Chapter 4
lon Thruster Plasma Generators

lon thrusters are characterized by the electrostatic acceleration of ions extracted
from a plasma generator. lon thruster geometries are best described in terms of
three basic components: the ion accelerator, the plasma generator, and the
electron neutralizer. The ion accelerator, described in Chapter 5, typically uses
electrically biased multi-aperture grids to produce the ion beam. The neutralizer
cathode, which is discussed in Chapter 6, is positioned outside the thruster body
to provide electrons to neutralize the ion beam and maintain the potential of the
thruster and spacecraft relative to the space plasma potential. In this chapter,
three types of the third component of modern flight ion thrusters, namely the
plasma generator, are discussed. These plasma generators utilize direct current
(DC) electron discharges, radio frequency (rf) discharges and microwave
discharges to produce the plasma. Physics-based models will be developed and
used throughout the chapter to describe the performance and characteristics of
these different plasma-generation techniques.

4.1 Introduction

The basic geometry of an ion thruster plasma generator is illustrated well by the
classic DC electron discharge plasma generator. This version of the thruster
plasma generator utilizes an anode potential discharge chamber with a hollow
cathode electron source to generate the plasma from which ions are extracted to
form the thrust beam. A simplified schematic of a DC electron bombardment
ion thruster with these components coupled to a multi-grid accelerator is shown
in Fig. 4-1. Neutral propellant gas is injected into the discharge chamber, and a
small amount is also injected through the hollow cathode. Electrons extracted
from the hollow cathode enter the discharge chamber and ionize the propellant
gas. To improve the efficiency of the discharge in producing ions, some form of
magnetic confinement typically is employed at the anode wall. The magnetic
fields provide confinement primarily of the energetic electrons, which increases
the electron path length prior to loss to the anode wall and improves the
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cathode heater supply raises the thermionic emitter to a sufficient temperature
to emit electrons, and is turned off once the plasma discharge is ignited. The
keeper electrode positioned around the hollow cathode tube is used to facilitate
striking the hollow cathode discharge, and also protects the cathode from ion
bombardment from the discharge chamber region. The cathode and keeper are
discussed in Chapter 6. The discharge supply is connected between the hollow
cathode and the anode, and normally is run in the current-regulated mode in
order to provide a stable discharge at different power levels.
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Fig. 4-2. Electrical schematic of a DC-discharge ion thruster
with the cathode heater, keeper and discharge power
supplies.
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RF and microwave ion thrusters utilize ion accelerator and electron-neutralizer
implementations nearly identical to that of the DC-discharge ion thruster.
However, these thrusters do not employ a discharge hollow cathode or anode
power supply. These components are replaced by rf or microwave antenna
structures, sources of microwave radiation and compatible discharge chambers
to ionize the propellant gas and deliver the ions to the accelerator structure.
These thrusters also utilize either applied or self-generated magnetic fields to
improve the ionization efficiency of the system.

The three thruster plasma generators to be discussed here, DC electron
discharge, rf, and microwave discharge, have been successfully developed and
flown in space. The principles of these different classes of plasma generators
are described in the following sections after a discussion of the plasma
generator efficiency that can be expected in an idealized case.

4.2 ldealized lon Thruster Plasma Generator

It is worthwhile to examine an ion thruster in the simplest terms to provide an
understanding of the dominant processes in the particle flows and energy
transport required to produce the plasma. The idealized thruster model has
power injected by arbitrary means into a volume filled with neutral gas to
produce ionization and neutral gas excitation, with all the ions going to the
accelerator grids and an equal number of plasma electrons going to the wall to
conserve charge. This is illustrated schematically in Fig. 4-3. For this model,
the thruster discharge chamber has a volume V that fully encloses the plasma
that is produced by ionization of neutral gas by the plasma electrons. The ions
from the plasma flow only to the accelerator grid structure (perfect confinement
elsewhere in the discharge chamber) with a current given by the Bohm current:
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Fig. 4-3. Idealized ion thruster with the ions assumed
going to the grids and electrons going to the chamber
wall.
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| P = % N evaA , (4.2-1)

where nj is the ion density in the center of the volume; v, is the ion acoustic
velocity; A is the total ion loss area, which is assumed to be only the grid area;
and the ions are assumed to be cold relative to the electrons. The ion beam
current is then the total ion current to the grids multiplied by the effective grid
transparency, Tg:
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where the current lost to the accel and decel grids has been neglected as small.
lons are assumed to be produced by ionization of neutral particles by the
plasma electrons in the discharge chamber, with a rate given by

Iy =nonee(oive)V , (4.2-3)

where ng is the neutral gas density, ne is the plasma electron density, o; is the
ionization cross section, Vg is the electron velocity, and the term in the brackets

is the reaction rate coefficient which is the ionization cross section averaged
over the Maxwellian electron velocity distribution function. The formulation of
the reaction rate coefficient was described in Chapter 3, and the values for
xenon as a function of electron temperature are given in Appendix E.

Power is conserved in the system, so the power put into the plasma is equal to
the power that comes out in the form of charged particles and radiation. To first
order, the power injected into the plasma goes into ionization and excitation of
the neutral gas, heating of the electrons, and power that is carried to the walls
and the grids by the ions and electrons. The power that is put into the system is
then

R =1 U+ 17U + L + e g, (4.2-4)
T

where U™ is the ionization potential of the propellant gas, U is the excitation
potential of the gas, 7 is the average electron confinement time, ¢ is the ion

energy carried to the walls, and &, is the electron energy carried to the walls by

the electrons leaving the plasma. The term 1" is the excited neutral production
rate, given by
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1" =Y nonee(o, ve>j Vv, (4.2-5)
i

where o, is the excitation cross section and the reaction rate coefficient is
averaged over the electron distribution function and summed over all possible
excited states j. Using Eqgs. (4.2-3) and (4.2-5) in Eq. (4.2-4), the power input
can then be written as

* iox (A
Rn = None(OiVe)V| U +———LU" |+1;g +2"¢,.  (4.2-6)
<0'iVe> T

Assuming quasi-neutrality (nj =ng) and that the ions and electrons leave the
volume by ambipolar flow at the same rate, which is a function of the mean

confinement time 7, the ion current out is given by

I =tneva= Y (4.2-7)
2 T

The mean confinement time for ions and electrons is then

2V
T=—0. (4.2-8)
VA
The energy that an electron removes from the plasma as it goes to the wall is
given by

eo=252 1, (4.2-:9)

where ¢ is the plasma potential relative to the wall. Equation (4.2-9) is derived
in Appendix C. The ions fall first through the pre-sheath potential,
approximated by Ta,/2 to produce the Bohm velocity, and then through the

sheath potential. Each ion then removes from the plasma a total energy per ion
of

& :1& +¢. (4.2-10)
2 e

The plasma potential in these two equations is found from the electron current
leaving the plasma, which is given by Eq. (3.7-52):
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U2
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where A, is the electron loss area and m is the electron mass. Since ambipolar
ion and electron flow to the wall was assumed, equate Egs. (4.2-1) and (4.2-11)
and use +/Te/M for the ion acoustic velocity to give the plasma potential
relative to the wall:

¢=k—}|n{i ﬁ} (4.2-12)

AN mm

Equation (4.2-12) is normally called the floating potential and applies in this
case because there are no applied potentials in our ideal thruster to draw a net
current.

The electron temperature can be found by equating the ion production and loss
rates, Egs. (4.2-1) and (4.2-3), which gives

JKTo/M
e/M _2nV (4.2-13)

(oive) A

The reaction rate coefficient in the denominator depends on the electron
temperature, and so this equation can be solved for Ty if the discharge chamber

volume, neutral pressure, and ion loss area are known.

The discharge loss is defined as the power into the plasma divided by the beam
current out of the thruster, which is a figure of merit for the efficiency of the
plasma-generation mechanism. The discharge loss for this idealized thruster,
using Eq. (4.2-2) for the beam current, is then given by

2n0<GiVe>V U++<O-*Ve>j *

Fn
Ng=—7= U
Iy Va ATy (OjVe)
(4.2-14)
+i 2.5KT + 2KTg In A |2M .
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As evident in Eq. (4.2-14), the grid transparency (Tg) directly affects the
discharge loss, and the input power is distributed between the first term related
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to producing ions and excited neutrals, and the second term related to heating
the electrons that are lost to the walls.

To evaluate Eq. (4.2-14), the ratio of the excitation to ionization reaction rates
as a function of the Maxwellian electron temperature must be known. This is
shown in Fig. 4-4 for xenon gas from data in Appendix E. For electron
temperatures below about 8 V, the excitation rate exceeds the ionization rate in
xenon for Maxwellian electrons. Since the lowest excitation potential is near
the ionization potential in xenon, this higher excitation rate results in more of
the input power being radiated to the walls than producing ions. This effect
explains at least part of the inefficiency inherent in xenon plasma generators.
Excitation rates equal to or higher than the ionization rate at low electron
temperatures are also generally found for other inert gas propellants.

The discharge loss from Eq. (4.2-14) for this ideal thruster example is plotted as
a function of the mass utilization efficiency for a generic 20-cm-diameter
thruster in Fig. 4-5, where the ionization potential of xenon is 12.13V, the
average excitation potential is 10 V, and 80% of the ions incident on the grids
become beam ions (Tq=0.8). It was also assumed for simplicity that the

plasma electrons were lost to the floating screen grid and the chamber wall. The
mass utilization efficiency is inversely proportional to the neutral density in the
thruster, which will be derived in Section 4.3.6. In the figure, the discharge loss
is shown in (eV/ion), which is equivalent to watts of discharge power per
ampere of beam ions (W/A). In an ideal plasma-generator case with 80% of the
ions that are generated assumed to become beam current, the amount of power

14

12

-
o

Excitation-to-lonization Ratio

0 1 2 3 4 5 6 7 8 9 10
Electron Temperature (eV)

Fig. 4-4. Ratio of the excitation to ionization rate coefficients for xenon as a
function of the electron temperature.
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Fig. 4-5. Discharge loss for the ideal thruster example as a function of
mass utilization efficiencies for a 30-cm plasma generator length.

required to produce one ampere of beam current is about 90 watts. While it
only takes 12.13 eV to ionize a xenon atom, even in an idealized thruster it
takes 7.5 times this energy to produce and deliver an ion into the beam due to
other losses.

It is informative to see where the extra input power goes in the thruster.
Figure 4-6 shows the power lost in each of the four energy loss mechanisms
described above for an ideal thruster 30-cm long producing 1 A of beam
current. The ionization power is constant in this case because this example was
constrained to produce 1 A, and the power required per beam ampere is then
(1/0.8)*12.13 = 15.1 W. The major power loss is excitation at low mass
utilization where the electron temperature is low, as suggested by Fig. 4-4. The
ion and electron convection losses to the wall also increase at higher mass
utilization efficiencies because the neutral density is decreasing, which
increases the electron temperature, raises the plasma potential, and thereby
increases the energy lost per electron and ion.

Many thruster design concepts use electron confinement to improve the
efficiency. The impact of this can be examined in this ideal thruster model by
reducing the anode area A, . Figure 4-7 shows the four energy-loss mechanisms
for the same idealized thruster example just used, but with the effective anode
area collecting electrons decreased to 1cm? By conservation of charge,
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Fig. 4-7. Discharge loss for each of the energy loss mechanisms for the
ideal thruster with reduced anode area.
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electrons in this discharge are lost at the same rate as ions, so electron
confinement does not change the number or rate of electrons lost. The reduced
anode area only changes the plasma potential relative to the loss area potential
in order to maintain charge balance, as seen from examining Eq. (4.2-11). This
effect is clearly seen by comparing Figs. 4-6 and 4-7, where the energy loss
rates for ionization and excitation have not changed with the better electron
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confinement, but the energy convected out of the plasma in the form of ion and
electron power to the boundaries has decreased. This is because the plasma
potential described by the last term in Eq. (4.2-14) is reduced due to the smaller
anode area, which reduces the ion and electron energy loss channels. This is the
fundamental mechanism for making efficiency improvements (reducing the
discharge loss) in plasma generators.

The idealized thruster description illustrates that the power that must be
provided to produce the plasma in a thruster is large compared to that required
for ionization. In terms of the total thruster efficiency, this is the majority of the
“other” power in P, in Eq. (2.5-1). In reality, the discharge loss is significantly

higher than that found in this idealized example due to imperfect confinement
of the ions and electrons in the thruster, and due to other loss mechanisms to be
described below.

Finally, in most ion thrusters, such as electron bombardment thrusters and
microwave-heated electron cyclotron resonance (ECR) thrusters, the electron
distribution function is non-Maxwellian. The higher energy electrons observed
in electron bombardment thrusters are often called primaries, and they have
been found to be either monoenergetic or have some distribution in energies
depending on the plasma-generator design. Primary electrons have a larger ion
to excited-neutral production rate than do the plasma electrons due to their
higher energy, and so even small percentages of primaries in the plasma can
dominate the ionization rate. The inclusion of ionization by primary electrons in
particle and energy balance models such as the one just described tends to
reduce the discharge loss significantly.

4.3 DC Discharge lon Thruster

lon thrusters that use a DC electron-discharge plasma generator employ a
hollow cathode electron source and an anode potential discharge chamber with
magnetic multipole boundaries to generate the plasma and improve the
ionization efficiency. Electrons extracted from the hollow cathode are injected
into the discharge chamber and ionize the propellant gas introduced in the
chamber. Magnetic fields applied in the discharge chamber provide
confinement primarily of the energetic electrons, which increases the electron
path length prior to their being lost to the anode and improves the ionization
efficiency. The ions from this plasma that flow to the grids are extracted and
accelerated to form the beam.

Empirical studies over the past 50 years have investigated the optimal design of
the magnetic field to confine electrons and ions in thrusters. Figure 4-8 shows
the evolution of the discharge chamber geometry and magnetic field shape
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employed in efforts primarily aimed at improving the confinement of energetic
electrons injected into the chamber from thermionic cathodes in order to more
efficiently produce the plasma. Early thrusters pioneered by Kaufman utilized a
solenoidal [1] or mildly divergent magnetic field [2], shown in Fig.4-8(a),
which requires that electrons from the on-axis thermionic filament cathode
undergo collisions in order to diffuse to the anode and complete the discharge
circuit. A strongly divergent magnetic field thruster [3], shown in Fig. 4-8(b),
improved the primary electron uniformity in the plasma volume and resulted in
a lower discharge loss and a more uniform beam profile. This thruster
introduced a baffle in front of the hollow cathode electron source to further
inhibit on-axis electrons. The radial magnetic field thruster [4], shown in
Fig. 4-8(c), produced very uniform plasmas and good efficiencies, as did a cusp
version of the “divergent magnetic field” thruster shown in Fig. 4-8(d). The use
of permanent magnet, multipole boundaries, first reported by Moore [5],
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Fig. 4-8. Magnetic field types of ion thrusters: (a) mildly divergent B-field, (b) strongly
divergent B-field, (c) radial field, (d) cusp field, (e) magnetic multipole field, and
(f) ring-cusp fields.
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created essentially a field-free region in the center of the thruster that produced
uniform plasmas. The magnets in various versions of this concept were oriented
in rings or in axial lines to provide plasma confinement. Moore biased the wall
and magnets at cathode potential and placed the anodes inside the cusp fields,
as shown in Fig. 4-8(e), to require that electrons diffuse across the field lines by
collisions or turbulent transport before being lost. The permanent magnet ring-
cusp thruster of Sovey [6] is shown in Fig. 4-8(f), which has become the most
widely used thruster design to date.

The divergent field Kaufman ion thruster matured in the 1970s with the
development of 30-cm mercury thrusters [7,8]. Kaufman thrusters are described
in more detail in Section 4.4. Concerns with using mercury as the propellant
resulted in the development of xenon ion thrusters [9,10], which emerged at the
same time that the benefits of ring-cusp confinement geometries became
apparent [6,11,12]. The design and development of the NASA Solar Electric
Propulsion Technology Agplications Readiness (NSTAR) [13] and Xenon lon
Propulsion System (XIPS™) [14] flight thrusters in the 1990s was based on this
early work. At this time, only two of these magnetic field geometries are still
used in DC ion thrusters: the multipole magnetic field ring-cusp thrusters and
the divergent solenoidal magnetic fields in Kaufman-type thrusters. Ring-cusp
thrusters use alternating polarity permanent magnet rings placed around the
anode-potential thruster body. Energetic electrons are injected along a weak
diverging magnetic field at the cathode and demagnetize sufficiently to bounce
from the surface magnetic fields until they either lose their energy by collisions
or find a magnetic cusp to be lost to the anode. Kaufman thrusters inject
energetic electrons along a strong diverging solenoidal magnetic field with the
pole-pieces typically at cathode potential and rely on cross-field diffusion of the
electrons to an anode electrode placed near the cylindrical wall to produce
ionization and create a stable discharge.

4.3.1 Generalized 0-D Ring-Cusp lon Thruster Model

The idealized plasma-generator model developed in Section 4.2 is useful in
describing how the discharge produces the plasma, but neglects many of the
particle flows and energy transport mechanisms found in actual thrusters. The
complete particle flows in a thruster discharge chamber are shown in Fig. 4-9.
The primary electron current emitted by the hollow cathode, |, generates ions

and plasma electrons. The ions flow to the accelerator structure (lg), to the
anode wall (l;5), and back to the cathode (1 ). Some fraction of the primary
electrons is lost directly to the anode at the magnetic cusp (1 ). The plasma
electrons are also predominately lost to the anode at the cusp (15), with only a
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Fig. 4-9. Schematic of the thruster showing particle flows and potential distribution
in the discharge chamber.

very small fraction lost across the transverse magnetic field between the cusps
corresponding to the ambipolar current flows in this region.

The particle energies are determined by the potential distribution in the thruster.
Figure 4-9 also schematically shows the potential in the plasma chamber.
Electrons from the plasma inside the hollow cathode at a potential V, are
extracted through the orifice and into the discharge chamber where they gain
energy by passing through the potential Vi =Vy =V, +V +¢, where V, is the

potential drop in the plasma and ¢ is the anode sheath potential. Some of these
electrons cause ionization near the hollow cathode exit, which produces a
higher plasma density locally near the cathode exit that must be dispersed
before reaching the grid region in order to produce the desired uniform plasma
profile across the grids. The potential drop V,, in the plasma, which is assumed

to be uniform and quasineutral, can be reasonably approximated as kTo/2e

from the pre-sheath potential in the nearly collisionless plasma. lons leaving the
plasma then gain the energy &, = KTy /2e+ ¢, which was given in Eq. (4.2-10).
Electrons in the tail of the Maxwellian distribution overcome the anode sheath
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and are collected by the anode at the cusps, where they remove an energy per
particle of &, =(2kTo/e+¢), which is given in Eqg. (4.2-9) and derived in
Appendix C.

Analytic models of the discharge chamber performance in ion thrusters have
been described in the literature for many years [15-17]. The first
comprehensive model of the discharge chamber performance using particle and
energy balance equations in ring-cusp thrusters was developed by Brophy and
Wilbur [18,19] in 1984. In Brophy’s model, volume-averaged particle and
energy balance equations including primary electrons were used to derive
expressions for the discharge loss as a function of the mass utilization
efficiency in the thruster. Brophy’s model was extended by Goebel [20,21] to
include electrostatic ion confinement, primary confinement and thermalization,
the anode sheath [22], and hollow cathode effects. This model utilizes magnetic
field parameters obtained from a magnetic field solver that accurately models
the magnetic boundary. Since the model assumes a uniform plasma in the
volume inside the magnetic confinement in the discharge chamber, it is
sometimes called a 0-dimensional (0-D) model.

The 0-D discharge chamber model to be described here [21] self-consistently
calculates the neutral gas density, electron temperature, primary electron
density, plasma density, plasma potential, discharge current, and ion fluxes to
the boundaries of the discharge chamber. While the assumption of uniform
plasma is not particularly accurate near the cathode plume, the majority of the
plasma in the discharge chamber is relatively uniform, and the model
predictions agree well with experimental results. The 0-D model solves for
discharge loss as a function of the mass utilization efficiency, which is useful in
plotting performance curves that best characterize the discharge chamber
performance.

The particle flows and potential distribution in the thruster used in the 0-D
model are shown schematically in Fig. 4-9. Mono-energetic primary electrons
with a current | are assumed to be emitted from the hollow cathode orifice

into the discharge chamber, where they ionize the background gas to produce a
uniform plasma. Electrons produced in the ionization process and primary
electrons that have thermalized with the plasma electrons create a Maxwellian
plasma electron population that also contributes to the ionization. Due to the
relatively high magnetic field produced by the magnets near the wall, the
electron Larmor radius is much smaller than the dimensions of the discharge
chamber, and both primary and plasma electrons are considered to be reflected
from the boundary region between the magnetic cusps. The primary and plasma
electrons can be lost at the magnetic cusps because the magnetic field lines are
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essentially perpendicular to the surface. The number of electrons lost at the
cusp depends on the local sheath potential and the effective loss area at the
cusp. lons produced in the discharge chamber can flow back to the hollow
cathode, to the anode wall, or to the plane of the accelerator. At the accelerator,
these ions are either intercepted and collected by the screen electrode with an
effective transparency, Ty, or are extracted from the plasma through the grids

to become beam ions. The screen grid transparency depends on the optical
transparency of the grid and the penetration of the high voltage fields from the
accelerator region into the screen apertures. While this transparency is an input
to the discharge model, it is calculated by the ion optics codes described in
Chapter 5.

In this model, the high-voltage power supply that accelerates the ions, called
the screen supply, is connected to the anode. This means that the ions fall from
the average plasma potential in the discharge chamber to form the beam. It is
also possible to connect the screen supply to the screen and cathode, which
means that the ion current in the beam must pass through the discharge supply.
This changes the algebra slightly in calculating the discharge performance, but
it does not change the results. The components of the particle and energy
balance model are described in the following sections.

4.3.2 Magnetic Multipole Boundaries

Ring-cusp ion thrusters use alternating polarity permanent magnet rings
oriented perpendicularly to the thruster axis, with the number of rings selected
and optimized for different size thrusters [20]. This configuration provides
magnetic confinement of the electrons with finite loss at the magnetic cusps,
and electrostatic confinement of the ions from the anode wall due to the quasi-
ambipolar potentials at the boundary from the transverse magnetic fields. Line-
cusp thrusters also use high field magnets, but the magnets are configured in
alternating polarity axial lines that run along the chamber wall. Asymmetries at
the ends of the line cusps cause plasma losses and difficulties in producing a
uniform symmetric field at the cathode exit, which adversely affects the
electron confinement and thruster efficiency. Ring-cusp thrusters are the most
commonly used discharge chamber design at this time due to their ability to
produce high efficiency and uniform plasmas at the ion accelerator surface if
properly designed.

A schematic representation of a section of a ring cusp magnetic multipole
boundary is shown in Fig. 4-10. In this view, a cut along the axis through a six-
ring boundary at the wall is made, leaving the ends of the alternating magnets
visible. The magnetic field lines terminate at the magnet face, resulting in a
cusp magnetic field with field lines perpendicular to the wall at the magnet.
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Electrons that are incident in this area will be either reflected by the magnetic
mirror, electrostatically repelled by the sheath potential, or lost directly to the
anode. Electrons that are incident between the cusps encounter a transverse
magnetic field and are reflected from the boundary. The contours of constant
magnetic field shown on the right in Fig. 4-10 illustrate that the total field is
essentially constant across the boundary at a distance sufficiently above the
magnets, although the component of the field is changing from purely
perpendicular at the cusp to purely parallel between the cusps.

An analysis of the magnetic field strength for various multipole boundaries was
published by Forrester [23] and discussed by Lieberman [24]. Since the
divergence of the magnetic field is zero, the field satisfies Laplace’s equation,
and the solution for the lowest-order mode at a distance from the magnets
greater than the magnet separation can be expressed by a Fourier series. This
gives a magnetic field strength above the magnet array described by

By(x,y) = m;VdBO cos(%x)e‘”y/d , (4.3-1)

where B, is the magnetic field at the surface of the magnet, d is the distance

between the magnet centers, w is the magnet width, and the y-direction is
perpendicular to the wall in Fig. 4-10. Due to localized magnet positions, the
field has the periodic cosine behavior along the surface of the wall illustrated in
the figure. In addition, the magnetic field decreases exponentially away from
the wall all along the boundary.

At the cusp, the field actually decreases as 1/d? due to the dipole nature of the
permanent magnet. This rapid decrease in the field moving away from the
magnet illustrates the importance of placing the magnets as close to the plasma
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Fig. 4-10. Cross section (side) view of a six-ring-cusp magnetic
multipole boundary showing the magnetic field lines and examples
of contours of constant magnetic field.
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as possible to maximize the field strength inside the discharge chamber for a
given magnet size in order to provide sufficient field strength for primary and
secondary electron confinement at the wall. Between the cusps, the dipole
characteristics of the local field forces the field lines to wrap back around the
magnets, which causes the magnetic field strength to have a maximum at a
distance y = 0.29*d from the wall, which will be derived in Section 4.3.4. The
transverse maximum field strength produced between the cusps is important to
provide electron and ion confinement, which improves the thruster efficiency.

While analytic solutions to the magnetic field provide insight into the field
structure, the availability of commercial computer codes to calculate the fields
accurately makes it much simpler to model the entire ring-cusp field. For
example, Fig. 4-11 shows the contours of constant magnetic field measured and
calculated using Maxwell three-dimensional (3-D) magnetic field solver [25]
for the Nuclear Electric Xenon lon Thruster System (NEXIS) [20] with six ring
cusps. The measured and calculated values are within the measurement error.
This type of plot shows clearly the localized surface-field characteristic of
magnetic multipole boundaries, which leaves the majority of the inner volume
essentially magnetic-field free. A large field-free region design significantly
enhances the plasma uniformity and ion current density profile [20,26]. In this
case, the 60-gauss magnetic field contour is closed throughout the inside
surface of the thruster, which will be shown in the next section to provide good
plasma confinement at the wall.

Grid Hole Pattern Diameter

Axial Position
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Fig. 4-11. Comparison of measured (dashed) and calculated (solid)
magnetic field contours in the six-ring NEXIS thruster [20].
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4.3.3 Electron Confinement

The primary electrons are injected into the discharge chamber from the hollow
cathode. The discharge chamber can be viewed as a volume with reflecting
boundaries and discrete loss areas for the electrons at the cusps where the
magnetic fields lines are nearly perpendicular to the surface. The primary
electrons then effectively bounce around in the chamber until they are either
lost directly to the anode wall by encountering the finite loss area at the cusps,
make an ionization or excitation collision, or are thermalized by coulomb
interactions with the plasma electrons. The primary current lost directly to the
anode cusps is given by

L =npevpAy, (4.3-2)
where np, is the primary electron density, vy, is the primary electron velocity,
and Ay is the loss area for the primaries.

The loss area for primary electrons at the cusp [27] is given by

2mvp

Ap=2rp Lc= L. (4.3-3)

winN

e

where ry is the primary electron Larmor radius, B is the magnetic field strength
at the cusp at the anode wall, vp, is the primary electron velocity, e is the

electron charge, and L. is the total length of the magnetic cusps (sum of the
length of the cusps).

Using a simple probabilistic analysis, the mean primary electron confinement
time can be estimated by

V
Vp Ap

Tp= (4.3-4)

where V is the volume of the discharge chamber. The mean primary electron
path length prior to finding a cusp and being lost to the wall is L =vj*7,.

Likewise, the ionization mean free path is A =1/nyo, where o represents the

total inelastic collision cross section for the primary electrons. The probability
that a primary electron will make a collision and not be directly lost to the
anode is then
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p = [1-exp0oL ]=| 1- expl HV/4) | (4.3-5)

By providing strong magnetic field strengths at the cusp to minimize the
primary loss area, the probability of a primary electron being lost directly to the
anode can be made very small. Similarly, ion thrusters with large volumes
and/or operated at higher internal gas densities will cause the primary electrons
to undergo collisions and thermalization prior to being lost directly to the
anode. Minimizing the energy loss associated with primaries being lost before
making a collision in this way serves to maximize the efficiency of the thruster.

An example of the probability of a primary electron making a collision before
finding a cusp is shown in Fig. 4-12 for the case of the NEXIS thruster
designed with either 4 or 6 cusps [20]. For the design with 6 cusps, it is
necessary to have cusp-field strengths approaching 2000 G at the surface of the
anode in order to minimize primary loss. Designs with a smaller number of ring
cusps, corresponding to a smaller primary anode collection area from
Eq. (4.3-3), require less magnetic field strength to achieve the same benefit.
However, it will be shown later that the number of cusps affects efficiency and
uniformity, and that maximizing the probability of a primary making a collision
before being lost is only one of the trade-offs in designing an ion thruster.
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Fig. 4-12. Probability of primary electrons making a collision before
being lost to the anode as a function of the cusp magnetic field strength
for the NEXIS thruster design [20].
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Since the primary electron current lost directly to the anode is generally
minimized for best efficiency, the discharge current is carried to the anode
mainly by the plasma electrons. The plasma electrons are almost exclusively
lost at the magnetic cusps, but their motion is affected by the presence of ions
that also penetrate the cusp. Therefore, ions and electrons are lost to a hybrid
anode area [27] at the cusp given by

Ag=4ryLc=4 rghi L, (4.3-6)

where r, is the hybrid Larmor radius, rg is the electron Larmor radius, and T,
is the ion Larmor radius. The flux of plasma electrons, 1, that overcomes the
sheath at the anode is

12
lq= l( 8kTe) eng Ay exp @/Kle, (4.3-7)

where ¢ is the local plasma potential relative to the anode (essentially the anode
sheath potential).

The plasma in the discharge chamber obeys particle conservation in that the
current injected and produced in the discharge must equal the total current that
leaves the discharge:

Z(Iinjected + Iproduced):zlout- (4.3-8)

The current injected into the discharge volume is the primary electron current,
and the current produced is the ion and electron pairs from each ionization
collision. The current lost to the anode is the sum of the direct primary loss, the
plasma electron loss, and a fraction of the ion loss. There is also ion current lost
to cathode potential surfaces and the accelerator structure from the balance of
the ions produced in the discharge. The plasma potential will adjust itself such
that the total electron current to the anode is equal to the total ion current out of
the discharge. It will be shown in the following sections that changing the
anode area via the magnet strength or number of magnet rings will change the
plasma potential relative to the anode (essentially the anode sheath voltage),
which affects both the energy loss though the sheath and the stability of the
discharge.

4.3.4 lon Confinement at the Anode Wall

lons are typically unmagnetized in ion thruster discharge chambers because the
magnetic field is relatively low throughout the bulk of the discharge chamber,
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which results in a large ion Larmor radius compared to the thruster dimensions.
For an unmagnetized plasma, the ion current flowing out the plasma volume in
any direction is given by the Bohm current:

Ii =Enie ﬁ

A, 4.3-9
> v (4.3-9)

where nj is the ion density in the center of the discharge and A is the total ion

loss area. The Bohm current also describes ion flow along magnetic field lines,
which will be useful later in discussing other plasma generator types.

The electrons may or may not be magnetized in the main discharge chamber
volume, but they are strongly affected by the magnet fields near the boundary
in ring-cusp thrusters. The magnetized electrons then influence the ion motion
near the boundaries by electrostatic effects. This causes the ion loss to the cusps
to be the Bohm current to the hybrid area, given by Eqg. (4.3-6), and a reduction
in the Bohm current to the wall area between the cusps due to the ambipolar
potentials that develop there. Since the cusp area is small compared to the rest
of the anode surface area facing the plasma, the ion current to the hybrid cusp
area often can be neglected. However, between the cusps the loss area is
significant, and it is possible to analyze the electron and ion transport across the
magnetic field to calculate the reduction in the ion velocity caused by the
reduced transverse electron drift speed. This is then used to calculate the rate of
ion loss to the anode compared to the unmagnetized Bohm current to the walls.

Ring cusp thrusters are designed with various numbers of rings, distances
betweens the rings, and magnet sizes that determine the magnetic field strength
in the discharge chamber transverse to the wall. The quasi-neutral plasma flow
across this magnetic field to the wall is described by the diffusion equation with
an ambipolar diffusion coefficient. Ambipolar diffusion across a magnetic field
was analyzed in Section 3.6.3.2. The transverse ion velocity was found to be

y = —re [E+@@j.
: e n
(1+y582—ve'j

Ve

(4.3-10)

Setting the transverse electric field E in the plasma to zero in Eq. (4.3-10) gives
the case where the ambipolar electric field exactly cancels the pre-sheath
electric field that normally accelerates the ions to the Bohm velocity. In this

case, the ion velocity is just the ion thermal velocity (:w/kTi/M ) and the
value of B in Eq. (4.3-10) is the minimum transverse magnetic field required to
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reduce the electron mobility sufficiently to produce this effect. Due to the
smaller ion velocity, the flux of ions passing through the transverse magnetic
field is greatly reduced compared to the Bohm current. The ion flux that does
reach the wall is finally accelerated to the Bohm velocity close to the anode
wall to satisfy the sheath criterion. lons are conserved in this model because
ions that are inhibited from flowing to the anode wall due to the transverse
fields instead flow axially toward the grids where there is no confinement.

However, it is not necessary to limit this analysis to the case of E=0. If the
magnetic field is smaller than the critical B that causes E =0, then the
transverse electron mobility increases and a finite electric field exists in the
magnetic diffusion length I. The ions fall through whatever potential difference
is set up by this electric field, which means that the ions are accelerated to an
energy given by

% Mv? = eE-I. (4.3-11)

The ambipolar flow in the transverse magnetic field changes the electric field
magnitude in the pre-sheath region and reduces the acceleration of the ions
toward the wall. In the limit of no magnetic field, the electric field must
accelerate the ions to the Bohm velocity, which results in a net electric field in
the plasma-edge region limited to

E=——0>W, (4.3-12)

Note that the electric field sign must be negative for the ion flow in this region.
Using Eq. (4.3-12) in Eq. (4.3-10), the minimum magnetic field to produce an
ion velocity of v; is

(kT —|v|v-2)
g=YeM \" ¢ "7 _( v ) (4.3-13)
e Vimvg ¢ 1+v

where v =vg, /vg, and KTVn/en is approximately KT /€l for | representing

the length the ions travel radially in the transverse magnetic field between the
cusps. The value of | can be estimated from calculations of the transverse
magnetic field versus the distance from the wall between the cusps, and is
usually on the order of 2 to 3 cm.
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Alternatively, the modified electric field given in Eq. (4.3-12) can be inserted
into Eq. (4.3-10) to produce an expression for the transverse ion velocity:

I (1+ue252—ﬁ Jvi _Ke _, (4.3-14)
HeM Ve M

This quadratic equation can be easily solved to give

2
v-:l { e (1"‘#352—&]} +4kTe

b2\ Mug Ve M

— e 1+‘ug82—ﬂ .
2M pe Ve

The collision frequencies (Ve =Ven + Vg and v =vg, /vg ) in these equations
for xenon plasmas were given in Chapter 3, where the electron-neutral collision
frequency is given in Eqg. (3.6-12) and the electron-ion collision frequency is
given in Eq. (3.6-14). It is possible to show that in the limit that B goes to zero
and the flow is essentially collisionless, Eq. (4.3-15) reverts to the Bohm
velocity.

(4.3-15)

Defining an ion confinement factor

V.
fo= !
VBohm

, (4.3-16)

and since the Bohm velocity is Vggnm =+/KTe/ M, it is a simple matter to

calculate the reduction in the expected flux of ions going to the anode due to
the reduction in the Bohm velocity at a given magnetic field strength B. The ion
current transverse to the magnetic field between the cusps to the anode is then

given by
1 KT,
lia =2 n e,/—Me Agsfe, (4.3-17)

where A, is the total surface area of the anode exposed to the plasma.

There are two issues with using Eq. (4.3-17) to evaluate ion loss rate reduction
between the cusps. First, the magnetic field in the ring-cusp geometry is not
transverse to the wall everywhere. Near the cusp, the field transitions from
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parallel to perpendicular to the wall, where the analysis above does not apply.
However, the magnetic field strength in this region increases rapidly near the
magnets and some fraction of the plasma electrons is reflected from the
magnetic mirror. This serves to retard the ion flux electrostatically in a manner
similar to the ambipolar diffusion case between the cusps described above.
Ultimately, the ions are lost at the cusp with the Bohm current to the hybrid
area, and it is usually found that the transition to this unimpeded ion flow to the
wall occurs over an area that is small compared to the total area between the
cusps.

The second issue with using Eq. (4.3-17) is that the diffusion thickness | is not
known. However, this can be estimated for ring-cusp thrusters using a dipole
model for the magnets. Consider the case of two rows of opposite polarity
magnets, which is illustrated in part of Fig. 4-10. Each magnet has a dipole
strength M per unit length, and the magnets are separated in the x-direction by a
distance d. The magnetic field along the line perpendicular to the midline
between the magnets is

q

=99
B (y)‘_r \/(:12721
2 +(y-9)

where r is the length of the line from the point on the midline to the magnet,
q is the number of magnetic dipoles, and ¢ is the half height of the magnet. The
magnetic field on the centerline between the magnets has only an x-component.
The x-component of the field from one magnet (positive polarity) is given by

(4.3-18)

d d

ron et 9%

By (y)=|B (y)‘cose——z—z—. (4.3-19)
Tty

The field in the x-direction from both magnets is then
d d
Bx(Y)=— a -— a : (4.3-20)

d
a _s2 ¢ 5)2
4+(y ) 4+(y+)

and so the total field on the center line is
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_2(290)yd _  2Myd

2 2"
HEIN Y
4 4
where the magnetization M is the number of magnetic dipoles times the length
of the magnet.

B(y)

(4.3-21)

The maximum magnetic field strength between the magnets, found from
Eqg. (4.3-21), then occurs at

y:izo_zgd ~I. (4.3-22)

24/3

It is assumed that the diffusion length | is roughly this distance. This is not an
unreasonable approximation, as illustrated in Fig. 4-13. The magnetic field
decreases on each side of the maximum, but is nearly the full value over the
length of about 0.3 of the distance between the magnets.

The maximum transverse field strength along the centerline between the
magnets, often called the “saddle-point” field, can also be calculated from this
simple derivation. Using Eq. (4.3-22) in Eq. (4.3-21), the maximum magnetic
field is

M
B(Ymex) :5.2?. (4.3-23)
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Fig. 4-13. Magnetic field strength as a function of distance above the
magnets.



116 Chapter 4

The dipole strength per unit length is

M =EVm (4.3-24)
47w

where B, is the residual magnetic field of the magnet, V,, is the volume of the
magnet, and w is the width of the magnet. For example, for two rows of
magnets that have a residual magnetic field of 10,000 gauss, a volume per
width of 0.6 cm?, and a separation of 10 cm, the maximum transverse magnetic
field is 24.8 gauss and occurs at a distance of 2.9 cm above the boundary.

As an example of the ion loss rate to the anode, the fraction of the Bohm
current to the anode (5 /Igonm) is plotted in Fig. 4-14 as a function of the
magnetic field at the saddle point for the NSTAR ion thruster [13]. At zero
transverse magnetic field, the ion flux to the anode is the Bohm current. As the
transverse field increases and reduces the electron mobility, the ions are slowed
and the current loss decreases. In the NSTAR design, the last closed magnetic
contour is about 20 gauss, and so roughly half of the ions initially headed
radially toward the anode are lost. For closed magnetic field contours of at least
about 50 gauss, the ion loss to the anode is reduced by nearly a factor of 10
compared to the unmagnetized Bohm current. This can make a significant
difference in the efficiency of the plasma generator and the amount of discharge
power required to produce the beam ions. Even though the ions are
unmagnetized in these thrusters, it is clear that ambipolar effects make the ring-
cusp magnetic fields effective in reducing the ion loss to the walls.

0o | N

0.8 N\

07 \

06 A\

05 AN

04 AN

03 AN

0.2 \
0.1 T~

\

Fraction of Bohm Current (f;)

0.0

0 10 20 30 40 50 60
Peak Closed Transverse Magnetic Field (gauss)

Fig. 4-14. Fraction of the Bohm current density to the anode wall as a
function of the transverse magnetic field strength for the NSTAR ion
thruster [13].
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4.3.5 lon and Excited Neutral Production

lons in the discharge chamber are produced by both the primary electrons and
by the tail of the Maxwellian distribution of the plasma electrons. The total
number of ions produced in the discharge in particles per second is given by

| p = NoNe(iVe)V +NoNp (v )V, (4.3-25)

where ng is the neutral atom density, ng is the plasma electron density, o is
the ionization cross section, Ve is the plasma electron velocity, V is the plasma
volume inside the discharge chamber, ny, is the primary electron density, and

Vp is the primary electron velocity. The terms in the brackets are the ionization

cross section averaged over the distribution of electron energies, which is
usually called the reaction rate coefficient.

An example of ionization and excitation cross sections [28,29] used for electron
impact on xenon is shown in Fig. 4-15. If it is assumed that the primary
electrons are monoenergetic, then the reaction rate coefficient in Eq. (4.3-25)
for primary ionization is just the cross section in Fig. 4-15 times the
corresponding primary electron velocity. These data are listed for xenon in
Appendix D. If the primaries have a distribution in energy, then the cross
section must be averaged over that distribution. For Maxwellian electrons, this
is calculated for xenon and listed in Appendix E.
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Fig. 4-15. lonization and excitation cross sections for xenon [28,29].
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Excited neutrals are also produced by both the primary electrons and the tail of
the Maxwellian distribution of the plasma electrons. The total number of exited
neutrals produced in the discharge in particles per second is given by

I*=none<0'*ve>v+nonp<0'*vp>v, (4.3-26)

where o is the excitation cross section. Again, the excitation cross section is

averaged over the distribution in electron energies to produce the reaction rate
coefficients in the brackets. The reaction rate coefficients calculated by
averaging the ionization and excitation cross sections over the Maxwellian
energy distribution are shown in Fig. 4-16 and listed in Appendix E. The rate of
excitation is seen to exceed that of ionization for low electron temperatures
(below about 9 eV). The ratio of excitation to ionization reaction rates for
xenon is shown in Fig. 4-4. As previously described, at low electron
temperatures, a significant amount of the energy in the discharge goes into
excitation of the neutrals at the expense of ionization. This is one of the many
reasons that the cost of producing an ion in ion thrusters is usually over ten
times the ionization potential.

For inert gas propellants commonly used in ion thrusters, the second ionization
potential is on the order of twice the first ionization potential. For example, the
first ionization potential of xenon is 12.13 eV, and the second ionization
potential is 21.2 eV. DC electron discharges that have electron energies in
excess of 21.2 V can produce a significant number of double ions. In addition,
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Fig. 4-16. lonization and excitation reaction rates averaged over a Maxwellian
electron distribution in a xenon plasma.
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the tail of the Maxwellian electron distribution will also contain electrons with
an energy that exceeds the second ionization potential, and significant numbers
of double ions will be produced if the electron temperature in the discharge
chamber is high.

The generation rate of double ions is determined in the same manner as single
ions, discussed above, with different ionization cross sections [30]. The density
of the double ions is determined by the continuity equation for that species,

dn++
e V. (n++v+\/§) =n*t, (4.3-27)

where it is assumed that due to the double ions’ charge, the velocity will be
increased over the singly ionized species by a square root of two. Defining the
rate of double-ion production compared to single-ion production as

++

n

R = (4.3-28)

n+

the beam current density of single ions from the discharge plasma boundary
through the ion optics (again with a transparency Ty) is

Ji+ = n+e\/gT =n e\/ETg(]_— R++), (4.3-29)
where n; is the total ion density. The double-ion current density is likewise
It n++(ge)(ﬁvg)Tg = V8neviT,R™. (4.3-30)

The total ion beam current is then the sum of the singly and doubly ionized
particle currents.

As discussed in Chapter 2, the discharge propellant efficiency is the ratio of the
propellant that becomes beam ions (of any charge) to the rate of propellant flow
into the discharge chamber. Considering the effect of double ions, the
propellant efficiency of the discharge chamber is then

++

[yt 98 | A i
nmd—[JB+ ) ]emd (4.3-31)
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where my is the mass flow into the discharge chamber and Ay is the area of

the grids. In the event that there is a significant double-ion content in the
discharge plasma, the beam current and the discharge chamber mass utilization
efficiency must be corrected using these equations.

4.3.6 Neutral and Primary Densities in the Discharge Chamber

The ion and excited neutral production rates described by Egs. (4.3-25) and
(4.3-26) require knowledge of the neutral gas density in the discharge chamber.
The neutral gas flow that escapes the chamber (the unionized propellant) is
simply the gas injected into the discharge chamber minus the gas particles that
are ionized and extracted to form the ion beam:

I
Qout =Qn =2 (43-32)

The neutral gas that leaks through the grid is the neutral flux on the grids (in
particles per second) times the grid optical transparency T, and a conductance

reduction term 1, known as the Clausing factor [31]:

1
Qout = 1 NoVoAg Tallc, (4.3-33)

where v, is the neutral gas velocity, Ag is the grid area, and 7. is the

Clausing factor. The Clausing factor represents the reduced conductance of the
grids for finite grid thicknesses and results from Clausing’s original work on
gas flow restriction in short tubes. For typical grid apertures with small
thickness-to-length ratios, the Clausing factor must be calculated using Monte
Carlo techniques, an example of which is given in Appendix G. In general, ion
thruster grids will have Clausing factors on the order of 0.5.

The mass utilization efficiency of the thruster discharge chamber is defined as

b
Nmd = : (4.3-34)
Qine
Equating Eqgs. (4.3-32) and (4.3-33), using Eq. (4.3-34), and solving for the
neutral gas density in the discharge chamber gives
n o= 2Qin@-1w) __ 41 (A=Nm)
O - - .
VoAgTallc VoAGTalle  Tin

(4.3-35)



lon Thruster Plasma Generators 121

Flow is usually given in standard cubic centimeters per minute (sccm) or mg/s,
and conversions from these units to number of particles per second, useful in
Eq. (4.3-35), are given in Appendix B. The neutral pressure in the discharge
chamber during operation of the thruster can also be found using this
expression and the conversion from density to pressure given in Eq. (2.7-2), if
the neutral gas temperature is known. In general, the neutral gas atoms collide
with the anode wall and grids several times before being lost, and so the neutral
gas can be assumed to have the average temperature of the thruster body in
contact with the plasma. This temperature typically ranges from 200 to
300 deg C for operating thrusters.

The electron temperature in the discharge chamber can be found using particle
balance of the ions. The total ion production rate, given by Eq. (4.3-25), must
equal the total ion loss rate. The ion loss rate is given by the Bohm current in
Eqg. (4.3-9) with the area A representing the sum of all the surfaces that collect
ions (cathode, anode, and grids), with the appropriate confinement factor f;

found in Eq. (4.3-16) multiplied by the anode surface area. Equating
Egs. (4.3-25) and (4.3-9) and using Eq. (4.3-35) for the neutral density gives

[KTe
r|:/| _2nV _8v Qin(l;nmd) _ (4.3-36)
(OjVe)V + n—z<6ivp>v A Yo Talle

If the total flow into the discharge chamber and the mass utilization efficiency
are specified, and the primary electron density is calculated as described below,
then Eq. (4.3-36) can be solved for the electron temperature. This is because the
ionization and excitation reaction rate coefficients are functions of the electron
temperature. Alternatively, if the beam current is specified, then the right-hand
side of Eq. (4.3-35) can be used in Eq. (4.3-36) to find the electron temperature.
Typically, curve fits to the ionization and excitation cross section and reaction
rate data shown in Figs. 4-15 and 4-16 are used to evaluate the reaction-rate
coefficients in a program that iteratively solves Eq. (4.3-36) for the electron
temperature.

The primary electron density in Eq. (4.3-36) can be evaluated from the total
primary electron confinement time in the discharge chamber. The emitted
current | from the hollow cathode is

= eV (4.3-37)
e~ l .
Tt
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where 7; is the total primary confinement time that addresses all of the primary

electron thermalization and loss mechanisms. The ballistic confinement time
for direct primary loss to the anode, 7, was given in Eq. (4.3-4). It is assumed

that the primary electrons have undergone an inelastic collision with the neutral
gas and have lost sufficient energy such that they are then rapidly thermalized
with the plasma electrons. The mean time for a collision between the primary
and a neutral gas atom to occur is given by

1
Te = , (4.3-38)
NeOVp
where ¢ is the total inelastic collision cross section. Using Eq. (4.3-35) for the
neutral density, the mean collision time for primary electrons is

Vo€AGTalclIm _ VoAgTallc (4.3-39)

Te = .
© 40Vylg(l-Timg)  40VQin(1—1mg)

Finally, primary electrons can also be thermalized by equilibrating with the
plasma electrons. The time for primary electrons to slow into a Maxwellian
electron population was derived by Spitzer [32] and is given by

S C
2A512G(1 )

where a)=‘/2Vpe/m, €Vpe is the primary energy, Iy = Mm/2kT, is the
inverse mean velocity of the Maxwellian electrons, Ap is a diffusion constant
given by

Tq (4.3-40)

_ 87re4neInA

m2 ,

Ap (4.3-41)

and InA is the collisionality parameter [33] given in Eqg. (3.6-15). The function
G(lsw)is defined in Appendix F, and a curve fit to Spitzer’s tabulated values

(in CGS units) for this function is provided.

The total primary electron confinement time can be found from

e (4.3-42)
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Some care needs to be used in including the Spitzer slowing time because some
ion thruster designs have a very non-monoenergetic primary energy
distribution, which is not described well by Eq. (4.3-40).

The current emitted from the hollow cathode is
Iezld_ls_lk' (4.3-43)
where g is the screen current and | is the ion current back to the cathode.

Using Egs. (4.3-4) and (4.3-38) in Eq. (4.3-37), the primary electron density is
given by

(4.3-44)

-1
_le| VpAp  40VpQin(—TIma) =1
ev| V VoAsTallc o |

Assuming that the primary electron loss directly to the anode is negligible, the
electron equilibration time is long, and the ion current flowing back to the
cathode is small, then Eq. (4.3-44) can be written as

_ TeVoAsTalle M =(|d_|s)VoAsTa77c Nmd

. (4.3-45)
4VO'Vp|b (1—1‘]m) 4V6Vp|b (1—T]mj)

p

This equation demonstrates the characteristic behavior of the primary electron
density being proportional to the mass utilization efficiency divided by one
minus the mass utilization efficiency originally described by Brophy [18,19].
This dependence is valid unless there are paths for the primary electrons to be
lost other than just collisionally with the neutral gas, such as ballistically to the
anode or by thermalization with the plasma electrons. The behavior of the
primary electron density with changes in the mass utilization efficiency is
shown in Fig. 4-17, where the primary electron density is normalized to the
value at 71,,q = 0. As the neutral density decreases in the discharge chamber at

higher mass utilization efficiencies, the primary electron density increases
rapidly. At 90% mass utilization efficiency, the primary electron density in the
discharge chamber is nine times higher than at 50% mass utilization efficiency.
This strongly affects the ionization rate and the discharge loss behavior with
neutral gas pressure, which will be shown later.
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Fig. 4-17. Normalized primary electron density as a function of mass
utilization efficiency.

4.3.7 Power and Energy Balance in the Discharge Chamber

The currents and potential distributions in the ring-cusp thruster discharge were
shown in Fig. 4-9. The power into the discharge chamber is the emitted current
from the hollow cathode multiplied by the voltage the electrons gain in the
discharge chamber (V in Fig. 4-9):

RAn=leWk = Ie(Vd —Ve+tVpto ) : (4.3-46)

where Vy is the discharge voltage, \; is the cathode voltage drop, V,, is the

potential drop in the plasma, and ¢ is the sheath potential relative to the anode
wall. This power into the discharge is transferred from the primary electrons
from the cathode into producing ions, excited neutrals, and Maxwellian
electrons. The power leaving the discharge to the electrodes is from ions
flowing to the anode, cathode, and screen plane, and from primary and plasma
electrons flowing to the anode. The power out of the discharge is then the sum
of these terms, given by:

Pout =1 U +1°U" +(Ig+ Ik)(vd +vp+¢)

(4.3-47)
+(lp+ Iia)(Vp +¢)+ lage + 1L (Vd —Ve+Vp +¢),



lon Thruster Plasma Generators 125

where | is the total number of ions produced in the discharge, U™ is the

ionization potential of the propellant gas, 1* is the number of excited ions
produced in the discharge chamber, U™ is the excitation energy, I is the
number of ions to the screen plane, Iy is the number of ions flowing back to
the cathode, |g is the beam current, 1, is the plasma electron current to the
anode, Tg is the electron temperature, l;5 is the ion current to the anode, and
I is the primary electron fraction lost to the anode. The plasma electron
energy lost to the anode wall, &o, is 2KTg/e+¢, which is derived in
Appendix C. The ions fall through the pre-sheath potential from the center of
the plasma to the sheath edge, such that V|, can be approximated as kTe/2e.
The ion energy to the anode, g, is then KTo/2e+¢, which was given in
Eqg. (4.2-10).

With the screen grid connected to the cathode potential, the current emitted
from the hollow cathode was given in Eq. (4.3-43) in terms of the other currents
in the circuit. Likewise, conservation of particles flowing to the anode gives

la=lg+lig—1L, (4.3-48)

where |4 is the discharge current measured in the discharge power supply.

Equating the power into the discharge to the power out, using the particle
balance equations in Eqgs. (4.3-43) and (4.3-48), and solving for the beam
current from the thruster gives:

*

19 (Vg Ve +Vp —2Tey ) =1 ,U* =1"U
Vp+o

Ip

(s (2va—Ver 2 +29) 4349
Vp+o

lia(Vp + 2Tey +20) + 1 (Vg Ve +Vp —2Tey )
Vp+o

where Tgqy is in electron volts.

The issue in evaluating Eq. (4.3-49) for the beam current produced by a given
thruster design is that several of the current terms in the numerator contain the
plasma density, which is not known. In addition, the beam current Ig is given
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by the Bohm current averaged over the screen-grid plane times the effective
transparency Tg of the screen grid:

1 1 KT,
lp= S VAT = o Nee VeAST : (4.3-50)

where n; is the peak ion density at the screen grid, v, is the ion acoustic
velocity, Ag is the screen grid area, and Ty is the effective screen transparency
with high voltage applied to the accelerator grids. In this equation, quasi-
neutrality (nj = ng) is assumed. Equation (4.3-50) can be solved for the plasma

density using Eq. (4.3-49) for the beam current, Eq. (4.3-2) for the primary
electron loss current, and Eq. (4.3-17) for the ion loss to the anode wall:

- (g =10)(Va Ve +Vp —2Tey ) .

| * -
Tyt el ETTlVaAs ) ValtasTe (Vp +2Tgy + 2¢)
Ne Ne 2 2

where V’ =2Vy =V + 2V, +2¢ and the screen grid current, I, is given by

— (1_Ts)
lg= >

NevaAs. (4.3-52)

The plasma density is proportional to the discharge current decreased by the
amount of direct primary loss to the anode (lg—1,), as expected. This

relationship shows why implementing sufficient cusp magnetic field strength is
critically important to the thruster performance.

Unfortunately, the ionization and excitation terms still contain np/ne, S0

EqQ. (4.3-52) must be solved iteratively for the plasma density. Once the plasma
density is known, the beam current can be calculated from Eq. (4.3-50). If the
flatness parameter, which is defined as the average current density divided by
the peak, is known, then the peak plasma density and peak beam current density
can be obtained. The flatness parameter is found by experimental measurements
of the plasma and beam profiles, or by two-dimensional (2-D) models of the
discharge that are discussed in Section 4.7.

4.3.8 Discharge Loss

The discharge loss in an ion thruster is defined as the power into the thruster
divided by the beam current. This parameter then describes the power required
to produce the beam current, which is a good figure of merit for the discharge
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chamber performance. In DC-discharge thrusters, the discharge loss for the
plasma generator is given by

_laVa +leVex _ 1dVa

Nd
Ib Ib

, (4.3-53)
where |g is the beam current, | is the current to the cathode keeper electrode
(if any), and Vg is the keeper bias voltage. The keeper power is typically

negligible in these thrusters, but it is a simple matter to include this small
correction. Combining Egs. (4.3-53) and (4.3-49), the discharge loss is

I e 1+

vy Put+ +(S")(2vd -vc+2vp+2¢)
Lt Ip Ig

Md = Vg —Ve +Vp —2Tey

Vy [(vID +9)+ 'Iij(vIO + 2Ty + 2¢)}

Vg —Ve +Vp —2Tgy

+

(4.3-54)

|
Vy [IL(VOI —V +V, —2Tev)}
+ b

Vg =V +V, —2Tey

To evaluate the first current fraction in this equation, the ions are produced by
both primary electrons and the energetic tail of the Maxwellian distribution of
the plasma electrons. The total number of ions produced in the discharge, I, is
given in Eqg. (4.3-25), and the total number of excited neutrals produced in the
discharge, 1, is given in Eq. (4.3-26).

Using Egs. (4.3-25) and (4.3-26) for the particle production and excitation,
Eq. (4.3-50) for the beam current, and assuming nj =ng, the first current
fraction in Eq. (4.3-54) is



128 Chapter 4

Ip _ 2nonee(oive)V + 2nonpe<0'ivp>V

n; e\/ klvlTeASTS ne —AST

(4.3-55)
2n0 np
= —{(0ojVp) |.
( Ne < | p>]
AST
The second current fraction is likewise:
1" 2n.V n
_:n—0(<0'*ve>+n—p<0'*vp>j. (4.3-56)
e

I, [k,
AT

Neglecting the small amount of ion current backflowing to the hollow cathode,
the third current fraction is

Il 1-Tg

Ib Ts

(4.3-57)

The ion current that goes to the anode wall is, again, the Bohm current reduced
by the confinement factor f., given in Eq. (4.3-17). In this model, the value of

the confinement factor must be evaluated for the particular ion thruster
discharge chamber being analyzed. However, for most ion thruster designs, if
the 50 gauss contour is closed, it is possible to assume to first order that
fo =0.1 and the ion loss to the anode surface area is essentially one-tenth of

the local Bohm current. For a given confinement factor f., the fourth current

fraction in Eq. (4.3-54) is
1
lia_2"° \/ st Aasf
1

where Agg is the surface area of the anode facing the plasma in the discharge
chamber.

(4.3-58)

The primary electron current lost to the anode, || , is given by Eq. (4.3-2). The
last current fraction in Eq. (4.3-54) is then
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I NpevpAp _ 2npVpAp | (4.3-50)
Ip En. T. NeVaAsTs
5 i &VaAsTs

The discharge loss can then be written

*

| . 1o
W4£W4LU-H'R@W—%+WMQM
Ip Ip Ts

Vd _Vc - 2TeV

Aasfc(vp+2're,v+2¢)}
AsTs
Vg —Ve —2Tay

[ 2n v, ,A
w'”’%w—%+w—m@”
| NeVaAsTs
Vg —Ve +Vp —2Tey

Ng =

Vd (Vp +¢) +
4L

(4.3-60)

+

Equation (4.3-60) illuminates some of the design features that improve the
discharge efficiency. Since the discharge voltage Vq appears in both the

numerator and denominator of Eq. (4.3-60), there is no strong dependence of
the discharge loss on voltage shown in this equation. However, increases in the
discharge voltage raise the primary energy strongly, which increases the
ionization rate and beam current. Therefore, higher discharge voltages always
result in lower discharge losses. Higher screen grid transparency Tg, smaller

ion confinement factor f. (better ion confinement), smaller primary loss area
Ap, and smaller wall surface area A, all reduce the discharge loss. Lowering

the plasma potential also reduces the discharge loss by reducing the energy lost
to the anode by the plasma electrons, which is accomplished by reducing the
anode loss area at the cusps.

The input data required to solve Eq. (4.3-60) are:
» Discharge voltage
» Discharge chamber surface area and volume
» Magnetic field design (magnetic field at the cusp and the closed contour
field between the cusps)
» Grid area
» Grid transparency
» (Gas temperature
» Cathode voltage drop
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It is necessary to specify either the discharge current or the beam current in
order to calculate the plasma density in the discharge chamber. The grid
transparency is obtained from the grid codes (called “optics codes™). Several of
these codes, such as the Jet Propulsion Laboratory (JPL) CEX ion optics codes
[34,35] that we use, are described in Chapter 5. The cathode voltage drop is
either measured inside the hollow cathode [36] or calculated using a separate
2-D hollow cathode plasma model [37] that will be described in Chapter 6.

Discharge chamber behavior is characterized by “performance curves,” which
were described in Chapter 2 and are graphs of discharge loss versus mass
utilization efficiency. These curves plot the electrical cost of producing beam
ions as a function of the propellant utilization efficiency, and they give useful
information on how well the plasma generator works. Performance curves are
normally taken at constant beam current and discharge voltage so that the
efficiency of producing and delivering ions to the beam is not masked by
changes in the discharge voltage or average plasma density at the grids.

Calculating performance curves using Eq. (4.3-60) requires iteration of the
solutions for the electron temperature, discharge current, and/or beam current in
the above equations. To measure the discharge loss versus mass utilization in
thrusters, the discharge current, total gas flow, and gas flow split between the
cathode and main discharge chamber are normally varied to produce a constant
beam current and discharge voltage as the mass utilization efficiency changes.
This means that a beam current and mass utilization operating point can be
specified, which determines the neutral gas density in the discharge chamber
from Eq. (4.3-35) and the average plasma density in the discharge chamber
from the Bohm current in Eq. (4.3-9). If an initial discharge current is then
specified, the primary electron density can be calculated from Eq. (4.3-45) and
the electron temperature obtained by finding a solution to Eq. (4.3-36). These
parameters are used to solve for the discharge loss, which is evaluated from the
given beam current, discharge voltage, and discharge loss. A program is
iterated until a discharge current is found that produces the correct discharge
loss at the specified beam current.

An example of performance curves calculated using this model and compared
to measured curves for the NEXIS ion thruster [38] are shown in Fig. 4-18. The
discharge loss was measured for three different discharge voltages during
operation at 4 A of beam current. The 180-eV/ion discharge loss at the 26.5-V
discharge voltage required that the cathode produce a discharge current of
27.8 A to generate the 4 A of ion beam current.
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Fig. 4-18. Example of the discharge loss versus mass utilization
efficiency for three discharge voltages in the NEXIS thruster [38].

The discharge model also matches the discharge loss data obtained from other
thrusters. Figure 4-19 shows the discharge loss measured at JPL in a laboratory
copy of the NSTAR thruster [39] operating at the full power (2.3 kW) TH15
throttle level. The model predictions agree with the thruster data if the
measured 6.5-V cathode voltage drop in the NSTAR hollow cathode [40] is
used for V.. The ability of a 0-D model to match the NSTAR data is significant

only in that the NSTAR plasma is not very uniform (flatness parameter =~ 0.5)
and contains over 20% double ions peaked on the axis. The 0-D model likely
works in this case because the ionization is still dominated by the average
volume effects, and the losses are still determined by the magnetic field
structure at the wall, which 0-D models can capture sufficiently to give
reasonably accurate results.

The shape of the performance curves is also important. As the mass utilization
is increased, the neutral density in the discharge chamber decreases [see
Eg. (4.3-35)] and more of the primary energy goes into heating the plasma
electrons and energy loss directly to the anode, as was illustrated by the
simplified model for the idealized thruster case in Section 4.2. Optimal thruster
designs have flatter discharge performance curves that exhibit lower discharge
losses as the mass utilization efficiency is increased. The model suggests that
this is generally achieved in thrusters by designing for good primary and
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Fig. 4-19. Discharge loss versus mass utilization efficiency for the
NSTAR thruster at the high power TH15 throttle point.

plasma electron confinement such that the convective losses are minimized at
low neutral density and higher electron temperatures.

A significant challenge for most discharge models is handling the primary
electrons correctly. For the case of monoenergetic primaries assumed in this
model, the primary density is determined by collisional and ballistic (direct-to-
anode) losses that change as a function of the neutral pressure, which is
inversely proportional to the mass utilization efficiency. The primary electron
density then varies strongly as the mass utilization efficiency is changed.
However, if primary electrons are neglected altogether (i.e., assumed
thermalized immediately in the cathode plume) so that the plasma in the
discharge chamber is produced only by ionization by the high-energy tail of the
Maxwellian electron population, the discharge loss is extremely high. This is
shown in Fig. 4-20, where the discharge loss in the NEXIS thruster increases to
over 240eV/ion if the primary electron ionization effects are neglected.
Likewise, if the primary electron density is independent of the neutral pressure,
then the discharge loss curve in Fig. 4-20 has a steep slope resulting from an
excessive number of primary electrons at low mass utilization (high pressure),
which produces more ionization than actually occurs. Clearly, including the
presence of primary electrons in the analysis is required for the model results to
agree with the data, which, in turn, suggests that primary or energetic electrons
and non-Maxwellian electron populations must exist in this type of thruster.



lon Thruster Plasma Generators 133

280
260 !
240 *
220 |
200
180
160 -
140 |
120 -

Discharge Loss (eV/ion)

No primaries
. = = = =Constant primary density
100 . B 265Vdata

‘ 26.5 V Model
80 .

0.76 0.78 0.80 0.82 084 0.86 0.88 090 0.92 0.94 0.96
Mass Utilization Efficiency

Fig. 4-20. Discharge loss predictions for the cases of no primary
electron density and a constant primary electron density showing the
poor agreement with the measurements.

Having a representative model of the discharge permits environmental changes
to the thruster to also be understood. For example, the neutral gas temperature
depends on the operating time of the thruster until equilibrium is reached,
which can take hours in some cases, during which the discharge loss will vary
[41]. The 0-D model predictions are shown in Fig. 4-21 for three different
neutral gas temperatures. The discharge loss data points shown were measured
for the NEXIS thruster operating at 26.5 V and 92% mass utilization efficiency
at first turn on, after 1 hour, and after 10 hours. In this case, the thruster starts at
essentially room temperature, and the model predicts that the discharge heats
the thruster and neutral gas to about 470 K after about 10 hours of operation.
While thruster thermal time constants are usually on the order of 1 hour, this
long heating time was found to be related to the facility thermal time constant.
This behavior of the discharge loss with time and temperature illustrates how
characterization of the thruster must always be measured in thermal
equilibrium, because the performance of the discharge chamber is strongly
affected by the neutral gas density, which changes with the thruster temperature
for a constant input flow rate.

4.3.9 Discharge Stability

There is a strong relationship between the discharge loss and the stability of the
discharge. By inspection of Eq. (4.3-60), it is clear that the efficiency increases
(discharge loss decreases) if the anode area for primary electrons Ay is

minimized. While it is logical to assume that this is also true if the anode area
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Fig. 4-21. Discharge loss versus mass utilization efficiency from the
model for the NEXIS thruster [20] for three neutral gas temperatures,

for plasma electrons is minimized to reduce the energy loss from the
Maxwellian-electron population, a dependence on A, does not appear in

Eg. (4.3-60). However, since the discharge current is carried to the anode
primarily by the plasma electrons, the sheath potential at the anode wall in
Eqg. (4.3-7) is found to decrease as the anode area decreases for a given plasma
electron current to the anode. A dependence on the sheath potential is seen in
the discharge loss equation, which suggests that minimizing the sheath potential
maximizes the efficiency. However, the anode area for plasma electrons cannot
go to zero because the discharge current could not be collected by the anode,
and the discharge would either interrupt or become unstable [22]. So there is
some minimum anode area and plasma potential that can be tolerated for
discharge stability.

The value of the plasma potential relative to the anode (the anode sheath
voltage drop) can be calculated using the expression for the random electron
flux to the anode given in Eqg. (4.3-7). From current conservation in the
discharge, an expression for the discharge current can also be found from the
current to the anode [Eq. (4.3-48)]:

lg=la+1 —lia- (4.3-61)
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Using Egs. (4.3-7), (4.3-2), and (4.3-17) for each of the three currents, and
dividing by the beam current in Eq. (4.3-50), Eq. (4.3-61) becomes

1/2
1 (8kTej 1
4 NefAq NV A 5 NeVaAas fe
|I_d _4 ]7-r m exp—e¢/kTe+ - [ S 21 (4.3-62)
b 2 NeVaAsTs 5 NeVaAsTs 2 NeVaAsTs
Solving for the plasma potential gives
(ZI\A)J./Z Aa
KT, T,
p=ejp( ™M/ ATy (4.3-63)

e | ld, Aasfc _2NpVpAp
b AsTs  NeVaAsTs

By inspection of Eq. (4.3-63), it is clear that as the anode area A, decreases,

the plasma potential also decreases. If the anode area is made too small, then
the plasma potential will go negative relative to the anode potential. This is
called a positive-going (or “electron accelerating”) anode sheath, and is
illustrated in Fig. 4-22. In this case, the anode area at the cusps is insufficient to
collect the total discharge current by collection of the entire incident random
electron flux over the cusp area. The plasma then biases itself to pull in
electrons in the Maxwellian distribution that are not initially headed toward the
anode, which delivers more current to satisfy the discharge current and charge
balance requirements. The plasma electron current collected by the anode then
becomes

Normal

Potential
e ‘

Vpe T
v
i New Vpe d
[ v i }
Cathode L
Hollow | Anode
Cathode

Fig. 4-22. Transition of the plasma potential to negative relative to
the anode due to an anode area decrease, which results in a lower
primary electron energy.
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where the potential ¢ is now a negative number. If the potential goes
sufficiently negative relative to the anode, the current density can reach a factor
of two higher than the one-sided random electron flux normally collected in
order to satisfy the discharge current requirement.

However, once the potential goes sufficiently negative relative to the anode to
repel the ions (about T; ), then the anode area for the plasma electron is not the

hybrid area, but is just twice the plasma electron Larmor radius times the cusp
length, similar to Eq. (4.3-3) for the primary loss area. This results in a
significant decrease in the cusp anode area A, in Eq. (4.3-63) for negative

plasma potentials, which further lowers the plasma potential relative to the
anode. Examining the potential distribution in the plasma in Fig. 4-22, the
transition from the normal negative-going sheath to a negative plasma potential
(positive-going anode sheath) will subtract from the primary electron energy
Vpe at a given discharge voltage. The ionization rate then decreases, and the

discharge collapses into a high impedance mode or oscillates between this
mode and a positive potential typically on power supply time constants as the
supply tries to reestablish the discharge by increasing the anode voltage.

The stability of the plasma discharge at a given operating point (discharge
current, beam current, neutral density in the discharge chamber, etc.) is
therefore determined by the magnetic field design. For example, in Fig. 4-23,
plasma potential is plotted as a function of the strength of the cusp magnetic
field for an arbitrary thruster design with two different numbers of ring cusps.
The cusp field strength enters into the anode area A, in Eq. (4.3-6), into the

primary electron loss area A, in Eq. (4.3-3), and into the plasma potential in

EQ. (4.3-63). The model predicts that a four-ring design would be unstable
(when the potential goes negative relative to the anode) for cusp magnetic fields
greater than 2000 G. Since strong magnetic fields are desirable from a primary
electron and ion confinement point of view, additional rings are required to
maintain a positive plasma potential. A six-ring design increased the anode area
sufficiently to raise the plasma potential at the 2000-G magnet design point. An
analysis of the discharge loss from Eq. (4.3-60) indicates that the improved
stability associated with the larger anode area of the six-ring design comes with
a loss in efficiency. The trade-off between efficiency and stability is an
important aspect of ion thruster design.
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Fig. 4-23. Plasma potential versus cusp magnetic field strength for a
thruster design with 4 and 6 rings.

4.3.10 Recycling Behavior

lon thrusters clear momentary faults or breakdowns in the high voltage
accelerator grids by momentarily turning off the high voltage, an event called
recycling. In order to restart the thruster, the accelerator grid (“accel grid”)
voltage must be turned back on to avoid electron backstreaming into the
thruster as the screen voltage is reapplied. If the plasma discharge is left on
during this sequence, the negatively biased accel grid collects nearly the entire
ion beam current at the applied accel voltage until the screen voltage is re-
established. This can lead to excessive power loading and even erosion of the
accel grid if a significant number of recycles are encountered. Therefore, it is
standard procedure to also either turn off the discharge during recycling or cut
it back to a low level such that the accel grid current surge is acceptably low
during reestablishing of the beam voltages. The discharge current is then raised
to the desired level with the screen voltage ramp-up.

The main issue with this process is that the thruster discharge often goes into
oscillation during the cutback condition or upon restarting in the recycle
sequence. When the high voltage is turned off in a recycle, ions that would have
left the discharge chamber as beam ions now strike and neutralize on the accel
grid, and some fraction flows back into the discharge chamber as neutral gas.
This raises the neutral gas pressure in the discharge chamber, which has two
effects. First, a higher neutral pressure collisionally thermalizes the primary
electrons more rapidly, which can lead to a reduction in the plasma potential
[22]. Second, lowering the discharge current while raising the neutral pressure
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leads to a lower impedance discharge and a lower discharge voltage. These two
effects will be shown next to cause a reduction in the plasma potential, and
thrusters designed for low discharge loss with a minimum plasma potential at
the nominal operating point can encounter negative plasma potentials and
discharge instability during recycling.

The time-dependent behavior of the pressure in the discharge chamber from the
high-voltage-off event can be calculated using molecular dynamics, and the
subsequent time-dependent plasma potential for stability can be evaluated using
the 0-D model. The time-dependent pressure [42] in the thruster is given by

V?TT =Q,—CAP, (4.3-65)

where V is the discharge chamber volume, P is the pressure in the thruster
discharge chamber, C is the conductance of the grids, and AP is the pressure
drop across the grids. The initial pressure just before the start of the recycle,
when the thruster is operating normally, is found from Eq. (4.3-35) and the
conversion of neutral density to pressure in Eq. (2.7-2):

R, = 41x 10725 1o =) (4.3-66)

Vo€Ag Tallc

With the high voltage off, the ions and neutrals flow to the grid region, where a
small fraction exits through the accel aperture to escape, and the majority strike
the upstream side of the grids or the grid aperture barrel wall and flow back into
the thruster. Since the grid conductance is defined as the flow divided by the
pressure drop [42], the final pressure after steady state has been achieved is

Pf = (1—Ta)%: (4.3-67)

where C is the conductance of the grids and the downstream pressure from the
grids has been neglected as small. The conductance of the grids can be
estimated from the molecular conductance of a thin aperture [42] times the
Clausing factor for the finite thickness grids. The conductance is then

T 1/2
C= 3.64(M—J TaAgMe [liters/s], (4.3-68)

where Mg is the ion mass in atomic mass units (AMU), and the effective open
area of the grids is the optical transparency of the accel grid, T,, times the grid
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area, Aq. Integrating Eq. (4.3-67) from the initial pressure to the final pressure
gives

t/rg,

P(t)=P; —(P; - P,)e (4.3-69)

where 74 =V /C is the gas flow time constant for filling the thruster chamber.

To use Eq. (4.3-69) to find the final pressure, the gas flow rate has to be
converted from particles per second to torr-l/s by multiplying the neutral gas
flow in Eq. (4.3-67) by 2.81 x 107,

Figure 4-24 shows an example of the pressure increase with time calculated in
the NEXIS thruster discharge chamber from the start of a recycle. The pressure
in the discharge chamber during normal operation is in the mid-10 torr range
due to the large grid area and high mass utilization efficiency. During a recycle,
the pressure in the discharge chamber reaches equilibrium in about 60 ms, with
the pressure increasing almost an order of magnitude once the high voltage is
turned off. This magnitude of pressure increase in the thruster once the high
voltage is turned off is consistent with the ~90% mass utilization efficiency of
many thruster designs.

The plasma potential response to pressure changes in the discharge chamber
calculated using the 0-D model for two different discharge voltages is shown in
Fig. 4-25(a) for a given magnetic field design. During the recycle, the discharge
current is reduced (called “cutback™), which reduces the discharge voltage and
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Fig. 4-24. Example of the pressure rise in the NEXIS thruster [20]
calculated during arecycle.
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thereby the plasma potential. The model indicates that the plasma potential
reduction and subsequent unstable operation is the result of the lower discharge
voltage, and does not occur directly due to the discharge current being lower.
This analysis shows that a given thruster design that produces a stable discharge
under normal conditions can go unstable due to negative plasma potentials as
the pressure rises and the discharge voltage decreases.

The plasma potential calculated using Eq. (4.3-63) for two magnet designs is
shown in Fig. 4-25(b) for the 23-V NEXIS case, which illustrates the effect of
the smaller anode area reducing the plasma potential at a given pressure. In this
case, increasing the anode area permitted the discharge current to be cutback
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Fig. 4-25. Plasma potential as a function of pressure for two
different discharge voltages (a), and plasma potential versus
time (b) showing instability of the smaller anode area design at a
given pressure.
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during the recycle to the desired level without oscillating, which facilitates re-
starting the high voltage. Of course, the larger anode area increased the loss in
the discharge chamber and raised the discharge loss. This trade-off is often
required to provide good performance and stable discharge operation.

4.3.11 Limitations of a 0-D Model

While the 0-D models described in this chapter provide useful information on
the design parameters of ion thrusters and give good insight into the plasma
production and loss mechanisms, there are several limitations to their use. First,
0-D models assume that the electron and neutral densities are uniform and
averages the ion production throughout the volume of the discharge chamber.
For ion thrusters with significantly non-uniform plasmas, this leads to
inaccuracies in the average plasma density and beam current calculated by the
0-D model that can be handled only by multi-dimensional discharge chamber
models. Second, the source of the gas in actual discharge chambers is from the
localized hollow cathode aperture and the gas manifold inside the discharge
chamber. The neutral density, therefore, is never completely uniform, and
variations in the neutral density can affect the transport, diffusion, and
ionization rates in the discharge chamber.

Third, ion thrusters with localized electron sources like hollow cathodes have
strongly varying primary electron densities within the discharge chamber. As
shown earlier, the primary electron density strongly affects the ionization rate,
and so localized sources of primaries produce non-uniform plasmas that the
0-D models cannot address. In addition, these models utilize a monoenergetic
primary energy. A distribution in the primary electron energy has been
measured in some ion thrusters [43,44], which changes the ionization and
primary electron thermalization rates compared to the monoenergetic
calculations presented here. While primary electron energy distributions can be
incorporated in 0-D models, this has not been attempted to date.

Finally, the 0-D model assumed that the monoenergetic primary electrons have
an energy of e(Vy—V; +¢). For typical discharge voltages of 25 V and cathode

voltage drops of 5 to 10 V, this means that potentially none of the primaries has
sufficient energy to doubly ionize xenon, which has an ionization potential of
21.2 V. Double ions can then only be produced by the tail of the plasma
electron distribution. For electron temperatures of 3 to 5 eV, less than 1% of the
electrons have sufficient energy to produce double ions. Since the double-ion
content in NSTAR thrusters has been reported to exceed 20%, a monoenergetic
primary electron energy results in a model that cannot accurately address
double-ion production. While including primary electrons is necessary to obtain
agreement between the 0-D models and experimental results, knowledge of the
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correct energy distribution and even spatial variation in the primaries is
required, and is better handled by 2-D models discussed in Section 4.7.

4.4 Kaufman lon Thrusters

The formulation of particle and energy balance models just described applies to
any ion thruster geometry where the electron loss can be defined by a finite
anode electrode area collecting electrons at a fraction of the random electron
flux depending on the sheath voltage. One class of thrusters still in use, the
Kaufman ion thruster shown schematically in Fig. 4-26, features a strongly
diverging axial magnetic field that shields a cylindrical anode electrode located
near the wall of the discharge chamber. In this case, electron transport to the
anode is determined by cross-field diffusion.

In Section 3.6, the flux of electrons due to cross-field diffusion is given by
Fe =nv, = ‘UJ_nE — DJ_Vn. (44'1)

For the case of Kaufman thrusters, the perpendicular diffusion coefficient is
likely to be close to the Bohm diffusion coefficient [45]:

Anode

Hollow

Cathode

|

A

Baffle

Fig. 4-26. Schematic of a Kaufman ion thruster showing
the hollow cathode with a baffle, and the anode
protected by magnetic fields produced by an external
solenoid coil.
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The electron current collected by the anode is the flux that diffuses through the
magnetic field times the Boltzman factor at the sheath:

I = (1 NE—D, Vn)eA e ®/KTe, (4.4-3)

where A,g is again the anode surface area exposed to the plasma discharge.

The actual current distributions and potential distribution in a Kaufman thruster
are the same as for the DC discharge thruster shown in Fig. 4-9. However, there
are several terms that were analyzed for ring-cusp thrusters that can be
neglected in Kaufman thrusters.

First, if the axial magnetic field in the discharge chamber is on the order of
100 G, then the Larmor radius for, say, 20-eV primaries is 1.5 mm. Since the
magnetic field lines do not intersect the anode and primaries are too energetic to
participate in the collective instabilities that drive Bohm diffusion, the primary
electrons must make collisions in order to cross the magnetic field to be lost.
That means that the fraction of the primary electron current loss directly to the
anode in ring-cusp thrusters, I, can be neglected, which is an advantageous

feature of Kaufman thrusters.

Second, the plasma flow across the magnetic field is still governed by
ambipolar effects. As was shown in Section 4.3.4, if the transverse magnetic
field strength is in excess of about 50 G in typical ion thruster discharge
chambers, then the radial electric field in the plasma (in the magnetic field
region) is near zero and the ion loss rate is on the order of one-tenth the Bohm
current toward the wall. This means that the ion current to the anode term, |,

can also be neglected to first order. Since the discharge current collected
through the anode leg of the discharge power supply connection was given in
Eq. (4.3-61) as the plasma electron current minus the ion current and plus the
primary current, the discharge current is now just

lg=1g4=-D,VneA,e ®Kle, (4.4-4)

Third, the ion current flowing back towards the hollow cathode was neglected
in our treatment of ring-cusp thrusters because the hollow cathode exit area in
contact with the plasma was so small. In Kaufman thrusters, a baffle is placed
on axis in front of the cathode to force the primary electrons off axis to flatten
the density profile. Since the magnetic field is strongly divergent, the axial
plasma density gradient is significant and the plasma density in contact with the
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baffle can be high. For these reasons, the ion current to the cathode, I, can no
longer be neglected.

The power into the plasma is given by Eq. (4.3-46), and the power out of the
discharge is given by

Pout = 1pU ™" + 10" +1g(Vg +& )+ 1 (Vo + &)+ 1p&i + liagi + 1ager  (4.4-5)

where ¢ is the ion energy leaving the plasma, which is written here from
Eq. (4.3-10) as Tqy /2+¢, and &g is the electron energy removed from the
plasma, which is written from Eq. (4.3-9) as 2Ta, +¢ . Equating the power in
to the power out again and solving for the discharge loss gives

| R
\ £U++LU +¢+TCV+(IS+IK)(2Vd—Vc+2¢+-I-eV)
I I 2 I 2

. (4.4-6)
Vd _Vc - 2TeV

Mg =

The first current ratio, Ip /1y, is given by Eqg. (4.3-55), and the second current

ratio, I*/Ib, is given by Eq. (4.3-56). The current ratio, 14/l , is given by
Eg. (4.3-57), and the last current ratio is

1 /kTe
I_k: 2 K M Ak - nkAsa (44_7)
lyb 1 (KT, NeAT '

Eni e\/ MeAsTS e S

where ny is the plasma density at the cathode baffle. The discharge loss for
Kaufman thrusters is then

| o —
Vy ey +<Z>+-|-‘3V+[1 Ts ; NAa j(zvd—vc+2¢+TeV)
Ip Iy 2 Ts NeAST 2
Vg —Ve —2Tev

Md =
(4.4-8)
The plasma potential in Eq. (4.4-8) is found from solving Eq. (4.4-4):

e &In{—_mvmeAas } , (4.4-9)
e Id
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and the electron temperature is found from the solution to ion particle balance
in Eq. (4.3-36) in a similar manner as for ring-cusp thrusters. The negative sign
in Eq. (4.4-9) appears problematic in the natural log function, but the density
gradient Vn is negative going outward from the plasma. The primary electron
density is calculated from Eq. (4.3-45), with the ballistic loss term neglected as
described above since primaries are not lost directly to the anode. Finally, the
plasma volume term in the ion and excited neutral production rates can be
assumed to be the volume of a cone from the baffle to the grids because the
plasma is well confined by the strongly diverging magnetic field. Since the 0-D
model assumes relatively uniform plasma, estimates for the radial gradient of
the plasma density in the magnetic field region near the anode and the
additional cathode voltage drop due to the baffle must be made for Eq. (4.4-8)
to be accurate.

As an example, take a conceptual Kaufman thruster with a 20-cm-diameter
screen grid with 80% transparency and a 25-cm-diameter anode with 25 cm
between the grids and the baffle. Assuming that the average magnetic field
strength in the thruster is about 50 G, the discharge loss from Eq. (4.4-8) is
plotted in Fig. 4-27 for two values of the cathode voltage drop. In this case, the
cathode voltage drop is higher than in a ring-cusp thruster because it includes
the potential drop in the baffle region. The discharge loss is strongly dependent
on this value because it directly affects the primary electron energy. Discharge
losses in this range at mass utilization efficiencies of about 90% have been
reported in the literature for Kaufman thrusters through the years [46-48],
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Fig. 4-27. Discharge loss calculated for Kaufman thruster example.
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suggesting that the 0-D model can produce reasonable predictions of the
discharge loss if the cross-field diffusion is handled properly.

The need for higher discharge voltages in Kaufman thrusters, compared to ring-
cusp thrusters, is illustrated in Fig. 4-28, where the discharge loss is plotted for
the Kaufman thruster example above with two cases of the discharge voltage at
a constant (total) cathode voltage drop of 16 V. Low discharge loss is achieved
for the 35-V discharge voltage case, but decreasing the discharge voltage to
30V causes the discharge loss to increase dramatically. This is because the
primary electron energy in the discharge chamber is near the threshold energy
for ionization at this discharge voltage, and the discharge efficiency decreases
as more ionization is required from the plasma electrons. In addition, the lower
discharge voltage causes the plasma potential to go significantly negative
relative to the anode potential (= Tg), which will cause the discharge to become

unstable.

While Kaufman-type thrusters are considered to be the first ion thruster to
achieve good discharge production performance, they now compete with ring-
cusp thrusters for application in modern electric propulsion systems. This is
because of several constraints in Kaufman thruster design. First, the strong
axial magnetic field restricts electron motion to the anode to cross-field
diffusion, which requires either high neutral pressures in the discharge chamber
for electron-neutral collisional diffusion and, thereby, low mass utilization
efficiency, or relies on collective instabilities to increase the diffusion rate to
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Fig. 4-28. Discharge loss calculated for Kaufman thruster example at two
discharge voltages.
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obtain sufficient electron loss to support the discharge. The instabilities are
usually related to E x B driven instabilities and Bohm diffusion [24], which
create significant noise in the discharge that can appear in the beam current.
Second, the baffle required to force the primary electrons off axis to produce a
more uniform plasma profile is susceptible to ion bombardment sputtering and
plasma losses in the dense plasma region near the cathode. This has historically
limited the life of these types of thrusters, although alternative materials can
mitigate this problem. In addition, the primary electrons are injected purely off
axis, which means that the plasma profile, and hence the beam profile, can be
hollow or peaked depending on the cross-field diffusion and mobility
throughout the discharge chamber.

Finally, the thruster size, shape, and magnetic field strength is limited to
regimes where the magnetic field is sufficient to confine ions by electrostatic
ambipolar effects to obtain good efficiency, and yet the magnetic field is not so
high that the cross-field diffusion cannot provide adequate electron current for
the discharge to be stable. If the field is too strong or the anode area in contact
with the plasma is too small, the plasma potential goes negative relative to the
anode to pull the electrons out of the discharge. Inspection of Fig. 4-22 shows
that if the plasma potential is negative relative to the anode, then the primary
energy is decreased at a given discharge voltage, which strongly affects the
discharge efficiency [22]. Since the discharge voltage cannot be arbitrarily
increased due to ion sputtering of the baffle and screen electrodes, in addition to
excessive double-ion production, this will significantly reduce the discharge
efficiency. In the case of negative plasma potentials, the electron loss to the
anode has the form [22]

-1
1/2
|, =—D, VneA,e®Kle| 1_ erf (%} , (4.4-10)
e

where ¢ is a negative number in this case. The negative plasma potential
increases the current to the anode area Ayg by pulling some of the electrons

from the plasma population that were headed away from the anode. While up to
a factor of two more electron current theoretically can be drawn compared to
the case for the case of positive plasma potentials, in practice drawing even the
random electron flux can strongly deplete or perturb the Maxwellian population
and affect the plasma discharge. The geometry of Kaufman thrusters for good
efficiency is limited to configurations where the plasma potential in the
discharge chamber is not allowed to go negative relative to the anode, which
constrains the design space for the electrodes and fields.
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45 rflon Thrusters

The ion thrusters described in the previous sections utilize a thermionic hollow
cathode and DC discharge power supply to inject hot electrons into the
discharge chamber to ionize the propellant gas. To eliminate any potential life
or power supply issues with the hollow cathode and DC-electron discharge, an
alternative thruster design utilizes electromagnetic fields to heat the plasma
electrons that, in turn, ionize the injected gas. One method to achieve this goal
is to use an inductive plasma generator, which is normally called a radio-
frequency, or rf, ion thruster. In this case, low frequency rf voltage is applied to
an antenna structure around or in the plasma, and the rf energy is coupled to the
electrons.

The simplest configuration for an rf ion thruster is shown schematically in
Fig. 4-29. An rf coil is wrapped around an insulating chamber with a gas feed.
The chamber can be cylindrical, hemispherical, or conical in shape and is
connected to an ion accelerator structure that is the same as those used for
electron-bombardment ion thrusters with either two or three grids. The plasma
floats relative to the first grid, and the high voltage is applied between the two
grids to accelerate ions that flow through the first grid and form the beam. The
rf coil is connected to an rf power supply that provides the power to generate
the plasma. There is usually no applied magnetic field in rf ion thrusters,
although one can be applied in principle to improve the discharge performance.
As in other ion thruster designs, the entire discharge chamber is enclosed in a
metallic screen or structure to eliminate electron collection from the space
plasma, and a neutralizer cathode is connected to provide net charge
neutralization of the beam.

The coil wrapped around the insulating thruster body can be modeled as a
solenoid with N turns, and the rf voltage applied to it drives an rf current in the

Insulating Body RF Coil

\ Gaslileed \X

] E
1Lk

Plasma Volume

W

Fig. 4-29. Schematic of an rf ion thruster showing
induction coil, insulating body, gas feed and two-
grid accelerator structure.
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coil. Typical frequencies used in rf ion thrusters are in the range of 1 MHz. At
these frequencies, the penetration of the fields from the coil at the boundary is
limited by the skin depth in the plasma [24], which is on the order of or slightly
less than the radius of most rf ion thrusters at the plasma densities required to
produce xenon ion current densities in excess of 1 mA/cm?®. This produces an
attenuation of the electric and magnetic fields toward the axis, and the majority
of plasma interaction with the fields occurs off axis closer to the boundary.

The axial magnetic field inside the coil induced by the rf current, neglecting
end effects, is

N
B,=— €%, (4.5-1)
Ho

where 1 is the rf current in the coil, u, is the permeability of the vacuum, @ is
the cyclic frequency (2xf) of the rf, and t is the time. From Maxwell’s
equation, the time-varying magnetic field creates a time-varying electric field:

vxE=-28 (4.5-2)
ot

The induced rf electric field in the rf thruster geometry is then in the azimuthal
direction:

ior

Bp=-—" Boe ", (4.5-3)

where r is the distance from the axis and B, is the peak axial rf magnetic field

from Eq. (4.5-1). A finite electric field is generated spatially off axis inside the
thruster.

The induced electric field exists in one direction (x6 direction) for roughly half
a period, which for a 1-MHz frequency is 0.5 microseconds. The electrons,
however, don’t see the oscillating component of the electric field because they
transit the interaction region close to the antenna in a time much less than this
value. For example, a 5-eV electron will travel a distance of about 1 meter in
1 microsecond, and so can traverse the electric field region many times within a
half cycle. Therefore, electrons traversing the induced electric field region
“see” a DC electric field and are accelerated. If they make a collision prior to
leaving the region, they can then retain some or all of the velocity imparted by
the electric field and are heated.
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The criteria for the rf plasma generator to provide net heating of the electrons is
that a sufficient number of electrons make a collision within the electric field
interaction region. If the interaction region is, say, a few centimeters across, the
mean free path should be on this order. The probability of an electron making a
collision is given by

XA =1 exp o0 X, (4.5-4)

P=1-exp
Using Eq. (2.7-2) to convert from neutral density to pressure, the minimum
pressure at a temperature T in the plasma chamber of an rf thruster for
breakdown to occur is

—104x107° T
Pinltor] = z ——In(1-P). (4.5-5)

For example, the minimum pressure for starting the rf-generated plasma is
plotted in Fig. 4-30, where room temperature (290 K) xenon gas with a xenon
atomic radius of 1.24 A in a 5-cm-long interaction region is assumed. If 10% of
the electrons must make an electron-neutral collision within a 5-cm interaction
region to provide sufficient heating for sustaining ionization and breakdown to
proceed, then the minimum pressure in the thruster is about 1 x 107 torr.
Minimum pressures in the range of 10~ to 107 torr are commonly reported in
the literature for rf plasma sources to ignite the plasma. Once the plasma source
is ignited, the required electron collisions to provide the heating in the rf
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Fig. 4-30. Minimum pressure for starting a xenon rf thruster with a 5-cm

interaction zone as a function of the probability of an electron having a
collision.
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electric fields can be supplemented by coulomb collisions between the plasma
electrons, which reduce the operating pressure requirement and permit high
mass utilization efficiency to be achieved.

Starting an inductive plasma discharge can also be problematic because initially
there are few free electrons present to interact with the rf fields and ionize the
fill gas. Prior to the plasma ignition, there is no load on the rf circuit driving the
coil and the reactive power stored in the inductive components in the rf
matching network grows, which increases the voltage across the coil and
induces higher electric fields inside. If the minimum gas pressure is provided,
the discharge will ignite when the field is either large enough to excite the few
electrons naturally present in the chamber or causes field emission to occur.
Another method for ignition is to inject electrons from a spark generator, small
cathode, or the neutralizer cathode (with the accel voltage turned off
momentarily) into the discharge chamber to provide the seed electrons for
interaction with the rf electric fields.

If the antenna in rf thrusters is directly exposed to the plasma, ions in the
discharge can be accelerated by the rf voltage on the surfaces and sputter-erode
the antenna. This can ultimately limit the life of rf thrusters. This problem is
minimized by either encasing the antenna in an insulator [49] or by making the
thruster body an insulating material and mounting the antenna exterior to the
plasma volume [50]. In this case, the rf voltage across the coil is shielded from
the plasma, and the ions are not accelerated to high energy before striking the
insulator. Mounting rf antennas outside insulating-material walls such as quartz
or alumina is common practice in inductive plasma generators used in the
semiconductor processing industry. An example of this arrangement applied to
a radio-frequency ion thruster (RIT)-XT thruster [50] is shown in Fig. 4-31. In
this case, the body of the thruster is constructed of a conical (or hemispherical)
alumina insulator, and a high-conductivity-material (typically copper) antenna
is coiled around the insulator. As long as the alumina body is not significantly
coated by conductive layers and remains an insulator, the rf fields will couple
through the wall and generate plasma.

This type of ion thruster is readily analyzed by particle and energy balance
models because they do not have localized electron sources (hollow cathodes);
the rf fields simply heat the Maxwellian electron distribution that provides the
ionization, and the plasma in the discharge chamber is very uniform. In the
energy balance equation, it is assumed that the power absorbed by the plasma is
simply given by Pgs. lons generated in the plasma volume drift to the interior

surfaces in the thruster, and only electrons in the tail of the Maxwellian
distribution have sufficient energy to overcome the potential difference
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Fig. 4-31. rf ion thruster design showing the alumina
body, exterior rf coil, accelerator grid assembly and
neutralizer cathode. The antenna system is enclosed in
a metal “plasma shield” to eliminate electron collection
from the space plasma (from [50]).

between the plasma and the wall. The power out of the plasma equals the power
absorbed, which is given by

Pas = 1 U™ + U +(1g+ 1y + Ib)(T%V+¢)+ 1a(2Tey +9),  (45-6)

where the electron and ion energy loss terms are shown explicitly. Equating the
input power to the output power, the discharge loss is then

P
ng = s
Ip
| (4.5-7)
- Pyl y +(IS+IW+1J(TeV +¢)+—a(2TeV+¢).
Ib Ip b b 2 b

The ionization and excitation is now only due to the plasma electrons, so the
first current fraction in Eq. (4.5-7), using Eq. (4.3-50) and assuming quasi-
neutrality (0, = ng), is

(4.5-8)
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and the second current fraction is likewise:

" 2n0<c7* ve>V | 459

Iy KTe
—=AT
e ATs
The screen current-to-beam current ratio is given in Eq. (4.3-57) as (1-Tg)/Ts.

The ion current that goes to the wall is the Bohm current to the wall area A,

reduced by radial confinement provided by any applied or induced magnetic
fields. The fourth current ratio is then

lw _ 2
=2 = , (4.5-10)

where f; is again a confinement factor for the reduction in the Bohm velocity

due to ambipolar effects in the ion and electron flows to the wall. Since there
are no applied DC potentials in the discharge chamber and all the walls float,
the electron current out is the same as the ion current out:

ly=lg+ly+1p. (4.5-11)

Plasma potential in the expression for the discharge loss [Eq. (4.5-7)] can be
evaluated by equating the total ion and electron currents exiting the plasma:

. (KT, 8KT _
A Ao+ A) =8 T e (A + 1-TAep e, (4512)

Solving for the plasma potential gives

¢ e Ayfe+Ag Tm

If the wall area is large compared to the screen area, or the grid transparency is
small compared to 1, this turns into the normal equation for floating potential:

¢=&In[ ﬂ} (4.5-14)
e T m

- ﬂmrw *(1-Ts)As |2M } (4.5-13)
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which for xenon is 5.97#Tg.

Using Eqgs. (4.5-8) through (4.5-11), the discharge loss for rf ion thrusters can
then be written

_ 205 (oive)V Ut U <U*Ve>

KTe (0jVe)
\/; AsTs ) (4.5-15)

1-Tg , Aufe

where the plasma potential ¢ is given by Eq. (4.5-13) in eV.

The electron temperature is found, again, by equating the ion production and
loss terms

1 KT,
NoNe€(0iVe)V = e /Ve (Ayfc+As). (4.5-16)
The electron temperature is then found from the solution to

Kle
M _ 2ngV

(01Ve) ) Ayt tAs’

As an example, assume that the rf ion thruster has a 20-cm grid diameter, an
18-cm-deep conical ceramic discharge chamber, a grid transparency of 80%,
and that it produces 2 A of beam current in xenon. Figure 4-32 shows the
calculated discharge loss as a function of the mass utilization efficiency from
Eg. (4.5-15), assuming no applied or induced magnetic fields and, therefore, no
plasma confinement. A discharge loss of about 450 eV/ion is predicted at 90%
mass utilization efficiency. This is a very high discharge loss, and it can be seen
in Fig. 4-32 that the majority of the energy loss is carried out by the ions and
electrons flowing to the floating-potential walls. This is because the
Maxwellian electron temperature required to produce the ions that flow to the
entire interior surface area of the discharge chamber at 90% mass utilization
efficiency [from the solution of Eq. (4.5-17)] is 5 eV, and the plasma potential
to achieve net ambipolar flow is, therefore, nearly 30 V. The high sheath
potential required to self-confine the electrons for particle balance and the large

(4.5-17)
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Fig. 4-32. Discharge loss calculated for the example rf ion thruster and
the contribution from the four energy loss mechanisms.

plasma loss area (A + Ag) carry significant energy to the discharge chamber
wall, causing a relatively high discharge loss.

The discharge loss performance of rf ion thrusters typically reported in the
literature [50] is much lower than that found in our example. This is because
even though these thrusters do not usually have an applied DC magnetic field,
the rf coil forms a solenoid around the dielectric discharge chamber and the rf
current flowing in the antenna coil induces an alternating current (AC)
magnetic field in the interior of the discharge chamber with a frequency at the
rf oscillator frequency. In most typical rf thrusters, this frequency is on the

order of 1 MHz. The ion acoustic speed /KTo/M at To =5 eV is 1.9 km/s, and

so in a 1-ps cycle, the ions can only move less than 2 mm, which implies that
the ions can be considered stationary on the magnetic-field cycle time. The
electrons are certainly not stationary in the period, but the ion space charge will
hold the electrons in place during a cycle. Therefore, the AC magnetic field
from the rf coil can provide some confinement for the plasma [51] and reduce
the flux to the discharge chamber walls. The magnetic field induced by the rf
coil depends on the coil size and amount of power. For example, assume that
the coil occupies 1 turn per centimeter (100 turns/m), and the coil impedance is
50 ohms. For an input power of 500 W, this would result in 10 A of rf current
flowing in the coil. For simplicity, assume the rf coil forms a solenoid and the
magnetic field inside a solenoid (neglecting end effects) is
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Blgauss] =10, N 1, (4.5-18)

where ug is the permeability of free space, equal to 47 x10™" henries/m; N is

the number of turns per meter; and | is the coil current in amperes. For this rf
thruster example, a magnetic field of 12.6 G is produced. While this sounds like
a low field, it is an axial field induced in the majority of the interior of the
thruster depending on the plasma skin depth, which is large in these low density
plasmas.

The reduction in the ion velocity flowing radially to the wall for the situation of
a transverse magnetic field and ambipolar flows was analyzed in Section 4.3.5.
Figure 4-33 shows the reduction in the radial Bohm current ( f;) from

evaluating Eq. (4.3-15) for the condition when the diffusion length is now
essentially the thruster radius. Fields on the order of 10 G throughout the
thruster volume can reduce the ion and electron loss to the discharge chamber
wall by over a factor of two. While the rf magnetic field strength decreases with
radius due to the finite length of the antenna coil (solenoid end effects), the
field strength near the axis is still sufficient to reduce the ion loss rate [51].

The discharge loss calculated by the 0-D model for our 20-cm rf thruster
example is shown in Fig. 4-34 as a function of rf magnetic field induced in the
plasma. The discharge loss is reduced from the case of no magnetic
confinement (B=0) of 450 eV/ion at 90% mass utilization to a value of
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Fig. 4-33. lon confinement factor (the fraction of the Bohm current to the
wall) as a function of the induced magnetic field in the discharge
chamber volume.
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Fig. 4-34. rf ion thruster discharge loss versus mass utilization efficiency
for three values of the induced magnetic field in the discharge chamber.

230 eVVion if 10 G is induced in the chamber. This is a significant reduction in
the calculated loss and is the key to rf ion thruster discharge performance.

To produce the 2-A beam in our 20-cm thruster example at 230 eV/ion, a total
input power to the antenna of 460 W is required to be absorbed by the plasma.
Since the rf power supplies are typically 90% efficient in this frequency range,
the input power to the thruster PPU would be about 511 W. This predicted
performance is in good agreement with the data about this size of rf thruster
found in the literature [50], suggesting that a 0-D particle and energy balance
model can provide reasonably accurate performance predictions.

One advantage of rf ion thrusters is that they have only Maxwellian electrons
and ambipolar ion and electron loss rates, which simplifies the discharge loss
expressions and makes it easy to analyze the few geometric parameters to
optimize the discharge loss. An example of the process is as follows: First,
specifying the required beam current and current density determines the grid
diameter in any ion thruster. lon optics codes then determine the grid
transparency. Once the grid design is set, a Monte-Carlo gas code is used to
evaluate the Clausing factor introduced in Eq. (4.3-33). Assuming a conical or
cylindrical discharge chamber shape of a given length immediately specifies the
loss areas and plasma volume. Then, specifying the mass utilization efficiency
gives the neutral density, and the electron temperature can be found from
Eq. (4.5-17) with an initial confinement factor assumption. These values are the
input parameters to the discharge loss given by Eq. (4.5-15), which provides the
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required input rf power to the antenna assuming that the antenna efficiency and
coupling (reflected power) are known. The approximate induced AC magnetic
field can then be calculated from Eq. (4.5-18) and the ion confinement factor
fo, found as in Section 4.3.4. A simple iteration then gives the final discharge

loss and rf power.

It should be noted that as the discharge chamber length decreases, the antenna
axial extent also decreases, which reduces the electric field interaction region
and decreases the AC axial magnetic field strength due to end effects in the
solenoid coil. The ability to breakdown the neutral gas initially and then couple
the rf energy to the electrons efficiently may be compromised as the length
decreases, which would also affect the discharge loss scaling.

A disadvantage of rf ion thrusters is that the antenna must be insulated from the
plasma, and the insulator is then subject to ion bombardment and material
deposition. Dielectric discharge chambers are susceptible to mechanical
problems in fabrication, environmental testing and launch, and life issues from
coating of the insulator surface with conducting layers. The structural issue has
been addressed on some flight units by the use of a ceramic discharge chamber
with an exterior mounted antenna structure to provide the rigidity required for
launch survival. While the discharge loss in rf ion thrusters is typically higher
than that found for well-designed electron-bombardment ion thrusters such that
the total efficiency is lower, the simplified design of rf thrusters makes it easier
to analyze them and predict the performance than most other ion thruster
configurations. The rf thruster design concept eliminates any potential
discharge cathode life issues and utilizes fewer power supplies to operate the
discharge. These factors make rf ion thrusters very competitive for future
spaceflight applications.

4.6 Microwave lon Thrusters

An alternative to producing the plasma in the thruster with electron discharges
or rf induction heating of the electron population is to generate the plasma
using electromagnetic fields at microwave frequencies. This eliminates life
issues associated with the discharge hollow cathode, and the lack of applied DC
voltages in the discharge chamber can potentially reduce the sputter erosion of
electrodes exposed to the plasma as compared with that of DC electron
discharges. However, electromagnetic waves can propagate and be absorbed in
plasmas only under certain conditions. For example, if the microwave
frequency is too high or the plasma density too low, the microwave radiation is
reflected completely from the plasma. If the conditions are such that the
microwaves do propagate in the plasma, the microwave energy is coupled to
the plasma by resonant heating of the electrons in a magnetic field in the
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presence of collisions. The required magnetic field to achieve this resonance is
significant, and the pressure required to achieve sufficient collisions to start the
discharge can be relatively high. These effects impact the plasma generator
design and performance.

The propagation of microwaves in a plasma can be understood by examining
the dispersion relationship. The behavior of microwaves in the thruster plasma
is described by Maxwell’s Equations:

VxE= _8 (4.6-1)
at
VXB:‘uO(J+SO?9t—Ej. (4.6-2)

The electromagnetic behavior is analyzed by linearizing these two equations
using

E=Ey+E; (4.6-3)
B=Bg+B; (4.6-4)
J=jo+*i1, (4.6-5)

where Eq, Bg, and jq are the equilibrium values of the electric and magnetic

fields and currents, and E;, B; and j, are the perturbed values in the
electromagnetic fields and current. Linearizing Egs. (4.6-1) and (4.6.2), and
realizing that the equilibrium values have no curl or time dependence and that

Eollo = 1/c? in a vacuum, gives

9B,

VxE =——= 4.6-6
1=, (4.6-6)
2V xB =1L+ %EL (4.6-7)
o ot
Taking the curl of Eq. (4.6-6) gives
2 dB;
VxVxE;=V(V-E;)-V By =-Vx—2, (4.6-8)

and the time derivative of Eq. (4.6-7) gives
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By _ 10, Oy

c?V x .
N g 2

(4.6-9)
Combining Eq. (4.6-9) with Eq. (4.6-8) results in
: 2
V(V-E)-VE =—5 22221 (4.6-10)

Assuming that the microwaves are plane waves that vary as
E=E (-0t (4.6-11)
j=jeloen, (4.6-12)

where k=2r/A and w is the cyclic frequency 2z f, then Eq. (4.6-10) be-
comes
2 i . o’
—k(k-Eq) +K°Ey = —j1+— By (4.6-13)

The electromagnetic waves are transverse waves, so k-E; =0 and Eq. (4.6-13)
becomes

((02 —czkz)El =79 (4.6-14)
€o

Since these waves are in the microwave frequency range, the ions are too
massive to move on these fast time scales and the perturbed current j; can come
only from electron motion. The perturbed electron current density in a plasma
is

jl =—Ng&Vg1, (46-15)
where ng is the plasma density and v is the perturbed electron velocity. If

the applied magnetic field is zero or the perturbed electric field is parallel to the
applied magnetic field (so called “O-waves”), the equation of motion for the
perturbed electron motion is

mZ=L = _eF, . (4.6-16)
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Solving for the perturbed electron velocity, assuming plane waves, and
inserting this into Eq. (4.6-15), the perturbed current is

iy = —ngefeEL (4.6-17)

lom

Inserting Eq. (4.6-17) into Eq. (4.6-14) and solving for the frequency gives the
dispersion relation for electromagnetic waves in a plasma:

2 neez 202, 2., 22
0 =——+c°k" =y +c°k7, (4.6-18)
oM
where the definition of the electron plasma frequency w% = neezlsom has been
used.

This expression can be solved for the wavelength of the microwaves in the
plasma

(4.6-19)

1= 2nc _ c ,
02 —w fs—f
Jop-o® 13-

where f, is the real plasma frequency and f is the microwave frequency. If the

microwave frequency exceeds the plasma electron frequency, the wavelength
becomes infinitely long and the wave becomes evanescent (it will not propagate
into the plasma) and is reflected. This condition, called cutoff, determines the
maximum plasma density into which a microwave source can inject power to
produce the plasma. Table 4-1 shows the cutoff frequency for a range of plasma
densities and the ion current density from a xenon plasma at an electron
temperature of 3 eV. As an example, if the ion thruster design requires an ion

Table 4-1. Cutoff frequencies for several plasma densities, and the corresponding ion current
density from a xenon plasma at Te =3 eV.

Plasma Density (cm™) Cutoff Frequency (GHz) J (mA/cm?)
10° 0.285 0.0118
10% 0.900 0.118
101 2.846 1.184
10" 9.000 11.84

10% 28.460 1184
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current density to the grids of, say, 1.2 mA/cm?, then a frequency in excess of
2.85 GHz must be used to produce the plasma or else some or all of the
microwave power will be reflected.

The microwave energy is coupled to the plasma by electron cyclotron
resonance heating, where the microwave frequency corresponds to the cyclic
frequency of the electrons in a magnetic field. The resonant frequency is the
electron cyclotron frequency, which was derived in Chapter 3:

_las
L=

c (4.6-20)

The cyclic cyclotron frequency is easily calculated using a convenient formula
of w;=2.8GHz/kG. In the plasma, the actual microwave frequency

is f. =eB/2zm, which is given in Table 4-2 for several magnetic field values.

If it is assumed that the microwave energy is deposited into the volume of a
plasma immersed in the magnet field, the maximum plasma density (and
corresponding ion current density to the grids) to avoid cutoff is shown for each
of the magnetic field values. To produce current densities in excess of
1 mA/cm?® of xenon to the accelerator grids from a 3-eV electron temperature
plasma requires magnetic fields in excess of 1000 gauss, and values closer to
2000 G are required to avoid cutoff for slightly higher ion current densities to
the grids. This is a significant magnetic field to produce in the discharge
chamber volume.

The use of microwave radiation enables direct heating of the plasma electrons,
but for the wave to add energy to the electrons, collisions must occur.

Table 4-2. Electron cyclotron frequencies for several magnetic field levels, the corresponding
maximum plasma density before cutoff, and the maximum ion current density to the grids
from a 3 eV electron temperature xenon plasma.

Maanetic Field Cyclotron Maximum Plasma Maximum lon
9 G) Frequency Densiaty Current Deznsity
C
fc (GHz) (cm™) (mA/cm?)
100 0.28 9.68 x 108 0.012
500 1.40 2.42 x 101° 0.286
1000 2.80 9.68 x 10*° 1.146
2000 5.60 3.87x 101 458
3000 8.40 8.71x 101! 10.31

4000 11.20 1.55 x 10*2 18.34
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Otherwise, the energy received by an electron during acceleration on each half-
cycle of its cyclotron motion is taken back by deceleration of the electron in the
field on the next half-cycle. Therefore, there is a minimum pressure at which
sufficient collisions occur to ignite the plasma and sustain the discharge. The
probability of a collision occurring is

p= [1—exp_n°° X:| = |:]__exp(_xm'e”):| , (4.6-21)

where x is the path length of the electron in the neutral gas with a density of
Ny, and Agy is the electron-neutral collision mean-free-path. An electron

entering the interaction region gyrates around the magnetic field lines due to its
perpendicular velocity and travels along the magnetic field line due to its
parallel velocity.

While the electron cyclotron heating tends to spin-up the electron motion
around the field lines, collisions tend to scatter the motion along the direction of
the field lines and thermalize the electrons into a Maxwellian distribution,
sometimes with a high-energy bump or tail driven by the resonance. The
collisionality requirements to achieve heating can be found from examining the
path length of an electron at a temperature T, spiraling along a field line. The
distance that the electron travels when gyrating around the field lines is given
by the Larmor radius, which was derived in Chapter 3:

(4.6-22)

The time for an electron to leave the microwave interaction region of length L
is

_L
v

where v is the parallel electron velocity along the field line. The number N of
gyrations that an electron makes in the interaction region is the microwave
frequency f multiplied by the time in the resonant region. The path length of the
perpendicular gyration of the electron is then

t (4.6-23)

L
Lg =2r rn N=2r re f V_ (4.6-24)
[

The total path length of the helical motion of the electron is
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2
Ly =L2+12= (%j +12, (4.6-25)

Using this value for the path length x of the electron in Eq. (4.6-21) gives the
probability of a collision with the neutral gas. Figure 4-35 shows this
probability calculated for xenon gas at room temperature for electrons with a
temperature of 2 eV in two different interaction lengths. To achieve the order of
10% of the electrons colliding with neutral gas atoms in a 5- to 10-cm-long
resonance region requires an internal pressure of at least 107 torr. In reality the
electrons must make multiple collisions within the interaction region because
the energy gain in a single gyration is small. However, this pressure is similar
to that found for rf thrusters to achieve sufficient collisions to start or sustain a
discharge, for essentially the same reasons. Again, once the plasma is started,
coulomb collisions will aid in transferring the electron motion in the microwave
fields into heating, which reduces the pressure required to operate the plasma
generator and permits higher mass utilization efficiencies to be achieved.

As was shown in Tables 4-1 and 4-2, a high magnetic field (>1 kG) and a high
microwave frequency (>2.8 GHz) are required to produce sufficient plasma
density to deliver reasonable current densities (>1mA/cm? in xenon) to the grids
in microwave thrusters. Due to the difficulty in producing these high magnetic
fields throughout the discharge chamber volume, the resonance region is often
localized to a small zone inside the thruster volume, and the plasma is allowed

o s
o I D /)

/

/ /

o S/

o y s

o P
0.0 / ‘ ‘

1074 1073 102 101

Probability of Collision

Pressure (torr)

Fig. 4-35. Probability of an electron-neutral collision before leaving the
resonance zone length indicated as a function of neutral pressure for
2-eV electrons.
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to expand to the grids along divergent magnetic field lines. Figure 4-36 shows
an ECR plasma source where a stronger magnetic field region resonant with
2.4-GHz radiation (produced by commercial magnetron microwave sources) is
restricted to the rear of the discharge chamber. Of course, expanding the plasma
from the resonance region to the grids decreases the plasma density and current
density, so even higher magnetic fields and frequencies than just mentioned are
normally required in the interaction region to produce over 1 mA/cm’ to the
grids.

The microwave radiation in this ECR plasma source is coupled into the rear of
the discharge chamber through a waveguide window, and a quartz liner is used
in the resonant region to ensure that the hot electrons are not lost directly to the
metal walls of the chamber. The magnetic field in this geometry is produced by
electromagnets, with a strong divergence in the field to spread the plasma over
the grid region at the exit of the discharge chamber. This is a common
geometry for industrial ion sources and plasma sources used in plasma
processing, and the performance of the plasma generator is well known.

The performance of this style of microwave ion thruster can be examined with
a 0-D model. Assume that the magnetic field is sufficiently strong that radial
losses can be neglected. This assumption implies that the plasma is frozen on
the field lines such that the density decreases linearly with the area increase as
the field expands. This simplifies the model to the case of a straight cylindrical
source with no radial losses. The plasma is lost axially to both the screen area
Ag and the rear wall area A, . Since there is no DC applied field, the plasma
floats relative to the internal surfaces, the electrons are lost to the axial rear wall
area and the collection area of the screen grid given by (1-Tg)Ag. Neglecting

2.45 GHz
In

Electromagnets

Propellant
Inlets

Resonance
Region ~7 o
(875 G)

Fig. 4-36. Schematic of microwave ion source with a volume-
resonance zone of strong magnetic field produced by
electromagnets.
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the cost of producing the microwave radiation, the power absorbed by the
plasma is equal to the power lost:

Pas = 1 U" + U™ +(1g+1y + |b)(T%V+¢)+ la(2Tey +9),  (4.6-26)

where |4 is the ion current collected by the screen grid, I, is the ion current
collected by the entire wall, and the ion energy loss is, again, To/2+¢. The

amount of energy lost by electrons to the wall assumes that the electrons have a
Maxwellian distribution, which may underestimate the energy lost due to the
high energy tail in the electron distribution generated by the resonant ECR
heating. The discharge loss is the power in (or out) divided by the beam
current:

P
ng =-22
Ip
| * (4.6-27)
S FYL YL DL (TLV"‘ﬁ))"'I_a(ZTeV +9).
Ib |b Ib Ib 2 Ib

The first three current fractions in this equation are given by Egs. (4.3-55),
(4.3-56), and (4.3-57), respectively. The fourth current fraction is given by

lw__2 = , (4.6-28)

where the wall area A, is the rear wall area only. The plasma potential is

found again from charge conservation by equating the total ion and electron
current:

ne (KT, _ Nnge [8KT, —
3 Ve(AN"‘As)—%\/ﬂ—n?[ANHl—TS)AS]eXp /KTe  (4.6-29)

Solving for the plasma potential gives

= Kle | Av+(1=T)A; |2V (4.6-30)
e A, + A rm| '

which is different from that found for rf ion thrusters because there is no ion
confinement factor due to the induced magnetic fields from the antenna (the

¢
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ions are assumed perfectly confined radially due to the strong magnetic field).
The electrons are lost to the rear wall and the screen grid, so the final current
fraction in Eq. (4.6-27) is

8KT,
e ~To)Ad]
|_a = 1 exp~®/KTe | (4.6-31)
b o e\/ —Me AT

Using Eqg. (4.6-30) for the plasma potential, this becomes

la_ M (4.6-32)
b AsTs
The discharge loss is then
2n0 a,vp>V <G* ve>

Oj Ve
\/7 AsTs < > (4.6-33)

+[1—Ts+ Aw +1}( eV +¢] Ant AS(ZT +9),

Ts  AsTg 2 ATy

with the plasma potential given by Eq. (4.6-30). The electron temperature and
neutral density are solved in the same manner as previously for the other types
of thrusters. The discharge loss for a generic microwave ion thruster producing
1 A of xenon ions from a 20-cm-diameter grid with 80% transparency is shown
in Fig. 4-37 for several thruster lengths. Discharge losses on the order of
200 eV/ion are predicted. This discharge loss is twice that of our idealized ion
thruster in Section 4.2 because both the ideal and the microwave source cases
assumed ionization by Maxwellian electrons and perfect radial confinement,
but the microwave source case includes plasma loss to the rear wall. While the
assumption of negligible radial loss is reasonable due to the strong magnetic
fields, some additional loss is expected in this direction that will degrade the
actual discharge loss somewhat. The large loss area for plasma to the beam area
and rear wall tend to drive up the plasma potential to maintain net ambipolar
flows and charge balance, which increases the discharge loss compared to well-
designed DC discharge thrusters.

Microwave ion source designers mitigate the back wall losses by imposing a
stronger magnetic field upstream of the resonance zone. This creates a magnetic
mirror, which was described in Chapter 3, that confines the plasma electrons
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Fig. 4-37. Discharge loss versus mass utilization efficiency for our
microwave thruster example with perfect radial confinement.

and reduces the axial losses. Because the magnetic moment (defined as

mv2/28) is invariant along the field lines, electrons with sufficient initial
perpendicular velocity are reflected from the increasing magnetic field as their
parallel energy is converted into rotational energy. The electrons that are lost
have a parallel velocity of

V” >V Rm—l, (4.6-34)

where Ry, is the mirror ratio given by Bpa / By,. For example, if the mirror

ratio is 5, only electrons with a parallel velocity twice that of their
perpendicular velocity will be lost. If the electrons have a Maxwellian
distribution with a temperature Tg, then the number of particles with v >2vy

is 67 =13.5%, so a large majority of the population is reflected. Since the
cyclotron heating adds perpendicular energy to the electrons, mirror ratios of 4
to 6 are very efficient in confining the heated electrons that produce ionization.

The ion source shown in Fig. 4-36 utilizes electromagnets to produce the high
field over a significant volume and also to create the confining mirror ratio.
However, the power required to operate the electromagnets in this design
increases the effective discharge loss and limits the electrical efficiency of the
device in thruster applications. In addition, it is difficult to create large area
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plasmas with good uniformity using microwave excitation due to the strong
magnetic fields that confine the plasma and influence the profile. This leads to
other magnetic configurations to produce the plasma using microwave ECR
techniques.

In a volume-ionization ECR source, like that shown in Fig. 4-36, a significant
fraction of the discharge chamber must be filled with a strong magnetic field to
satisfy the resonance condition. If this field is produced by a solenoid, the
electrical power required to achieve a sufficient field strength can represent a
significant energy cost to the thruster. Likewise, if the field is produced by
permanent magnets, the weight of the magnetic material required to produce
this field can represent a significant weight penalty for the thruster. This
problem can be mitigated by using magnetic multipole boundaries that produce
strong magnetic fields at the discharge chamber wall using ring or line-cusp
magnet configurations. Figure 4-38 shows the field lines between two magnet
rings and the regions of strong magnetic field close to the magnet where the
resonant condition is satisfied. Injection of the microwave radiation between
the cusps, either by cutoff waveguides inserted between the rows [52], by
slotted waveguides run along the rows [53], or by antenna structures placed
between the rows, will couple the microwaves to the high magnetic field
interaction region.

While this geometry eliminates the solenoidal magnet coils and minimizes the
size of the permanent magnets required to produce the resonant field strength,
there are several issues remaining. First, the magnetic field strength in the cusp
region decreases as one over the distance from the surface squared. This means
that very strong magnets are required to produce the resonant field at any
significant distance from the wall. Second, electrons that gain energy from the

Resonance Zones

Magnet Rows

MT lM

Fig. 4-38. Magnetic field lines and electron cyclotron
resonant zonein aring-cusp wall geometry.
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microwaves can be easily lost along the field lines to the wall due to their finite
parallel velocity. This means that optimal ECR designs using permanent
multipole magnets will have the resonance region as far from the wall as
possible and will produce a large mirror ratio approaching the wall to reflect the
electrons to avoid excessive direct loss.

Nevertheless, wall losses are a concern in this configuration because the plasma
production is a surface effect that is confined to the boundary region, as is the
loss. Electrons that are heated in the resonance zone sufficiently to ionize the
propellant gas generate plasma on the near-surface magnetic field lines.
Coupling the plasma from the resonance region or the surface magnetic layer
into the volume of the thruster is problematic due to the reduced cross-field
transport. In the other thruster designs discussed in this chapter, the ion
production was a volume effect and convective loss a surface effect, so thruster
efficiency scaled as the volume-to-surface ratio. This means that larger DC and
rf discharge thrusters can be made more efficient than smaller ones. Microwave
thrusters, on the other hand, don’t scale in the same manner with size because
large amounts of plasma must be produced and transported from the surface
region to fill the volume of larger thrusters, which can impact the discharge
loss. In addition, the plasma density is limited by both cutoff and the magnitude
of the resonant field, and so high current density ion production requires very
high magnetic fields and high microwave frequencies. Therefore, microwave
thrusters have been limited to date to lower current densities and smaller sizes
than the other thrusters discussed here. However, work continues on scaling
microwave thrusters to larger sizes and higher efficiencies.

The most successful design of a microwave thruster to date is the MUSES-C
10-cm ECR thruster [53-55], which is shown schematically in Fig. 4-39 from
[54]. In this case, extremely strong samarium cobalt (SmCo) magnets are used
to close the resonance field at the operating frequency between the magnets.
This produces heating away from the wall and traps the electrons on the field
lines due to an achievable mirror ratio of 2 to 3 in this geometry. The thruster
volume is also minimized, with the plasma production region close to the grids.
This configuration produces over 1 mA/cm? of xenon ions over the active grid
region using a 4.2-GHz microwave source with a discharge loss of about
300 eV per ion at over 85% mass utilization efficiency [53].

Finally, there are several other components intrinsic to these thrusters that
contribute to the difficulty of achieving high efficiency and compact size in a
microwave thruster subsystem. Sources of microwave frequencies in the
gigahertz range, such as traveling-wave tubes (TWT) and magnetrons, have
efficiencies in the 50% to 70% range, and the power supply to run them is
usually about 90% efficient. This represents nearly a factor of two in-line loss
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Fig. 4-39. Schematic of the MUSES-C 10-cm microwave source showing
the strong magnets and small volume characteristic of these thrusters
(from [54]).

of the electrical power delivered to the thruster that must be accounted for in
the total discharge cost of the subsystem. The plasma is typically a difficult
load to match well, and reflection of 10% to 30% of the microwave energy
back into the recirculator (which absorbs the reflected power from the source in
the case of mismatch or faults) is typical. The microwave source and
recirculator usually represent a significant mass and volume addition to the ion
thruster system. An examination of Table 4-1 shows that, in order to avoid
cutoff and produce ion current densities to the grids of 1 to 2 mA/cm?,
microwave sources in the 4- to 6-GHz range are required. At this time, space
TWTs in this frequency range are limited in power capability to the order of a
few hundred watts. For a given discharge loss, this limits the total ion current
that can be produced by a microwave thruster. While microwave thrusters hold
the promise of eliminating the need for thermionic cathodes used in DC-
discharge thrusters and of doing away with the requirement for dielectric
discharge chambers in rf thrusters, producing high-efficiency, high-thrust ion
propulsion systems based on this technology can be challenging. This is
certainly an area for future research.

4.7 2-D Computer Models of the lon Thruster
Discharge Chamber
The analytical models described above can generally explain the behavior and

predict the overall discharge chamber performance of well-defined
configurations, but multi-dimensional computer models are required to predict
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thruster performance parameters such as plasma profile and double-ion content,
and to examine the details of different designs. Multi-dimensional modeling of
the discharge chamber requires detailed models of discharge chamber walls and
magnetic fields as well as of neutral propellant gas, ions, and primary and
secondary plasma electrons [56-58]. Because the important physical
mechanisms are different, each species (neutral gas, ions, and primary and
secondary electrons) is modeled differently. For example, most neutral gas
atoms travel in straight lines until they hit a wall or are ionized, so the neutral
models can take advantage of simple straight-line trajectories to develop neutral
density profiles. On the other hand, primary electron trajectories are dominated
by rotation around magnetic field lines, and typically particle-tracking
techniques are used to determine the density and spatial distributions. lon and
secondary electron behaviors are obtained using fluid equations due to the
relatively collisional behavior of the species. Therefore, ion thruster discharge
models that require computer codes that use both fluid and particle-tracking
models are known as “hybrid” codes.

Figure 4-40 shows a generic flow diagram for an ion thruster hybrid model
[58]. From the thruster inputs (geometry), a mesh is generated inside the
discharge chamber. A magnetic field solver determines the field everywhere in
the chamber. Depending on the type of mesh used, the mesh generator may be
iterated with the magnetic field solver to align the mesh points with the
magnetic field lines. Aligning the magnetic field line simplifies the plasma
diffusion calculations since the equations can be separated into parallel and
perpendicular components, which can result in improved code accuracy for a
sufficiently fine mesh. A neutral gas model, such as the “view-factor” model
described below, determines the neutral density throughout the volume. The
“ionization model” uses the magnetic field and electric field to compute the
trajectories of primary electrons and their collisions with other plasma
components (i.e., neutrals, ions, secondary electrons), which create ions and
serve to dissipate the primary electron energy. The ionization model also
determines the collisions due to secondary electrons. The ion optics model
determines the transparency of the ion optics to neutrals and ions, as described
in detail in Chapter 5. The ion diffusion model uses the magnetic field
information and plasma properties to determine the motion of the plasma. The
electron thermal model determines the energy balance for the electrons to find
the distribution of temperatures of the secondary electron population. These
processes are iterated until a convergent solution is found.

4.7.1 Neutral Atom Model

Accurate knowledge of the neutral gas is required in multi-dimensional plasma
codes to predict the beam profiles, details of discharge plasma behavior, and
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Fig. 4-40. Hybrid 2-D ion thruster discharge model
flow diagram and components overview.

thruster performance. For example, many thrusters utilize localized sources and
sinks of the neutral gas that produce non-uniform neutral density profiles that
must be considered to understand performance.

lon thrusters operate at internal pressures on the order of 1 x 107 torr or lower
in order to achieve good mass utilization efficiency. In this pressure range, the
neutral gas can be considered to be collisionless, and simple Knudesen-flow
models are normally used to determine the average neutral gas density inside
the thruster. Assuming surface adsorption, propellant atoms collide with the
chamber walls and are re-emitted with a cosine distribution at the wall
temperature. Collisions with the wall act to thermalize the gas to the wall
temperature. Inside the discharge volume, the neutral atoms collide with
electrons and ions. Some neutral atoms are “heated” by charge exchange that
transfers the local ion energy to the neutral, but this process has little effect on
the average gas temperature. The spatial distribution of the neutral density is
dependent on the gas injection regions (sources), gas reflux from the walls, loss
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of gas out the ion optic apertures, and the internal “loss” of neutral particles by
ionization.

Wirz and Katz [58] developed a technique that accurately predicts the neutral
gas density profiles in ion thrusters. Their model utilizes a three-dimensional
generalization of the view factor formulation used in thermal models [59]. The
view factor approach assumes that neutral particles travel in straight lines
between surfaces, and that, after hitting a surface, they are emitted isotropically.
In this technique [60], a 3-D boundary mesh and a 2-D internal mesh in the
thruster discharge chamber are created for an axisymmetric discharge. The
steady-state neutral fluxes are determined by balancing the injection sources,
re-emission from the walls, loss through the ion optics, and loss due to
ionization. The local neutral density at each of the internal mesh points is
calculated by integrating its view factor from the source points (all the other
mesh points in the thruster), which includes the “loss” of neutrals between the
source and the mesh point due to ionization by the plasma. The ionization
losses affect the neutral gas analogous to absorption diminishing the intensity
of a light ray. The neutral gas code and the rest of the model components,
discussed below, are iterated until a stable solution for the neutral density at
each mesh point is found. One advantage of this model is that the neutral gas
temperature can be tracked after the gas interacts with the wall temperatures
specified at the boundary mesh points. Also, this technique is much faster than
a Monte Carlo code since it requires a single matrix solution, allowing the
coupling of the neutral and plasma codes to quickly determine both neutral and
plasma density profiles.

An example of the axisymmetric boundary (“wall”’) and internal meshes for the
NSTAR ion thruster from Wirz and Katz [58] is shown in Fig. 4-41. Gas enters
from the hollow cathode at the center rear and the propellant injection manifold
at the front corner of the discharge chamber. The neutral gas density calculated
from this code for the NSTAR thruster in its high-power TH15 mode is shown
in Fig. 4-42. The neutral density is highest near the injection sources at the
hollow cathode and the propellant injection manifold. The neutral gas is the
lowest on axis near the grids due to the NSTAR feed arrangement; however, as
discussed below, the high primary electron density found in this region of the
thruster produces significant ionization and “burns-out” the neutral gas. This
result is critically important because the production of doubly ionized atoms
increases dramatically in regions where the neutral gas is burned out and most
of the electron energy goes into secondary ionization of the ions in the
discharge chamber [58].
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4.7.2 Primary Electron Motion and lonization Model

Particle simulation methods have been applied to the modeling of primary
electron motion in ion thruster discharge chambers [58,61,62]. In particle
simulations, the primary electrons are represented by particles, or macro-
particles that represent a large number of primary electrons, that move in
discrete time steps based on their initial conditions, applied boundary
conditions, and internal electric and magnetic fields. Monte Carlo techniques
are used to introduce the particles from the cathode exit into the computational
domain at randomized velocities indicative of the cathode emission
characteristics. During each time step, the local fields are recalculated based on
the new particle position and velocity, and the particles move based on the local
forces. Monte Carlo techniques typically are used to handle collisions between
the particles. This procedure is repeated through many time steps until the
particle is lost, after which the next particle is introduced at a unique initial
velocity condition.

The primary electron motion between collisions is treated as the motion of a
charged particle in the presence of an electromagnetic field, which is described
by the Lorentz equation

ma&t—vzq(E+va). (4.7-1)

Wirz and Katz [58] developed an improved Boris-type particle-pushing
algorithm [63] in which the motion of the particles can be described with an
implicit particle-pushing algorithm, where the Lorentz forces on the particle are
decomposed into electric and magnetic forces. The primary’s kinetic energy is
assumed to be unchanged in an elastic collision, and the particle-scattering
angle is estimated by a 3-D probabilistic hard sphere scattering model [58]. In
an inelastic collision, some fraction of the primary energy goes into excitation
or ionization of the neutrals. Additional energy loss paths exist, as previously
discussed, such as coulomb collision thermalization and anomalous processes
associated with instabilities. A typical primary trajectory in the NSTAR thruster
from the Wirz code [58] is shown in Fig. 4-43, where the primaries are well
confined by the strong axial magnetic field component in this thruster, and
collisional effects eventually scatter the primary into the cusp loss cone.
Arakawa and Yamada’s model for primary electron motion is derived from the
Euler-Lagrange equations for the Lagrangian of a charge particle in a magnetic
field [61]. However, this technique is computationally more intensive and does
not improve the results in comparison with the improved Boris algorithm.
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Fig. 4-43. Example primary electron trajectory calculated inside the NSTAR
discharge chamber (from [60]).

The primary electron density calculated by Wirz [60] for the TH15 operating
condition is shown in Fig.4-44 and reveals that the magnetic field
configuration of NSTAR tends to trap the primary electrons from the cathode
on the thruster axis. This trapping of primary electrons, combined with the low
neutral density on axis, causes a relatively high rate of production of double
ions along the thruster axis.

The ion and secondary electron transport may be treated by an ambipolar ion
diffusion equation derived from the single-ion and electron continuity and
momentum equations. The steady-state continuity equation for ions is

on .
. V- (nv)=n, (4.7-2)

where ng is the ion source term. The momentum equation for ions and
electrons is

] 20y (o) | (e v 8-V p S (n)-ve). (47
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Fig. 4-44. Primary electron density (m™) for NSTAR throttle level TH15 [60].

where the subscript ‘n” represents the other species in the plasma. Equations
(4.7-2) and (4.7-3) can be combined to create a plasma diffusion equation

-D,V2n=nq, (4.7-4)
where D, is the ambipolar diffusion coefficient. The diffusion coefficient is
separated into parallel and perpendicular components, such that

D O
Da{ o b }
la

D“a = ‘LLeD| +/'LI De (47_5)
Mi + Ue

D, .= UMDy i + 14D e
la— )
i + Ue

where the species mobilities and diffusion coefficients are determined by
separately equating the parallel and cross-field fluxes of ions and electrons [64].
This simplified plasma diffusion equation assumes uniform ion and secondary

electron production rates and temperatures; a derivation that does include these
simplifying assumptions is given by Wirz [60].
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The thermal electron energy conservation equation is derived by multiplying
the Boltzmann equation by mv2 /2 and integrating over velocity to give

Jd(nm 2 3 nm - 5
— — +—nkT |+V || — + —nkT + —enE-v+R-v+ + ,
( \ n ) |:( Vv n )V q:| enc-v \Y Qe QC

(4.7-6)

where viscous effects are ignored and R is the mean change of momentum of
electrons due to collisions with other species. This equation is combined with
the electron fluxes to the boundaries and thermal conductivity to determine the
total energy loss to the boundaries. Temperatures calculated from the electron
energy equation are shown in Fig. 4-45 for the NSTAR thruster. The strong on-
axis confinement of the primaries in NSTAR tends to locally heat the plasma
electron population, generating a high on-axis plasma temperature.

4.7.3 Discharge Chamber Model Results

The 2-D discharge chamber model developed by Wirz and Katz [58] has been
verified against beam profile and performance data for the 30-cm NSTAR
thruster. The model results for the NSTAR thruster at throttle condition TH15
are plotted in Fig. 4-46, where the beam current density profile calculated by
the model agrees well with experimental data obtained during the 8200-hour-

-

Fig. 4-45. Secondary electron temperatures (eV) for NSTAR thruster at TH15 [60].
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Fig. 4-46. Beam and neutral density profiles at the NSTAR grid [60].

long duration test [65]. The peaked plasma profile is due to the strong
confinement of the electrons from the cathode by the NSTAR magnetic
configuration, which depletes the neutral gas on axis and produces a significant
number of double ions. The modified B-field profile in Fig. 4-46 is an example
of the model prediction for the case of a modified magnetic field geometry that
makes it easier for primary electrons to move away from the thruster axis. The
ion density calculated by the Wirz—Katz model for the NSTAR magnetic is
shown in Fig. 4-47. As suggested by the primary density and plasma electron
temperatures in Figs. 4-44 and 4-45, the plasma density is strongly peaked on
axis. Finally, the double-to-total ion ratio distribution throughout the discharge
chamber is shown in Fig. 4-48. These results agree with experimental data that
suggest the on-axis peak in the NSTAR beam profile is due to high centerline
double-ion content.

Analysis by the Wirz—Katz model results shows that the original NSTAR
magnetic field configuration tends to trap primary electrons on axis, which
increases local electron temperature, ionization rate, and the generation of
double ions in this region. This trapping of primary electrons also manifests in a
neutral atom depletion on axis, as was shown in Fig. 4-46. The “modified”
configuration in this figure shows the power of a good computer model to
improve ion thruster design. By allowing the primary electrons to move away
from the thruster axis, the ionization is spread more uniformly throughout the
discharge chamber. The flatter profile results from a decrease in primary
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electron density, and hence double-ion content, on the thruster centerline. Wirz
and Goebel [66] developed “modified” NSTAR designs that guide primary
electrons away from the thruster centerline to improve the profile. These
designs were validated by experiments [67], and also resulted in lower double-
ion content and higher neutral density along the thruster axis as predicted by the
model.
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Homework Problems

1. Show the conditions under which the ambipolar velocity of the ions
flowing to the wall in a transverse magnetic field reverts to the Bohm
velocity.

2. An ion thruster discharge chamber has an internal pressure of 10" torr, a
plasma density of 2 x 10'” m™, gas and ion temperatures of 500 K, electron
temperature of 4 eV, and a transverse magnetic field of 40 G near the wall
with a diffusion length of 2 cm. What is the average transverse ion velocity
and the ion confinement factor (ratio of v; / vgopm )?

3. In Fig. 4-16 it is shown that the reaction rate for ionization exceeds the
reaction rate for excitation if the electron temperature exceeds about 9 eV.
Why not run discharges with 7, >29eV where ionization is greater

than excitation? Give a quantitative answer for an idealized thruster
producing 1 A with 10-cm-diameter grids on a discharge chamber 10 cm in
diameter and 15 cm long with the anode being the full cylindrical and back
wall area. Assume an 80% grid transparency and a neutral density of
10" cm, and plot the discharge loss as a function of electron temperature
from 3 to 10eV. Explain why. (Hint: examine the various loss terms.)

4. What is the electron temperature in a xenon ion thruster that has an ion loss
area of 200 cm’ a plasma volume of 10* cm’, neutral gas density of
10" cm, and a 5% primary electron density at 15 eV?

5. A thruster plasma has a volume of 10* cm’, has a neutral density of 10"
cm >, is 10% ionized with 15-V primary electrons, has a 5-eV electron
temperature, and has a primary loss area of 10 cm’. What are the primary
electron confinement time, the primary electron collision time (assume a
collision cross section of 2 x 10™'° ¢cm?), and the primary electron slowing
down time? What is the total effective confinement time for a primary
electron, and which of the three contributors to the total confinement time
is the most important?

6. For a xenon ion thruster with a grid area of 500 cm” with a screen grid
transparency of 70%, what is the discharge current required to produce a
2.5-A ion beam? Assume a discharge voltage of 25 V, a hollow cathode
voltage drop of 10 V, a plasma potential of 5 V, a primary electron density
of 5%, and an excitation energy of 10 eV. You can neglect the ion and
primary electron loss to the anode, the ion current back to the cathode, and
any losses to the back wall of the cylindrical discharge chamber with the
same diameter as the grids.
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7.

10.

Chapter 4

A xenon ion thruster discharge chamber produces a 5 x 10 m™ plasma
20 cm in diameter with an electron temperature of 5.5 eV. What is the beam
current and average current density if the screen grid transparency is 80%,
and what flatness parameter is required to maintain the peak current density
under 10 mA/cm??

A xenon ion thruster has a grid diameter of 20 cm with a transparency of
75%, an electron temperature of 3 eV in a 30-cm-diameter, 30-cm-long
cylindrical discharge chamber with an ion confinement factor of 0.1. What
does the cusp anode area have to be to maintain the plasma potential at the
sheath edge at 6 V? You can assume that the discharge current is 10 times
the beam current and neglect the back wall loss area and primary electron
effects. Assuming the ion temperature is 0.1 eV and that there are
3 magnetic rings around the cylindrical chamber, what is the magnetic field
at the wall required to produce this cusp anode area?

An rf xenon ion thruster has a grid diameter of 10 cm, a grid transparency
of 70%, and a cylindrical discharge chamber with a diameter and length of
10 cm. Assuming an electron temperature of 4 eV, an ion confinement
factor of 0.5, and a neutral density of 6 x 10"®* m™, what is the plasma
potential and discharge loss? If the cylindrical discharge chamber is made
into a cone 10 cm long from the grid diameter, how do the plasma potential
and discharge loss change?

A microwave ion thruster produces 2 A from an 80% transparent grid using
a 4-GHz microwave source. If the thruster is running at 90% of cutoff with
a flatness parameter of 0.6, what must the diameter of the grid be to
produce this beam current?



