
2
where

Azk_*__% = Zk+1 — 2k
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(3.16b)

(3.16¢)

(3.16d)
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Azk_% = 2} — Zk—1. (3.17b)

With this, the finite difference form of Poisson’s equation in ¢; x is obtained,

Qi = —2mAny(ryyy =ik _ | Fik = dimiky

[T

ATJ_}_% = Arj_%
2y (Pik+1 — ik _ Djk — bjk—
w(Ar?);( Azery Aory ) (3.18)
or
—Qjk = ajp1,kPit1k + Gj—1,kPi—1k + A k+1Pj k41
+ajk-195,k-1 + ¢k ik (3.19)
where
itk = 27rAzkrj+%, (3.20a)
Gj-1k = ZWAzkrj_%, (3.200)
(Ar?);
Ajk+1 =T ) 3.20c¢
Jrk+1 Azk+% ( )
A 2
aj k-1 = 7T( i )J7 (320d)
AZk_%
and
ajk = —(@j41,k + Gj-1k + Qj k41 + @5 k-1). (3.20e)

3.1.2. Boundary Mesh Points

Casea.)r=0(71=1).

For the volume shown by the dashed lines centered on (j = 1, k) in Fig. 3.2a,
Eq.(3.15) becomes:

Qi =27Azkr3E, g o + (AP )i(E, 1 k41 — Eopk-1)s (3.21)
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where

(Ar?); = rzg —r2=ri. (3.22)

0

(Note that E, ;1 x = 0 in the absence of a line charge at r = 0). Hence, the finite

difference form of Poisson’s equation for the origin is:

Qi = —2mAzirg Pk — b1k (Ar?); (¢1 k+1 1¢1,lc _ Pk — d1k ), (3.23)

A 2 Azk_l
or
—Q1,k = a2, k02,k + a1 k4101 k41 + G1,k-101,k~1 + Q1 kD1, (3.24)
where
azx = 27rAzkr%, (3.25a)
(Ar®)
= ) 3.25b
ai,k+1 WAzk_l,% ( )
_ (Ar2)1
ay k-1 = WAZk..l , (3.25¢)
2
and
ay ;= —(ag,k + a1,k4+1 + 1,k-1)- (3.254d)

Case b.) 1 = rpez (1 =m).

It is assumed that the boundary condition at r = ry,,, is

94

5 =0 (3.26)

Thus, the differencing equations for the boundary mesh points at r = r,,, are

similar to the ones at r = 0 (see Fig. 3.2b):

—Qmik = Am—-1kPm—-1,k + Cm k+190m k+1
+ Om k-1 ¢m,k—l + am,k¢m,ka (327)
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where

Am_1,k = 27rrm__;_Azk,
2
am k =7 (A )m
yk+1 —
m,k+ Azk+%?
(A?)m
am,k—l = ﬂ.AZ ’
e-3
Gm k41 = —(@m=1,k + Cm k41 + Cm k-1),

and

(Arz)m = rfn - rfn_}i.

Casec.) z=0(k=1).

(3.284a)

(3.28b)

(3.28¢)

(3.28d)

(3.29)

It is assumed that there is a neutral plasma existing at the upstream boundary

from the screen grid with the plasma potential of ¢y. Thus, the finite-difference

equations for the mesh points at the upstream boundary are:

$i+11 — $ia rios $i1 — $j-1, -

, J

Qj1 = —2mAz(rjy1

[N

W(AT2)j(¢j’2 - ¢j,1 _ ¢j,1 — ¢j,0)

AZ§ AZL
2 2
or
m(Ar?);
—Qin— —x Lo = aj41,19j41,1 + @j—1,10j-1,1 + @202
2z
+ aj’1¢jy1’
where

i411 = 27T'A21Tj+%,
aj_1,1 = 27rAz1rj_;2.,
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(3.31)

(3.32a)

(3.32b)



(Ar?);

djz =T Azy (3.32¢)

aj1 = —(aj41,1 +aj-1,1 + aj2), (3.32d)

Azy = z1 — 20, (3.33)
and

Az =2 ;Z". (3.34)

Case d.) z = zpmaz (kK =n).

Several choices can be made for the downstream boundary condition. A fixed
potential can be assumed at the downstream end of the computational domain if
the potential is known. It may also be assumed that the electric field approaches
zero at the boundary. This corresponds to setting the potential derivative equal to
zero. It may also be assumed that the plasma approaches charge neutrality at the
boundary. This corresponds to setting the second derivative of the potential equal
to zero. Each of these assumptions has been used in the calculations discussed in
section 3.3. Different downstream boundary conditions result in different finite-
difference equations at the boundary mesh points. The finite-difference equations
for these three types of boundary condition are given in the following.

6=0¢,=0.

This boundary condition is of the same type of for the upstream boundary.

Therefore, a similar type of finite-difference equation results:

n(Ar?);
—Qja" - W‘ﬁe = aj+1,n¢j+l,n + aj—l,n¢j—l,n
+ @jn-16j,n-1+ @j;nPjn. (3.35)
where
Gjt1,n = 27rrj+;2_Azn, (3.36a)
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4 Az, (3.36b)

Gjno1 = ”(Ai:i)i’ (3.36¢)
@jn = —(Cj41,n + Gj—1,n + Cjn_1), (3.36d)
Dzpy1 = Ze = Zn, (3.37)
and
Azy = Z—Z;—"‘—‘ (3.38)
0¢/0z = 0.

This type of boundary condition is the same as the one discussed in Cases

a.) and b.) in the radial direction. Therefore the finite-difference equation can be

written as
—Qjn=aj+1,0Pj+1,n + Cj-1nPj—1,n + Cjn—10jn-1
+ aj,nqﬁj,n. (3.39)
where
Qj+1,n = 2774 1 Azn, ~ (3.40a)
Qj_1n = 27rrj__%Az,,, (3.400)
(Ar?);
e 4
ajn-1 WAzn.,.% ) (3.40c)
and
aj)n = _(aj+1yn + a’j_lyn + ajyn_l)' (3'40d)
3%*¢/02% = 0.

This type of boundary condition has been used in CFD simulation for deal-
ing with open boundary condition (Eraslan 1974). By assuming (%?) = 0, the
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potential ¢., as shown in Fig. 3.2d, can be written as

1 1 1
= P - 3.41
¢e ¢n <Azn+% + Azn__%) n—1 Azn_% ( )

where an asterisk represents a previous timestep. Thus, the ¢, is updated every

timestep using previous values of ¢,, and ¢,,—;, and the finite-difference equations

for this type of downstream boundary condition are

n(Ar?);
_Q',n ¢* = a'+1,n¢'+l,n +a'—1,n¢'—1,n
J Azn+ j J J J
+ aj,n—1¢j,n—l + aj,n¢j,n- (342)
where
Gj41,n = 2771 Azn, (3.43a)
aj_1p = 27rr1-_%Azn, (3.43b)
_ (Ar?);
Ujpn_1 = ”Azn_%’ (3.43¢)
and
ajan = —(a.]+1)n + aj—lan + ajan_l)' (3'43d)

Case e.) Screen and accelerator grids.

Finally, boundary conditions are specified at the screen and accelerator grids,
which have fixed potentials ¢, and ¢,. Grid points of the computational mesh are
chosen such that the boundaries of the physical grids coincide with the compu-

tational grid. Therefore, the finite-difference equations are similar to the ones in

Cases c.) and d.).
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3.1.3. The Final Discretization Equations

In summary, the finite difference equations for all interior and boundary mesh

points can be written in matrix form as:

A-¢p=h (3.44)

Here the raised dot denotes matrix multiplication, A is the matrix of coeficients,
% is an unknown column vector, and b is a known right-hand side column vector.

Schematically, the quantities in Eq.(3.44) can be written as

A1g A
Azqr Az Al
Az, Az Az,
A= . . , (3.45a)
An—l,n-—-2 An—l,n—l An—l,n
An,n—l An,n
¥y
()
=11, 3.45b
6=y (s.450
\ 6/
and
S1
a
b=| |, (3.45¢)

Sk

\s../
where n is the maximum value of k. The matrix on the left-hand side of Eq.(3.45a)
is a block tridiagonal matrix as shown. These blocks are also sparse, with diagonal

blocks containing not more than five nonzero elements in every row, and the off-

diagonal blocks only having at most one nonzero element in any row. Each element
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11 represents a column vector with components ¢; i for j = 1,m. The elements

of the right-hand side of Eq.(3.45¢c) are vectors with elements

sjk = —Qjk = —gjk/€0 (3.46)

for interior mesh points. For boundary mesh points, an additional term appears,

as expressed in Eqs.(3.31), (3.35), and (3.42). For example, for k = 1:

A 2).
Sjk = —Qjk — bo l A; ) . (3.47)

Similarly, additional terms appear near the screen grid, the accelerator grid, and
the downstream plasma boundary.

The solution of Eq.(3.44) is obtained by using standard subroutines from the
IMSL library which use the LU decomposition method. The principle of this

method is that the coefficient matrix is rewritten as a product of two matrices,

L-U=A, (3.48)

where L is a lower triangular matrix (has elements only on the diagonal and

below) and U is an upper triangular matrix (has elements only on the diagonal

and above). Then, Eq.(3.44) becomes

4-¥=(

ne=
||é:

) ¥=L(

nc

P)=h. (3.49)
Thus, the solution of Eq.(3.44) is obtained by first solving

L-x=b (3.50)
for the vector x and then solving

U-g=yx (3.51)
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for the vector ¢. The LU decomposition only has to be performed once, because

the computational geometry remains unchanged.

3.2. Weighting Factor in Cylindrical Coordinates

Two important steps of the PIC method are to assign the particle charges to
their nearest neighbor mesh points and to calculate the forces on the particles from
the mesh-defined electric fields. These calculations are called weighting. It is de-
sirable to use the same weighting for both charge density and force calculations in
order to avoid a self-force, i.e., a particle accelerating itself (Birdsall and Langdon
1985 and Hockney and Eastwood 1989). Different methods for particle-weighting
have been used in the literature. One of the most widely-used methods is that
of area-weighting (or volume-weighting in three dimensions). However, as shown
by Ruyten (1991), this method does not conserve charge-density when applied
in cylindrical coordinates. Therefore, an alternative, charge-density-conserving

weighting factor is used (Ruyten 1991):

( S, i(rp),  Tjm1 Srp <
Sri(rp) = 4 S::j(rp), rj STp < Tj41, (3.52)
L 0, otherwise,
( . r? — rl
1— §(M) + l(%), ric1 ST <1,
2\rj—rj-1/  2\rj—ring
=4 3(rjig1—r 1(r},—rl 3.53
5(—].“_1?)_5(;“—12’ ’ "J’S"p<7‘j+1,( )
L 0, otherwise,

in the radial direction. An example of this weighting factor is shown in Fig. 3.3.

- 36 -




N
N

M1 M T it

N

Figure 3.3. Illustration of particle-in-cell weighting for a particle at r,, located
between mesh points r; and r;4;.

In the z-direction, linear weighting is used, given by

( S;k(zp), 2k—1 < 2p < Zk,
Sz k(rp) = 4 Sj:k(zp)’ 2k < zp < Zkt1, (3.54)
. 0, otherwzse,
( 2k—2
1- (_k__p_), Zk-1 < Zp < Zk,
2k — Zk-1
= Zk41 — 2 3.55
| (2252), acqcmn 09
Zk+1 — Rk
L 0, otherwise.

This weighting is shown in Fig. 3.4. Combining the shape factors in the r and the

z directions, the shape factor for mesh point (7, k) takes the product form:

Sik(rps 2p) = Sr.i(rp)Sz,k(2p)- (3.56)

- 37 -



Si(zp)

Zy-y Zy Z e

Figure 3.4. PIC linear weighting scheme.

With Eqgs.(3.53) and (3.54), this weighting factor becomes

Gk =g (rj+1 —rp)(Zk+1 — 2p)
p2("]+1_r2)(zk+1 2k)

(2rj41 +3r; —1p),

ik =g (rp = ri)(Zk+1 = 2p)
T+ p2(’";+1 - Ty Dzr41 = 2x)

(Brj41 +2rj —1p),

(rp = 7i)(2p — 2x)

2
gj+1,k+1 = gp 2(r]+1 — rg)(zk+1 )(3r1+1 +2r; —rp),

Giker = q (rj+1 —1p)(2p — 2k)
pEFL T p2(7'1+1 =Ty )(zk+1 - 2k)

(2rj41 +3rj —rp),

(3.57)

where g, is the particle charge. During each iteration, all particle charges are

distributed onto their neighboring mesh points according to Eq.(3.57) to obtain

the grid charge from Eq.(3.4). In order to obtain charge-density, these charges are

divided by their discretization volumes, shown in Figs. 3.1 and 3.2.

In the next section, example calculations are conducted to demonstrate the

capability of this two-dimensional particle simulation model.
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3.3. Example Calculations

The examples given in this section include the comparisons between sim-
ulations without and with consideration of charge exchange collisions and the

parametric studies of the downstream electric potential field.

3.3.1. Geometry and Plasma Conditions

The geometry and plasma conditions were chosen to correspond to the exper-
imental configuration used by Patterson and Verhey (1990) to study sputtering
erosion of the accelerator grid in a xenon ion thruster. The screen and accelerator
grid radii are 0.95 and 0.55 mm, respectively. The outside radius of the computa-
tional domain is 1.11 mm, yielding the desired screen open fraction of 0.67. The
thickness of both grids is 0.38 mm, and the distance between two grids is 0.76
mm. The screen grid is at a potential of 1517V and the accelerator grid is at a
potential of —331V. The average discharge voltage is about 27V, therefore the
upstream neutral plasma potential is assumed to be at +1544V. Plasma boundary

is at about 1 mm upstream from the screen grid.

Ion, electron, and neutral parameters are as follows. It is assumed that a
neutral plasma exists at the upstream boundary of the computational domain.
The ion density and the mean ion extraction velocity are chosen together to have
the desired beam current. In this study, the ion number density and the mean
ion extraction velocity are set to be 1.34 x 10'®m~=3 and 400m/s, respectively.
The electron temperature in this typical plasma is about 1.5 eV and the ion
temperature is assumed 1000K. Downstream plasma conditions are taken to be
equal to those of the upstream plasma, except for the ion density. The neutral gas

density is assumed uniform throughout the computational domain at a density
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of 5 x 10'¥m~3 which corresponds to a neutral background pressure of about
5.2 X 10~ %*torr. Therefore, this assumed neutral number density represents a
residual facility background, rather than eflux from the thruster. The geometry

of the ion optics system and physical parameters are summarized in Table 3.1.

Table 3.1. Input Parameters for 2D Calculations

Screen hole diameter (mm) 1.9
Accelerator hole diameter (mm) 1.1
Thickness of both grids (mm) 0.38
Grid-to-grid distance (mm) 0.76
Screen grid open fraction 0.67
Plasma potential W) 1544
Screen grid potential 4% 1517
Accelerator grid potential \%) -331
Electron temperature V) 15
Ion temperature (K) 1000
Ion extraction velocity (m/s) 400
Upstream ion density (m™) 1.3x10'®
Neutral gas density (m) 5x10'®

3.3.2. Comparisons with and without Charge Exchange Collisions

The calculation was performed on a mesh containing 47 cells in the axial,
and 12 cells in the radial directions, using a timestep of 1.8 x 10™° seconds. At
about 9 psecs (5000 timesteps), the calculation was terminated, at which time
the computational domain contained about 50,000 simulation particles. The total
CPU time was about 3 hours (with IBM RISC SYSTEM/6000/550 computer).

Calculations were performed both without and with charge exchange collisions,
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results of which are shown in Figs. 3.5, 3.6, and 3.7. Independently, it was
confirmed that varying the number of grid points and the time step does not lead

to substantially different results.

Fig. 3.5 shows a comparison of the calculated electric potential contours.
These contours are determined primarily by the potentials on the grids. However,
especially in the downstream region, curvature of these potential contours is due
also to the space charge from the extracted ion beam. Because of the presence of
the ions, the electric potential inside the ion beam region is more positive than
outside the ion beam. Therefore, this potential field tends to force the charge-
exchange ions to terminate at the middle portion of the downstream surface of
the accelerator grid where the maximum accelerator grid erosion is observed from
experiment. Little difference exists in upstream region of accelerator grid between
the contours in Figs. 3.5(a) and 3.5(b). However, in the downstream region
of accelerator grid, the zero volt plane is closer to the accelerator grid in Fig.
3.5(b) (charge exchange case) than in Fig. 3.5(a). This indicates that the charge
exchange ions have an influence on the electric field in the downstream region
where the potential gradient is not so great as in the grid region. In both Figs.
3.5(a) and 3.5(b), contour line A shows that there exists a potential hill in the
downstream region. For the charge exchange case, this potential hill can prevent
those charge exchange ions which are created in the region beyond the hill from

striking the accelerator grid.

Fig. 3.6 shows ion number densities for the same calculation (actually, the
contours in Fig. 3.6 correspond to the logarithm of the ion density). Both Figs.
3.6(a) and 3.6(b) show the largest ion density on the axis, due to electrostatic
focusing of the beam ions. Some differences between the cases without (a) and

with (b) consideration of charge exchange collisions can be found in the region
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Figure 3.5. Computed electric potential contours without (a) and with (b) charge
exchange collisions.
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Figure 3.6. Computed ion number density contours without (a) and with (b)
charge exchange collisions.
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outside the primary ion beam, which shows a higher ion density when charge
exchange ions are accounted.

Fig. 3.7 shows average ion velocities without (a) and with (b) consideration
of charge exchange collisions. In the absence of charge exchange collisions, all
lons are focused through the accelerator grid except those that impinge directly
on the upstream surface of the accelerator grid, but the charge-exchange ions —
represented mostly by the small arrows outside of the primary ion beam — are

focused primarily onto the downstream surface of the accelerator grid.
3.3.3. Comparisons with Different Downstream Conditions

The shape and location of the downstream plasma boundary is important
to explain the accelerator grid charge exchange erosion patterns observed in the
experiments. Therefore, by choosing different downstream boundary conditions
and varying the distance between the accelerator grid and the assumed boundary
position, the sensitivity of the downstream electric potential field and the shape
and location of the plasma boundary can be assessed

Figs. 3.8 and 3.9 show electric potential contours with different downstream
boundary conditions. The assumed boundary positions in Fig. 3.8 and Fig. 3.9
are located at 3 mm and 5 mm downstream from the accelerator grid, respectively.
Comparing Figs. 3.8 and 3.9, it can be seen that if the assumed boundary is too
close to the accelerator grid, the shape of the plasma boundary is sensitive to
the boundary condition chosen. However, the shape and location of the plasma
boundary and the peak value of the potential hill beyond the plasma boundary
are not sensitive to the different boundary conditions if the assumed boundary

position is far enough from the accelerator grid, as shown in Fig. 3.9.
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Figure 3.7. Computed average ion velocities without (a) and with (b) charge

exchange collisions. The magnitude of the largest vectors is 50,000 m/sec.
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Figure 3.8. Computed electric potential contours for different downstream bound-
2
ary conditions: (a) ¢. = 0, (b) (%‘f)e = 0, and (c) (%?)e = 0. The distance

between the accelerator grid and assumed boundary position is 3 mm.
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Figure 3.9. Computed electric potential contours for different downstream bound-
2
ary conditions: (a) ¢, = 0, (b) (%f)e = 0, and (c) (5%)e = 0. The distance

between the accelerator grid and assumed boundary position is 5 mm.
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Only those charge exchange ions which are created in the region between
the accelerator grid and the upstream side of the potential hill will strike the
accelerator grid and cause sputtering erosion of the accelerator grid. Therefore,
it is expected that the erosion rates will not show significant differences for those
three cases in Fig. 3.9, (see in Fig. 3.11).

Actually, the assumption that the second derivative of potential is equal to
zero means that there is a pseudo-neutral plasma in the downstream region with a
possible non-zero electric field. Therefore, Fig. 3.9 indicates that the electric field
is approaching zero and the electric potential tends to the downstream plasma
potential vary rapidly beyond the potential hill in the downstream plasma region.
However, this result is based on the assumption that the electron density is given

by Boltzmann distribution,

ne = ngexp(—(¢ — ¢a)/kT), (3.58)

where n4 and ¢4 are the downstream plasma number density and electric potential,
and n. and ¢ are the local number density and potential. T, is the electron
temperature and k is the Boltzmann constant. The detailed understanding of the
downstream potential fields including the plasma region and inside the plasma will
require inclusion of the electron particles in the simulation procedure.

Figs. 3.10 and 3.11 show the erosion rates with the different downstream
boundary conditions. Fig. 3.10 and 3.11 correspond to the boundary conditions
shown in Fig. 3.8 and 3.9, respectively. In both figures, again, the boundary
conditions are: (a) zero electric potential, ¢ = 0; (b) zero electric field, 3¢/dz=
0; and (c) zero second derivative of electric potential, §%¢/82% = 0.

In Fig. 3.10, case (a) is different from the other two cases since the shape of

the plasma boundary for case (a) is different than cases (a) and (b), as shown in
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Figure 3.10. Comparison of computed erosion depths per 1000 hrs of operation
of the downstream accelerator grid surface as a function of radius for different
downstream boundary conditions: (a) ¢. = 0, (b) (%‘f)e =0, and (c) (%?)e = 0.
The distance between the accelerator grid and the assumed boundary position
equals 3 mm.
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The distance between the accelerator grid and the assumed boundary position
equals 5 mm.




Fig. 3.8. As mentioned above, the erosion patterns of the three cases shown in
Fig. 3.11 are expected to be similar because there is not much difference between

their electric potential fields.

Fig. 3.12 shows the electric potential contours for different downstream dis-
tances between the accelerator grid and the assumed boundary position. Three
cases are shown in the figure with distances of: (a) 3 mm; (b) 4mm; and (c) 5mm.
The boundary condition for all three cases is a zero electric potential. Fig. 3.13
shows similar comparisons but with a different downstream boundary condition:
the second derivative of electric potential equals to zero. For the assumed poten-
tial equal to zero, it can be seen, from Fig. 3.12, that the shape of the plasma
boundary and the electric potential contours varies when the distance between
the accelerator grid and the assumed boundary position changes. Such differences
shown in the potential fields will result in different erosion patterns. Fig. 3.14
shows erosion rates corresponding to the cases shown in Fig. 3.12. However, the
shape of the plasma boundary and the contours of the potential hill are not very
sensitive when the distance between accelerator grid and the assumed boundary
position is changed in Fig. 3.13. Therefore, for the same reason as discussed for
Fig. 3.11, the erosion patterns corresponding to the three cases in Fig. 3.13 should

not show significant differences. This is given in Fig. 3.15.

The influence of the downstream plasma density on the downstream electric
field is shown in Figs. 3.16 and 3.17 with three assumed plasma densities: (a)
10®m=3, (b) 10"*m =3, and (c) 10'®*m~3. Three cases in Fig. 3.16 are calculated
with downstream boundary condition ¢ = 0 while in Fig. 3.17 the downstream
boundary condition is 82¢/d2% = 0. From these two figures, it can be seen that the
shape and location of the plasma boundary is not sensitive to the magnitude of the

plasma density, but the peak value of the potential hill increases when the plasma
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density decreases. Figs. 3.18 and 3.19 are calculated erosion rates corresponding
to Figs. 3.16 and 3.17, respectively. The erosion patterns and the peak values
are not very sensitive to the magnitude of the downstream plasma density. It
should be pointed out here, again, that this conclusion is based on a simulation
which does not include a direct simulation of the neutralization process. A full
understanding of how the erosion process is influenced by the downstream plasma
condition may require the detailed simulation of the neutralization processes and

the downstream plasma.
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Figure 3.12. Comparison of computed electric potential contours with the dis-
tance between the accelerator grid and downstream boundary equal to: (a) 3 mm,
(b) 4 mm, and (c) 5 mm. The assumed boundary condition is: ¢, = 0.
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Figure 3.13. Comparison of computed electric potential contours with the dis-
tance between the accelerator grid and downstream boundary equal to: (a) 3 mm,

(b) 4 mm, and (c) 5 mm. The assumed boundary condition is: (%‘?)e = 0.
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Figure 3.14. Comparison of computed erosion depths per 1000 hrs of operation
of the downstream accelerator grid surface as a function of radius for different
distances between the accelerator grid and assumed boundary position: (a) 3 mm,
(b) 4 mm, and (c) 5 mm. The assumed boundary condition is: ¢, = 0.
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Figure 3.15. Comparison of computed erosion depths per 1000 hrs of operation
of the downstream accelerator grid surface as a function of radius for different
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Figure 3.16. Comparison of computed electric potential contours for different
downstream plasma densities: (a) 1013m=3, (b) 10*m™3, and (c) 10'®m~3. The
assumed downstream boundary condition is: ¢, = 0.
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Figure 3.17. Comparison of computed electric potential contours for different
downstream plasma densities: (a) 10¥m ™3, (b) 10*m~2, and (c) 101®*m~3. The

assumed downstream boundary condition is: (%‘f—)e = 0.
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Figure 3.18. Comparison of computed erosion depths per 1000 hrs of operation
of the downstream accelerator grid surface as a function of radius for different
downstream plasma densities: (a) 101¥m™3, (b) 10Mm=3, and (c) 10®*m 3. The
assumed downstream boundary condition is: ¢. = 0.
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Figure 3.19. Comparison of computed erosion depths per 1000 hrs of operation
of the downstream accelerator grid surface as a function of radius for different
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assumed downstream boundary condition is: (%?)e =0.
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3.4. Conclusions for the Two-Dimensional Model

The two-dimensional axisymmetric particle-in-cell and Monte Carlo model is
capable of providing details of the ion flow in the exhaust beam and the charge
exchange collisions which are known to be responsible for the erosion of the accel-
erator grid.

The shape and the location of the downstream zero volt electric potential
plane is not sensitive to what boundary condition is chosen and where the assumed
boundary is located if the assumed downstream boundary is far downstream of
the accelerator grid.

The peak value of the downstream potential hill does change with the down-
stream plasma density but, because of the nature of the electron distribution
assumed in this calculation, the difference in the peak values are not so large that
the erosion rates show significant differences.

The largest sputtering erosion rate, according to the calculations, occurs some
distance away from the grid holes. For the usual hexagonal geometry of the ex-
traction grids, this would seem to imply that the maximum sputtering occurs
between grid apertures, rather than at the edges of the apertures, as is found
experimentally. Direct confirmation of observed erosion patterns requires a three-
dimensional extension of the code, in which the hexagonal symmetry of conven-
tional grid systems is accounted. The next chapter deals with the development of

such a three-dimensional model.
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CHAPTER IV

THREE-DIMENSIONAL MODEL

Since the actual extraction grid system of an ion engine consists of arrays with
many adjacent apertures, the two dimensional model with a single set of apertures
is necessarily limited in predicting three-dimensional effects of the system. Such
three-dimensional effects are, however, of significant importance for an analysis of
grid lifetime. Specifically, experimental observations of grid erosion show that the
maximum erosion occurs at the geometric center of a group of adjacent apertures
(MacRae and Mercer 1991; Patterson and Verhey 1990; Rawlin 1988; Pawlik and
Reader 1967). Therefore, a three-dimensional model is required to take into con-
sideration the geometric effects of the generally hexagonal symmetry of the array
of apertures which comprise the screen and accelerator grids. In the following
section, the discretization of Poisson’s equation for a three-dimensional geometry
using Cartesian coordinates is discussed. The PIC weighting factor used in the
triangular mesh is described in section 4.2. In section 4.3, an example calculation
is given and comparisons of sputtering erosion rates between the two-dimensional
and three-dimensional models is described. Finally, the conclusions for the three-

dimensional model will be given in section 4.4.

4.1. Discretization of Poisson’s Equation

The discretization of Poisson’s equation in the z-direction, in Fig. 2.4, is sim-
ilar to the two-dimensional model described in Chapter III, but the discretization
of Poisson’s equation in the transverse direction, the zy-plane, is different. Since

the computational domain in the transverse direction is irregular, a nonuniform
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triangular mesh is used. The type of triangulation used here in the zy-plane is
topological regular, i.e., it is topologically equivalent to an equilateral triangle
array in which six triangles meet at every interior mesh point. Along with the pri-
mary triangle mesh (in the zy-plane), a secondary mesh is introduced by drawing
connecting lines between the “center of mass ”of every triangle and the center of
each of the three sides of the triangle. As a consequence, every mesh point (7, k)
is now assigned a unique twelve-sided polygon volume element which is called the
control volume. Fig. 4.1 shows such a control volume and its corresponding vol-
ume faces, a dodecagon, surrounding the mesh point (i3, k) in the zy-plane. Fig.
4.2 shows a 3D view.

Actually, the discretization equations of Poisson’s equation in the transverse
direction are formed by the control-volume-based finite-element method (Patankar
1980); i.e., Poisson’s equation is integrated over the control volume shown in Fig.

4.1. This construction of the control volume was proposed by Winslow (1967).

imar
tmesh ¥

secondar
mesh Y

control
volume

Figure 4.1. Primary and secondary mesh lines.
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Figure 4.2. Three-dimensional view of Fig. 4.1.

To obtain the discretization equation for Poisson’s equation at mesh point

(ij, k), Eq.(2.4) is integrated with a corresponding volume element, dv;; i, centered

/ / g © = / / /dv.-,.,,, Sdv (4.1)

To guarantee flux conservation, Gauss’ law is applied to Eq.(4.1):

I, e n== L, o (+2)

Since the volume element has two surfaces in the z-direction and twelve sur-

on (ij, k):

faces in transverse directions, and

ét-Léuh (4.3)

where a; and a, are normalized area direction vectors in the transverse and z-

directions, respectively, Eq.(4.2) can be written as

12 2
Y Vi dridAg+ Y Vb, dA,, = — Pk i i, (4.4)
€0
=1 =1
or,
Ry + R. = —Qijpk, (4.5)
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where R, is the total flux in the transverse direction:
12

Ry =) V- ay,dAy, (4.6)

=1
R, is the total flux in the z-direction:

2
R.=) Vé.i-a,1dA,,, (4.7)
=1
and
Qijk = p_;_’,idvij,k- (4.8)

The discretization method for these directions will be discussed separately.
4.1.1. Discretization in the Transverse Direction

Winslow’s method (Winslow 1967) is used for discretization in the transverse
direction. The basic assumptions of the method are: (a) the values of ¢ are
defined at triangle vertices; (b) p is assumed to be constant over each secondary
mesh dodecagon.

(a) Interior mesh points:

To calculate the flux across the control volume faces that fall within the
element, a shape function for the electric potential, ¢, is needed, which describes
the variation of ¢ over a triangular element. Since three ¢ values at three mesh
points are known for each triangle element, the shape function of ¢ used in this

study is assumed to be a linear function of z and y within every triangle:
¢ = a+ bz + cy, (4.9)

where the constants a, b, and ¢ are expressed in terms of the three corner-mesh
values of ¢. Thus each triangle has a constant electric field vector associated with
it,

Ee = —Véri,,, (4.10)
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S
Y insl

Figure 4.3. The vectors used in the discretization of the Poisson’s equation on
the triangular mesh.

where the subscript ¢, | represents the triangle defined by the two side vectors s;,,
Si, 410 With values ¢; , ¢; ., at the respective vertices as shown in Fig. 4.3. Hence,
the gradient V¢t,,-"+ 3 inside the triangle with index ¢,, 1 is uniquely determined

by the values of ¢ at the three corner-mesh points of the triangle,

Pin — 6i =8i Vo 4 (4.11)
¢in+1 - ¢i = Si41 v¢t,i"+% (412)
or
Sin,z Sin,y V¢z ) — ( A¢in ) 4.13
(8i,,+1,z s.',,“,y) <V¢y iy Adi, ., (4.13)
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where s;, ; and s;, , are defined as
$n=35Ji+sumi
V¢, and V¢, are defined as
V$ = Vé.i+ Ve,

and
Adi, = i, — ¢i-

Thus, the V¢t,,-n+ 3 for each triangle can be obtained from Eq.(4.13):

. AQS,'"_H (_Sin’yi + Sin,xj) - A¢in(—sin+1yy§ + sin+1 ij)

V¢t’in+s} - Sin,28in41,y T Sin,ySing1,z
Define
s* = syi - 3::35
then

*

sin = Sinsyl - Sinyt-]

*

sin+1 = Sin-}-l:yl - sin-i-l,f-]

and Eq.(4.17) becomes

. * . *
A¢'n sin+1 - A¢'n+l si"

.o.q¥*
s"‘ s’n-}-l

V¢t’i"+‘} =

Hence, the flux, in the transverse direction, can be written as

6
R, = Z V¢t,i"+% . ét,iﬂ_% dAt,i"+J2~ ’
n=1

where

é-t,in+% dAt,i = —de(m:‘" + m:‘n.'.l)

n+%
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(4.15)

(4.16)

(4.17)

(4.18)

(4.19)

(4.20)

(4.21)

(4.22)

(4.23)




and

m; = m;, ,i—mi,,, .0 (4.24)

Since
i 1 = 550y — 55 (429)

then
m} +m} = % s, —s%). (4.26)

Define

Rt,i"+% = V¢t,i"+§ ) at,iw% (14‘1t,z'n+12~ ) (4-27)
where Rt,,-n+ ) is the flux contribution from the triangle z'n_,_% shown in Fig. 4.3 to

the secondary mesh volume element. Substitution of Egs.(4.21), (4.23), and (4.26)
into Eq.(4.27) then gives:

Rt,i"_,__} = —‘(%’i ¢t,i”+,} ‘(S:,.“ - 8],
- _d;k Afi’ins?;:l .—S*A¢-',.+1 St | (st.,. — sk,
n " Biag
- AinSings - (Sings S;;").;i‘f‘n+ls"" (Sins = %0n) (4 95)
where the relations
u-vi=u-v (4.29)
and
u-vi=—u*-v (4.30)

have been used.
Hence, the total flux in the transverse direction, Ry, to the finite volume dv;;

centered at (ij, k) is equal to

de S A¢inSi"+1 * (S""+1 - sin) - A<ﬁiu+1 sin : (sin-l-l - Sin)
R =~ > . (4.31)

* .
n=1 sin : s'n+1
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Since the sum is cyclic, Eq.(4.31) can be rewritten as

6 . g
R, = dzi [S,,,_H ) (sln+1 - s'n) _ Siny (s'" S'""l) Ag;,. . (432)
1

2 S7 “Sini, ST -s;

tn—1 n

n= tn

Note that this expression for the flux involves seven values of the electric

potential, namely at the seven primary mesh points in Fig. 4.1.

(b) Transverse boundary mesh points:

There are two types of boundary mesh points in the transverse direction. Fig.
4.4(a) shows one of the three corners of the computational domain, and Fig. 4.4(b)
shows the boundary mesh point not at the corners. For the case shown in Fig.

4.4(a), since E is required to be perpendicular to lines 0 — 1 and 0 — 2,

/ E-ds = 0. (4.33)
11—-0-2¢

The same thing occurs for the boundary points shown in Fig. 4.4(b),

/ E-ds=0. (4.34)
1'—=0—4'

Eqs.(4.33) and (4.34) mean that the difference equations for ¢ at the boundary
points are identical to those for interior points, except that only contributions
from interior triangles are taken into account. That is, the corresponding sums in
Eq.(4.32) are only from n =1 ton =2 in Fig. 4.4(a), and fromn=1ton =41in
Fig. 4.4(b).

4.1.2. Discretization in z-Direction

Similar to the two-dimensional model, the flux contribution from the z-direction

is given by the following equation:

R, =V k-1"8:k-1d4: k-1 + Vo, kt1 -8, k4144, k41 (4.35)
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Figure 4.4. Boundary mesh points with neighboring interior mesh points, and
secondary polygon: (a) boundary point with two interior mesh points and (b)
boundary point with four interior mesh points.

Since
~8, 51 = Az 141 = K, (4.36)
6
dAz,k—l = dAz,k+1 = 2_:1 a,~”+%, (437)
Vst = $ijk — Pijk—1 i, (4.38)
dzg-1
and
Vo = PR kg, (4.39)
Zk+1
where %y is the area shown in Fig. 4.3, then, Eq.(4.35) becomes
1 1
R, =dA.x (E;;:(¢ij,k—l — ijk) + m(‘ﬁia‘,kﬂ - ¢-‘j,k)>- (4.40)

4.1.3. The Final Discretization Equations

By substituting Eqs.(4.32) and (4.40) into Eq.(4.5), the discretization equa-

tion of Poisson’s equation at mesh point (ij, k) can be written as

6 2
Z Wi, nAdn i + Z Wan(Gijk+(-1)n — ijk) = —Qijk (4.41)
n=1 n=1
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where

W = dz (Ssm '*(Sl'n+1 —8in)  Siny -*(s,,, - Sin-1)> , (4.42)
2 Sin ' sin+1 in—1 ) s"n
Wy, =dA _r (4.43)
n = 2,k de+(—1)n ) .
and
d’v,'j,k = dzde,,k, (4.44)
where
6
dA =) ai . (4.45)
n=1

In summary, the finite difference equations for all interior and boundary mesh

points can be written in matrix form:

Ar A (U
(A2,1 Ao Az \ { ¢; \
Az, Asz  Asg Y3
Ak,k.—l Ak:k Ag k41 ' ¢.k
Anrper Anotnr Ancin | | ¥ne
\ M ey T )
S
e
33
-1 . (4.46)
\"% )

where n is the maximum of k.
In this matrix equation, the matrix on the left-hand side of Eq.(4.46) is a

block tridiagonal matrix as shown. These blocks are also sparse, the diagonal

71 -




blocks containing not more than seven nonzero elements in every row, and the
off-diagonal blocks only having one nonzero element in any row. Each element 13
represents a column vector with components ¢;;; for ¢ = 1,m, where m is the
maximum of ¢j. The elements of the right-hand side of Eq.(4.46) are vectors with
elements

Sijk = —Qijks iy =1,m. (4.47)
At the far upstream and far downstream positions, and at the screen and acceler-
ator grid boundaries, the right-hand side of Eq.(4.46) also contains values of the
boundary potentials, similar as for the axisymetric calculation in Chapter III (see
Eqs.(3.31), (3.35), and (3.42)).

The same solution procedure is employed as for the axisymmetric case, de-
scribed in section 3.1.3. However, a significant difference exists between the sizes
of the respective arrays. Namely, whereas, for the axisymmetric calculation, the
size of the blocks is equal to the number of transverse (radial) grid points N, the
size of the blocks for the 3D calculation is %N 2, Therefore, a large fraction of the

CPU time is spent on solving Poisson’s equation at each time iteration.
4.2. Weighting Factor for the Triangular Mesh

For the three-dimensional model, area weighting is used for particle-to-grid

interpolation. This area weighting is performed as indicated in Fig. 4.5:

a
14 = 9 rea
b
= q,—— 4.4
9B = . (4.48)
c
1€ = sren
where g, is the particle charge and
area=a+b+ec. (4.49)
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particle

A C

Figure 4.5. Area weighting for the triangle mesh element. Areas are assigned to
grid points; i.e., area a to grid 4, b to B, and c to C.

4.3. Example Calculations

For the most part, the two-dimensional and three-dimensional models give
similar results for average velocity distributions, ion number densities, and po-
tential variations along the ion beam axis. Production of charge exchange ions is
also similar for the two models. Therefore, the calculation results shown in this
section will concentrate primarily on the erosion of the accelerator grid and on the
transverse potential contours that give rise to the pitted erosion patterns of the
hexagonal aperture array which were observed in experiments.

The calculation was performed on a mesh containing 162 grid points in the
transverse, and 42 grid points in the axial directions, using a timestep of 1.1x10~°
seconds. The calculation was terminated after 5000 timesteps, at which time the

computational domain contained about 60,000 simulation particles. The total

CPU time was about 9 hours (with IBM RISC SYSTEM/6000/550 computer).
4.3.1. Geometry and Plasma Conditions

The geometry parameters of the computational domain and the potentials of

the plasma and electrodes were chosen to correspond the experimental configura-
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Table 4.1 Parameters using in 3D calculations

Screen hole diameter (mm) 191
Accelerator hole diameter (mm) 1.52
Thickness of both grids (mm) 0.51
Grid-to-grid distance (mm) 1.0
Screen grid open fraction 0.67
Plasma potential ) 1828
Screen grid potential ) 1800
Accelerator grid potential ) -510
Electron temperature (eV) 1.5
Ion temperature x 1000
Ion extraction velocity (m/s) 400
Upstream ion density (m?) 1x10'®
Neutral gas density (m?) 5x10'®

tion used by Rawlin (1988), except the beam current used in the calculation which
was one order of magnitude less than Rawlin’s. These input parameters used in
the calculations are given in Table 4.1. Again, the calculations were performed for
operation of the thruster using xenon propellant.

Next, the comparison of calculated and experimentally observed sputtering
erosion is shown first. Then the calculated transverse electric potential contours
are given. These explicitly show how the pitted erosion pattern is a direct con-
sequence of this transverse electric field distribution in the downstream region of

the thruster. Finally, comparison of two- and three-dimensional models of grid

erosion 1s given.




4.3.2. Comparison of Calculated and Experimentally Observed

Grid Erosion

Several xenon ion thruster lifetime experiments (Patterson and Verhey 1990,
Rawlin 1988, and Brewer 1970) have shown that accelerator grid erosion is the
most likely limitation of ion engine lifetime. Significant grid erosion occurred at
the downstream surface of the accelerator grid, as shown in Figs. 4.6 and 4.7,
taken from Patterson and Verhey (1990) and Rawlin (1988). From Figs. 4.6
and 4.7, it can be seen that the maximum grid erosion occurs at the geometry
centers between apertures and the erosion holes are triangular in shape. Such grid
erosion is caused by the charge exchange ions which are created in the deceleration
region inside the ion beam plume and, therefore, are accelerated back toward the

accelerator grid and strike its downstream surface.

The calculated sputtering erosion of the downstream surface of the accelerator
grid, using the three-dimensional particle simulation code for a background neutral
density of 5 x 1018m ™3, is shown in Fig. 4.8 (to aid in the visual interpretation,
several actual cross-sections are shown together). The values shown are the total
number of molybdenum atoms sputtered by xenon ions per area during the 5.5
microseconds of computation. In Fig. 4.8, the concentration of sputtering between
grid apertures is clearly visible. The roughly triangular shape and orientation
of these erosion contours are the same as shown in Figs. 4.6 (Patterson and
Verhey 1990) and 4.7 (Rawlin 1988). As discussed in the next section 4.3.3.,
this pitted erosion pattern is the result of focusing of the charge exchange ions by
the transverse electric field in the downstream deceleration region of the thruster.
Although the assumed background neutral number density is certainly not as low

as one would like to obtain in an ideal ground test (and is certainly significantly
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gl C-89-12214

C) Downstream Surface, Pre-Lifetest. D) Downstream Surface, Post-Lifetest.

Figure 4.6. Experimentally observed grid erosion on the downstream surface of
the accelerator grid, center holes (from Patterson and Verhey 1990).
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(3) DOWNSTREAM SIDE, BEFORE TEST. (b) DOWNSTREA% SIDE, AFTER TEST.

{c) UPSTREAM SiDE, AFTER TEST.

Figure 4.7. Experimentally observed grid erosion on the downsiream surface of
the accelerator grid, center holes {from Rawlin 1988).
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Figure 4.8. Calculated erosion contours on the downstream surface of the accel-
erator grid (values are number of atoms per square meter per 5.5 usec). Note the
concentration of sputtering between apertures.

higher than in an actual space application), it is still low enough that most charge
exchange ions are created in the region far downstream from the accelerator grid.
This clearly indicates that the highest sputtering erosion should take place on the

downstream surface of the accelerator grid.

In addition to the erosion on the downstream side of the accelerator grid, a

smaller amount of sputtering also occurs on the interior and the upstream surfaces

of the accelerator grid.

A comparison with other numerical simulation of grid erosion was not possible

since the author was unable to find any in the literature.
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4.3.3. Calculated Transverse Electric Potential Contours

The electric potential contours at different transverse cross-sections along the
thruster axis are shown in Fig. 4.9. To aid in the visual interpretation of these
results, each of the following figures is a composite of six of the basic computational
cross-sections (as shown in Fig. 2.3), arranged symmetrically around the geometric
center of three adjacent apertures (thus, each of the three corners of the equilateral

triangles constitutes one one-sixth of an aperture cross-section).

Fig.4.9a shows the potential contours 0.02 mm upstream from the screen
grid. The electric potential gradient shown in this figure is focusing beam ions
through the screen grid aperture. The typical electric potential contours inside
the screen grid aperture is shown in Fig. 4.9b. It can be seen that the beam ions
are continuously focused through the apertures and the potential gradient in the
transverse direction at the screen grid is much greater than in the upstream region

of the screen grid.

The transverse electric potential gradient changes its direction somewhere
between the screen and accelerator grids. This is shown in the progression of Figs.
4.9c, 4.9d, and 4.9e proceeding from 0.3825 mm, 0.2550 mm, and 0.1275 mm
upstream from the accelerator grid. In Fig. 4.9¢c, the electric potential gradient is
about 378 Volts and tends to focus the beam ions toward the axis of the apertures.
While the electric potential gradient shown in Fig. 4.9d still shows the tendency to
force the ions toward the axis of the apertures, the potential gradient has dropped
to about 91 Volts. The complete opposite electric potential gradient appears in
Fig. 4.9e because it is closer to the accelerator grid and because of the existence of
the positive ions. Therefore, the transverse electric field changes its direction from

focusing to diverging the ion beams somewhere between the screen and accelerator
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grids.

The typical electric potential contours inside the accelerator grid aperture is
shown in Fig. 4.9f. The potential gradient does not show a very large value. Thus,
if a charge exchange ion is created inside the aperture, it will not cause too much

damage to the accelerator grid.

The transverse electric potential contours downstream region of the accelera-
tor grid are shown in Figs. 4.9g — 4.9n. As shown in these figures, the downstream
electric potential fields influence the performance of thrusters in two ways. First,
the transverse electric potential tends to diverge the ion beams that decrease the
axial velocity component and hence the thrust of the engine. Second, the effect
on slow charge exchange ions by such electric fields is to accelerate these ions back
upstream toward the grids and to focus them onto the geometric centers between
apertures. This accounts for the pitted erosion spots that are observed to occur
between apertures, and explains the sputtering erosion patterns observed in the
experiments (Pawlik and Reader 1967, Rawlin 1988, and Patterson and Verhey

1990) for the downstream surface of the accelerator grid.

4.3.4. Comparisons of Two- and Three-Dimensional Models

Sputtering Erosion Rates

To do the comparison between two-dimensional and three-dimensional mod-
els, the same geometry and plasma conditions in Table 4.1 are used for both
models. The only exception is that, to achieve the same open fractions, the out-
side diameter of the two-dimensional computational domain is 2.33 mm, whereas,

in the three-dimensional calculation, the center-to-center distance between two

adjacent apertures is 2.45 mm.
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Figure 4.9. Transverse electric potential contours between accelerator grid aper-
tures. (a) 0.02 mm upstream from the screen grid. (b) The middle way of the
screen grid. (c) 0.75 mm, (df 0.50 mm, and %T) 0.25 mm upstream from the
accelerator grid. (f) The middle way of the accelerator grid.
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4.9. (continued). (g) 0.5 mm, (h) 1.0 mm, (i) 1.5 mm, (j) 2.0 mm, (k) 2.5
3.0 mm, (m) 3.5 mm, and (n) 4.0 mm downstream from the accelerator
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Figure 4.10. Wear-through lifetimes of the accelerator grid as a function of back-
ground neutral number density, for both the two- and three-dimensional models.
The dashed lines indicate a pure inverse relationship.

For identical thruster operating conditions, both models predict about the
same mass loss rate per accelerator grid aperture, 0.61 and 0.66 mg per 1000
hours of operation for the two-dimensional and three-dimensional models, respec-
tively. In the three-dimensional model, the minimum wear-through time of the
accelerator grid (which is calculated from the mass loss rate of the downstream
surface assuming no geometry changes) is a factor of 2.5 shorter than in the two-
dimensional model, namely 10,400 hours versus 26,000 hours. This shorter wear-
through time is a direct reflection of the concentration of sputtering between grid

apertures (pitting) calculated by the three-dimensional model.

Effect of Neutral Background Density

The effect of a varying background neutral density on the erosion rate was
studied using both two-dimensional and three-dimensional models. Specifically,
Fig. 4.10 shows the minimum wear-through time of the accelerator grid (obtained

as explained above) for several values of this background neutral number density.
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The straight, dashed lines in the figure represent simple inverse relationships be-
tween the lifetime and the neutral background density. For the three-dimensional
data, this straight line is seen to fit the data well over the range of densities con-
sidered. Since the production of charge exchange ions is directly proportional to
the neutral background density and the density of charge exchange ions is much
smaller than that of the primary beam ions, a linear relationship between neutral
density and background density is expected. However, it should be noted that
one approximation made in the models is that of a constant background neutral

density.
4.4. Conclusions for the Three-Dimensional Model

A fully three-dimensional, multi-aperture model is required to accurately ac-
count for the pitted erosion pattern observed in experiments. It has been explicitly
shown how this pitted erosion pattern is a direct consequence of the transverse
electric field distribution in the downstream region of the thruster. Because of this
focusing of charge exchange ions in the three-dimensional model, the calculated
wear-through lifetime of the accelerator grid is two to three times shorter than

that predicted by the two-dimensional model.
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CHAPTER V

SUMMARY AND RECOMMENDATIONS

5.1. Summary

Electrostatic ion thruster research in the United States has been conducted
for more than 30 years. Ion propulsion, with specific impulse in the 2,000 to
10,000 sec range, appears to meet the needs of interplanetary missions and orbit
transfer missions where fast delivery is not essential. Because the total mission
time accomplished by ion propulsion is long, the engine lifetime is one of the critical
issues for using ion propulsion. This lifetime issue has been addressed recently
by the ground tests conducted at NASA Lewis Research Center (Patterson and
Verhey 1990 and Rawlin 1988), is which it was demonstrated that the grid erosion
due to charge exchange is the most likely limitation of ion engine lifetime.

Therefore, the motivation of the present study was to develop a numerical
simulation model to obtain a better understanding of the mechanism of the charge
exchange grid erosion. The three-dimensional model developed in this study has
demonstrated the capability to predict the pitted sputtering erosion pattern of the
accelerator grid which was observed in the experiments. This three-dimensional
model has also explicitly shown that such a pitted sputtering erosion pattern is
the direct reflection of the transverse electric field distribution in the downstream
deceleration region of the thruster, which, in turn, is determined by the geometry

of the hexagonal array of grid apertures.
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During this study, a two-dimensional model was also developed to simulate a
single set of apertures in an accelerator grid system. Although the two-dimensional
model can not produce the pitted sputtering erosion pattern for a grid system con-
sisting of an array of apertures with the usual hexagonal geometry, it can provide a
qualitative description of the ion flow and the charge exchange collision processes.
Besides, since the two-dimensional model requires less computer resources than
the three-dimensional one, it is useful for a qualitative study of the accelerator

system.

Two key simulation methods were used in both the two- and three- dimen-
sional models. One is the particle-in-cell method which is used to simulate the ion
flow. The other is the Monte Carlo method which is used to simulate the charge
exchange collisions. This numerical particle simulation method has proven to be

a powerful tool for the study of very low density ion thrusters.

5.2. Recommendations

The numerical model, based on the particle-in-cell and Monte Carlo tech-
niques, has been shown to be capable of modeling the ion flow and the grid erosion
in an ion engine, both qualitatively and quantitatively. However, several modi-
fications to the code are suggested to obtain an improved understanding of the
accelerator grid erosion.

Essentially, the charge exchange erosion pattern is determined by the elec-
tric field in the downstream region of the thruster. Thus, a more complete un-
derstanding of the neutralization process and, therefore, the downstream plasma
conditions, would lead to a better model of the erosion process. This may require
direct simulation of the downstream plasma. To simulate the plasma, electrons

must be included in the model explicitly. Thus, the downstream plasma sheath
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region, the interaction between ion beams and the downstream plasma, and the
electric potential field inside the plasma would be simulated explicitly.

Similarly, direct simulation of the propellant neutral flow may provide more
insight into what percentage of the sputtering yield is contributed by the neutral
background residual atoms. In other words, a quantitative study of the accelerator
grid erosion would be facilitated by a direct simulation of the neutral flow from
the thruster. Since the ion thruster is a very low density device with Knudsen
numbers that are usually greater than 10 the neutral flow can be simulated using
the Direct Simulation Monte Carlo method (Bird 1976).

Finally, the upstream plasma sheath region could be simulated more carefully.
Modeling this plasma sheath is a difficult problem as Bohm first recognized more
than forty years ago. Application of the direct particle simulation approach to this
problem, including simulation of both ions and electrons, might overcome many

of the difficulties in modeling the plasma sheath.
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