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ABSTRACT

The performance of a 2 cm miniature ion thruster was analyzed. A thruster of this
size was predicted to produce a thrust of 200 uN. The plasma density was measured
against rf input power and propellant flow rate for three configurations: the ICP
source by itself; the ICP source with discharge chamber; and finally, the ICP source,
the discharge chamber, and the permanent magnet cusp system. Once the optimum
case was determined, electrostatic grids were added and thrust measurements were
taken with a set of segmented ion collector plates.

The miniature rf ion thruster obtained a thrust of 22.35 uN and a specific impulse
of 15.31s at its optimum operating condition of 5 W of rf power and and propellant
flow rate of H5scem. With a beam divergence angle of 26.25° and the assumption
of a singly charged ion species, the total thrust correction factor was 0.90. The
mass utilization efficiency of the thruster was calculated to be 0.24 %. The electrical
efficiency of thruster was calculated to be 16.94 % with an electron-ion energy pair
cost of 5.9keV /ion. The total efficiency of the thruster was 0.033 %, a factor of 1000

too low for practical use.
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CHAPTER 1

INTRODUCTION

The cost to lift payloads into low earth orbit is approximately $10,000 /Ib [1].
cause of this high cost, significant efforts have been made in recent years to scale
down satellite payloads to what are known as small satellites. Small satellites are
satellites with a mass less than 500 kg. Classifications of satellites based on mass and
manufacturing cost are summarized in Table 1.1!'. Small satellites have been used
for specialized communications services and research, Earth observation and remote

sensing, small-scale space science, in-space technology demonstration and verification,

and education and training [3].

Table 1.1: Classification of Satellites [3]

Class Mass Cost,
(kg) (US $ million)
large > 1000 > 181.72
medium 500 — 1000 | 64.90 — 181.72
mini | 100 — 500 | 12.98 — 38.94
small micro | 10 — 100 3.89 — 7.79
nano 1—-10 0.39 —1.95
pico <1 < 0.39

As small satellites become more popular, a means for a micro-propulsion system is
needed. These satellites inherently have limited volume and mass budgets that make

conventional chemical propulsion impractical due to the amount of propellant needed

!Table values are adjusted for 2013 USD [2].




to accomplish mission objectives. Electric propulsion (EP) is a viable alternative
for orbital systems. EP is a proven method of in-space propulsion for spacecraft
[4-6]. EP offers high specific impulse with the engineering tradeoff of low thrust as
compared to conventional chemical rockets that have low specific impulse and high
thrust. EP is a solution because of its efficient use of propellant and because of its
long lifetime. Current flight heritage ion engines are quite large, relative to small
satellites. The goal of this research is to scale down an electrostatic ion engine that
can be used on a small satellite. The terms motor, engine, thruster, and rocket may
be used interchangeably throughout this thesis; all terms refer to a device that creates

a reactionary force as a means for a propulsion.

1.1 A Brief History of Ion Thrusters

The first known proposal for the use of charged particles to increase exhaust velocities
for rockets was in 1906 in the notebook of American rocket pioneer, Robert Hutchings
Goddard [7]. Goddard experimented with ion sources and with what he called
“electrified jets,” which were chemical rocket jets injected with ions. This work
eventually culminated in US patent 1363037 filed in 1917 and issued in 1920. Figure
1.1 shows what is considered to be the first documented electrostatic ion thruster.
Konstantin Eduardovitch Tsiolkovsky also played an early role in electric propul-
sion. Tsiolkovsky was a self-taught Russian rocket scientist and is most famous for
formulating the Tsiolkovsky Rocket Equation (see Section 2.2.1) in 1903. Tsiolkovsky
wrote briefly on electric propulsion in his 1911 work, The Investigation of the Uni-

versal Space by Means of Reactive Devices [9):

It is possible that in time we may use electricity to produce a huge velocity



; y 4//' ﬁf o "-.,".-'
) —i 7\

Figure 1.1: First known documented electrostatic ion thruster by Robert H. Goddard
in US Patent 1363037 (1920) [8].

for the particles ejected from the rocket device. It is known at the present
that the cathode rays in Crookes’ tube, just like the rays of radium, are
accomplished by a flux of electrons whose individual mass is 4,000 times
less than the mass of the helium atom, while the velocities obtained are
30,000-100,000 km /sec, i.e., 6,000 to 20,000 times greater than the velocity

of the ordinary products of combustion flying from our reactive tube. [9]

Both Goddard and Tsiolkovsky decided to devote their studies to chemical propulsion
because it seemed to be a more feasible undertaking at the time. As of 1929, the EP

work of Goddard and Tsiolkovsky was mostly forgotten [10].

Hermann Julius Oberth wrote a chapter on electric propulsion in his 1929 book
Wege zur Raumschiffahrt (Ways to Spaceflight) entitled [11], Das elekrische Raum-
schiff (The Electric Space-Ship). He explores both spacecraft power and EP. EP is
suggested for use as attitude control and deep space propulsion. Unlike Goddard and
Tsiolkovsky, Oberth’s work was instantly popular with scientists and science fiction

writers [10]. Oberth concludes his book with:



Whether all this will work, I do not know. But nothing is impossible on
earth; one must only discover the means with which it can be carried out.

[11]

In 1947, after being relocated to the United States by Operation Paperclip, German
rocket scientist Wernher von Braun asked his colleague Ernst Stuhlinger to investigate

electric propulsion further, stating,

Professor Oberth has been right with so many of his early proposals; [

wouldn’t be a bit surprised if one day we flew to Mars electrically! [12]

Stuhlinger would spend the next decade researching the electrostatic ion thruster.
Harold R. Kaufman then lead the development of the first ion engine to be used in
space at Lewis Research Center (now Glenn Research Center) from 1957 to 1964.
Figure 1.2 shows a schematic of an electron-bombardment thruster that Kaufman

developed [13].

AC 3 AC ¥ + =
Vaporizer Magnet Cathode Discharge Anode Accelerator
suppl suppl ¥ supply sup)
0-5Y 0- x’ o0v 10 3000
0-5A D-; D-30A 0-3A D"-?: !J-M-a;:\
- - = +
body potennal Facility ground

Figure 1.2: Schematic of a electron-bombardment thruster developed by Harold R.
Kaufman [13].



The first ion engine that operated in space was flown on the National Aeronautics
and Space Administration (NASA) Space Electric Rocket Test I (SERT-I) in 1964.
Two different ion engines were flown on SERT-I: a mercury-bombardment ion engine
and a cesium-contact ion engine. The mercury-bombardment ion engine was opera-
tional for 31 min 16s during the 46 min 58s ballistic flight. The cesium-contact ion
engine did not operate because of a high-voltage (HV) electrical short circuit. The
flight proved that the neutralizer system worked and that thrust could be produced

with no major differences from what was observed in vacuum chamber tests [4].

TELECOMMUNICATIONS

CONTACT-ENGINE
POWER COMVERTERS

MERCURY-BOMBARDMENT
10N ENGINE

AT TERIE!

BOMBARDMENT-ENGINE
POWER CONVERTER
COMMAND SUBSYSTEM
THIN COLUMN]

Figure 1.3: (a) SERT-I spacecraft with subsystems labeled and (b) a close-up of
mercury-bombardment ion engine, the first use of electric propulsion in space in 1964
[14].

The first NASA mission to use an ion engine as a primary propulsion system was
the Jet Propulsion Laboratory’s (JPL) Deep Space 1 Probe in 1999 [15]. Figure 1.4 is
a photograph of the NASA Solar Technology Application Readiness (NSTAR) engine
firing in a vacuum chamber at JPL. Both the European Space Agency (ESA) [5,
16] and Japanese Aerospace Exploration Agency (JAXA) [17] have also used electric

propulsion on spacecraft. A German rf ion thruster, called the RIT-10, was used



on the ESA ARTEMIS geostationary communication satellite [5]. When ARTEMIS
was launched, the upper stage of the Ariane 510 failed and left ARTEMIS in a much
lower than intended elliptical orbit. The RIT-10, which was originally intended for
north-south station keeping (NSSK), raised ARTEMIS to geostationary orbit and
saved the mission [18]. The ESA also used the T5 ion engine on the Gravity Field
and Steady-State Ocean Circulation Explorer (GOCE) spacecraft [16]. JAXA used
a microwave source ion engine, called the 10, on the Hayabusa near-Earth asteroid

mission [17].

Figure 1.4: Photograph of Deep Space One’s NSTAR ion engine firing in a vacuum
chamber [19].

Currently, JPL’s Dawn Mission is using ion propulsion to explore the asteroid
Vesta and the dwarf planet Ceres in the asteroid belt. Dawn is using the NSTAR ion
engine, which was previously used on the Deep Space 1 Probe [6]. As of September
2012, Dawn has fired its ion engine to leave Vesta and is en route to Ceres with an
estimated time of arrival of early 2015 [20]. Figure 1.5 shows an artist’s depiction of

the Dawn spacecraft departing Vesta [21].



Figure 1.5: An artist’s depiction of NASA’s Dawn spacecraft’s departure of asteroid
Vesta [21].

1.2 Previous Work on Miniature Ion Thrusters

1.2.1 California Institute of Technology and Jet Propulsion Laboratory

Electron Bombardment Micro-Ion Thruster

Research on the scaling down of ion thrusters has become an area of interest in recent
years due to the ever increasing popularity of small satellites. Caltech and JPL have
developed an electron bombardment micro-ion thruster [22] with a 3cm diameter.
Different geometries for the discharge chamber and magnetic cusp were investigated
in order to find the most efficient configuration. A maximum total efficiency of 43.5 %
was obtained with a divergent axial geometry with a length-to-diameter ratio of 0.75

[22]. For this configuration, a thrust of 0.88 mN was obtained [22].

1.2.2 The Pennsylvania State University MRIT

A miniature radio-frequency (rf) ion thruster (MRIT) was developed at the Pennsyl-

vania State University [23]. MRIT has a diameter of 1 cm [24]. The MRIT was able



to obtain 59 uN of maximum thrust and a specific impulse of 5480s [24]. MRIT had

a mass utilization efficiency of 79.1 % and an electrical efficiency of 15.2 % [24].

1.2.3 Giessen University uINRIT 4 and pNRIT 2.5

Giessen University in Germany has been working on scaling down the RIT ion engine
[25]. The uNRIT-4 thruster has a 4 cm diameter. Two versions of this thruster were
constructed: the uNRIT 4/151 with 151 holes for ion extraction and the uNRIT-4/7
with seven holes for ion extraction. The puNRIT 4/151 has a thrust range from
150 uN to 3.5 mN. At maximum thrust, the mass utilization efficiency was 80 % and
the electrical efficiency was 60 % with a power-to-thrust ratio of 40 W/mN [25]. The
uNRIT 4/7 has a thrust range from < 10 uN to 200 uN. The efficiencies were similar
to that of the uNRIT 4/151 [25].

Giessen Univeristy has also developed a 2.5 cm diameter ion thruster known as the
uNRIT 2.5. The uNRIT 2.5 with 37 extraction holes had a thrust range of 200 uN to
500 uN. The mass utilization efficiency ranged from 29.9 — 49.1 % and the electrical

efficiency ranged from 21.6 — 42.6 % [26].

1.2.4 QinetiQQ and University of Southampton Differential Radio Fre-

quency Ion Thruster

Collaboration between Qineti(Q and the University of Southampton in the United
Kingdom produced a differential radio frequency ion thruster [27]. The thruster has
an internal diameter of 3.3 cm. The thruster is referred as a differential thruster
because it is able to thrust in both the positive and negative directions of its thrust

axis. A thrust range from 200 uN to 480 uN was produced with 22 W to 29 W of rf



power with xenon propellant flow rates of 0.03mgs™! to 0.05mgs™* (0.3076 sccm to

0.5126 sccm) [27]. These examples of previous work are summarized in Table 1.2.

Table 1.2: Summary of Previous Work

Caltech and | Penn State Giessen University of
JPL Micro-Ton | University | University | Southampton and QinetiQ
Thruster MRIT uNRIT 4 Differential Thruster
diameter 3cm lem 4cm 3.3 cm
thrust 0.88 mN 59 uN 3.5mN 480 uN
e N/A 15.2% 60 % 21.6 —42.6 %
Nim N/A 79.1% 80 % 29.9 —49.1%

1.3 Thesis Outline

In order to become practical for use in space, the efficiencies of these miniature
thrusters must be increased significantly. The objective of this thesis is to analyze
and optimize the performance of a new miniature ion thruster that can be integrated
for use on a small satellite.

Chapter 2 gives a background on plasma and rocket theory. Several methods of
plasma generation are described in this chapter. The Tsiolkovsky Rocket Equation
is discussed in this chapter to illustrate the advantages of electric propulsion over
chemical propulsion. The thrust equation for an ideal electrostatic ion thruster is
derived in order to calculate the theoretical maximum thrust that can be produced
by a miniature ion thruster. Thrust corrections are added to compensate for ion beam
divergence and the presence of multiply charged ion species. Details of the design and
fabrication process of the miniature ion thruster in this research are also discussed in

this chapter.
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The design of the miniature rf ICP ion thruster is discussed in Chapter 3. This
chapter summarizes the fabrication and performance of multiple ICP antennas of
varying geometries from previous work [28, 29]. Dimensions of the thruster chamber
and placement of magnets are explored from previous work on a 3-cm ion bombard-
ment engine. The design and fabrication of the ion optics of the electrostatic grids
are discussed.

In Chapter 4, an overview of the experiment set up used to conduct all of the
experiments in this research is provided. This discussion includes the rf antenna,
propellant delivery, pressure control, throttle control, Langmuir probe, and the thrust
measurement, systems.

Chapter 5 contains experimental results. Plasma density is compared versus the
flow of propellant, rf power, and background pressure. Thrust is measured electrically
through the use of segmented ion collector plates. The mass utilization, electrical, and
total thruster efficiencies as well as the electron-ion pair energy cost are calculated
for the miniature ion thruster.

Finally, Chapter 6 contains a summary of the work done, conclusions, and sug-

gestions for future work.
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CHAPTER 2

BACKGROUND

This chapter will discuss the properties of plasma, the methods of plasma generation,
the meaning of the Tsiolkovsky rocket equation, and the differences between chemical
and electric rockets. Equations for thrust and specific impulse are derived for an

electrostatic ion thruster.

2.1 Plasma

Plasma is known as the fourth state of matter and constitutes 99.9% of the visible
universe [30]. Plasmas occur naturally in space and in the atmosphere, such as
nebulae, stars, lightning, and aurora. Plasmas can also be man-made, such as those
used in fluorescent lighting, neon signs, high voltage electrical arcs, and semiconductor
processing. Put simply, plasma is an excited, or ionized gas. It is comprised of pos-
itively and negatively charged particles of approximately equal densities. Therefore,
on average, a plasma is macroscopically neutral. When an atom of a neutral gas is
ionized, an electron is separated from the atom and the atom becomes a positively

charged ion. Different types of low pressure plasma discharges are described below.
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2.1.1 DC Glow Discharge

One of simplest types of plasma discharges is the dc glow discharge. As shown in
Figure 2.1, a dc glow discharge plasma is generated when a current is carried by a
low pressure gas between an anode and a cathode. A potential of several hundred
volts between these electrodes is required to sustain the discharge in a pressure range
of 10 mTorr to 10 Torr [31]. Figure 2.1 shows a schematic [31] of a dc glow discharge
and plots of light intensity, potential distribution, field strength, net space charge,
negative charges, and positive charges versus position. The dc glow discharge consists
of nine regions: the anode dark space, anode glow, positive column, Faraday dark
space, negative glow, Crookes dark space, cathode glow, and Aston dark space. The
dc glow discharge is sustained by electron impact ionization of neutral atoms and

secondary electron emission from ions impacting the cathode.

2.1.2 Capacitive Discharge

When an rf current is carried by a low pressure or atmospheric gas between two
electrodes, a capacitively coupled plasma (CCP) is formed [32]. A schematic of a
CCP discharge is shown in Figure 2.2. A plasma sheath forms at at each electrode.
Unlike a dc glow discharge, both displacement current and conduction current sustain
the discharge [32]. The plasma is heated by ohmic heating in the bulk plasma and
stochastic heating in the sheath. The electrodes are often exposed to the plasma
and are susceptible to sputtering by ion bombardment. In semiconductor processing,
CCP are driven by 50 €2 rf sources typically at 13.56 MHz. However, other frequencies

are used.
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Figure 2.1: Schematic of a dc glow discharge and profiles of discharge properties
versus position [31].

2.1.3 Inductive Discharge

In an inductively coupled plasma (ICP), the rf energy is coupled to free electrons
via magnetic induction (Faraday’s Law). An inductively coupled plasma source uses
rf waves from 100kHz to 1 GHz to generate and sustain a plasma. This is most
commonly accomplished with a planar or cylindrical coil antenna where the antenna
is insulated with a dielectric material (see Figure 2.3).

Unlike other types of discharges, electrodes are not exposed to the plasma. The
ICP discharge can be modeled as a transformer. In Figure 2.4, R, and L, represent
the impedance of the plasma while R, and L represent the impedance of the ICP

source. Ly; and Loy represent the inductance of the transformer [33]. These types of
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Figure 2.2: Schematic and profile density of a CCP discharge [32]. An rf current
source is applied to two electrodes with a neutral gas between the electrodes. In
steady-state, a plasma sheath is formed at each electrode.

sources are also called transformer coupled plasma (TCP) sources.

In order to efficiently transfer maximum power to the plasma, a matching network
must be placed into the circuit between the ICP source and the rf source. In Figure
2.5, a series capacitor C and a shunt capacitor Cy are added the equivalent circuit
model in order to tune the circuit to a particular frequency. Rr is the line impedance
and V, is the rf source. The matching needed to initiate the plasma (gas without

plasma) is different than that needed to sustain the plasma.

An example of the inductively coupled plasma discharge used in this research is
shown in Figure 2.6. A planar spiral antenna was placed on a Teflon test stand that
allows injection of argon gas. A plasma was generated with 20 W of rf power at a

background argon pressure of 100 mTorr.
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Figure 2.3: (a) Cylindrical and (b) planar spiral configurations of an ICP discharge
[33]. An rf current is supplied to the coil and energy is coupled to free electrons via
magnetic induction.

2.2 Rockets

2.2.1 The Tsiolkovsky Rocket Equation

Delta-v (Aw) is the change in velocity a rocket must make in order accomplish a
specific task. These tasks may include carrying a payload to low earth orbit from
the surface, changing orbits, attitude control, and deep space cruising. Konstantin
Tsiolkovsky realized that Av of a rocket was a function of the propellant exhaust
velocity, initial mass, and final mass. Tsiolkovsky formulated this relation in his 1903
work, A Rocket into Cosmic Space [9].

mq + my,

szvexln@ = [pgIn ——, (2.1)
ma mq
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Figure 2.5: Equivalent circuit model of an inductively coupled discharge matched to
an rf power source.

where Av is delta-v, the change in velocity (m/s), v, is the exhaust velocity (m/s),
my is the initial mass of the rocket (kg), m; is the final mass of the rocket (kg), Iy,
specific impulse (s), g is acceleration due to gravity (m/s?), my is delivered mass (kg),
and m,, is propellant mass (kg). Take note that v., = I, - g. Equation (2.1) can be

rewritten as:

m, = myq (em/lsp‘" - 1) : (2.2)

When the exhaust velocity is much greater than the required delta-v for a given

mission objective, the amount of propellant needed is greatly reduced. Since I, = ”;1‘ ,
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Figure 2.6: An inductively coupled plasma discharge with argon gas using a flat spiral
antenna (1.5 cm diameter) on a ceramic substrate with an Ar pressure of 100 mTorr
and an rf power of 20 W [34].

the greater the exhaust velocity of a rocket, the greater the specific impulse. High
specific impulse translates to lower required propellant mass. Specific impulse is also

used as a metric to gauge the efficiency of ion engines.

2.2.2 Chemical Rockets Versus Electrical Rockets

Chemical rockets use the expansion of hot gases accelerated through a converging-
diverging nozzle to create thrust. Fuel and oxidizer are added to the combustion
chamber by either a pressure feed or pump system. The hot gases formed from
combustion are then accelerated through the rocket nozzle because of the pressure
against the walls of the combustion chamber. A schematic of a liquid bipropellant
rocket engine is shown in Figure 2.7. Fuel and oxidizer are added to the combustion
chamber through a turbopump and valve system.

Just as traditional rockets use chemical reactions to accelerate propellant to high
exhaust velocities, electric propulsion systems accelerate charged particles through

the use of electric fields to create thrust. Because charged particles are subjected to
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Figure 2.7: Schematic of a liquid bipropellant propellant chemical rocket [35].

high electric fields, ion engines are capable of much higher exhaust velocities.

In the case of the electrostatic ion thruster, a plasma is generated and positively
charged ions are extracted from the plasma through the use of an electrostatic grid
system. The simplest grid system consists of a screen grid and an accelerator grid.
The screen grid is the grid closest to the plasma and is biased slightly less positive
than the plasma potential (approximately 1000 V). The accelerator grid is biased
a few hundred volts negative (approximately —200V with respect to the thruster
chamber). The accelerator grid is biased negative in order to prevent electrons from
the neutralizer from being attracted to the accelerator grid. This voltage difference
causes the ions to accelerate through a potential of approximately 1200 V and creates
an exhaust velocity of several thousand meters per second. A beam of electrons is

emitted to neutralize the beam of ions, producing a net acceleration of 1000V relative
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to the 0V space potential. The ion beam is neutralized to prevent charging of the
spacecraft. A schematic of a miniature rf ion thruster is shown in Figure 2.8. Take

note that the ion beam neutralizer is not shown in this schematic.

Screen  Accelerator

Plasma Grid ‘ Grld lons
LTCC == {"} —
RN | |
ICP Sourcee==s s o « o °°: 9:"33 e © 0 o o o
Argon Tank > < MFC % L] ¢° : : ue : ::
730 MHZ/:\>/) ° : : L :, °° :
1200 v 1000 V(.

Figure 2.8: Schematic of the miniature rf ion thruster used in this research. Argon
gas is delivered to the discharge chamber through a mass flow controller (MFC). A
700 MHz source is applied the ICP source. Plasma is generated and sustained by the
ICP source rf energy via magnetic induction. The screen grid is biased at 1000V in
order to confine the plasma to the discharge chamber. The accelerator grid is biased
at —200V. This potential difference between the two grids accelerates argon ions to
high velocities in order to produce thrust. The neutralizer is not shown.

2.2.3 Thrust for Electrostatic Ion Thrusters

Ideal Thrust

Thrust is the reactionary force that propels a rocket forward. Thrust is defined as

[36]:

7 Vex = mpvexa (23)
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where 7' is thrust (N) and 7, is the mass flow rate of propellant (kg/s).
In the case of an ion thruster, the mass flow rate of propellant and exhaust velocity
can be approximated to the mass flow rate of ions and the velocity of ions, respectively.

Thrust can now be written as

T = mpl)ex ~ mil)i, (24)

where 77; is the ion mass flow rate (kg/s) and v; is the ion velocity (m/s). The ion
mass flow rate is written as:
o Iym;

. (2.5)

where [}, is the ion beam current, m; is ion mass (kg), and ¢ is the charge of the ion
(C). The ion velocity is described as:
2qV5

i = ) 2.6
v L (2:6)

where V, is the net ion acceleration voltage (V).

Substituting Equations (2.5) and (2.6) into (2.4) and replacing the charge ¢ with

the elementary charge e, Equation (2.4) becomes

T= ,/QTJM/VI,. (2.7)

Argon is used in the experiments presented here, so using the atomic mass of argon,

39.948 amu, and the mass of the proton, 1.67262158 x 102" kg, the mass of an argon
ion is 6.68179 x 10~26kg. For argon, 1/% = 9.13285 x 10~*, which makes Equation

(2.7) reduce to
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T = 913.285]1,\/‘7;, [uN] (for argon) , (2.8)

where Vj, is the net ion acceleration voltage (V). Similarly, if xenon is used as the

propellant, an atomic mass of 131.293 amu is used and equation (2.7) becomes

T =165580,\/V,  [uN]  (for xenon). (2.9)

The total thrust is limited due to the space charge condition described by the
Child-Langmuir Law [37],

J:4e<26>1/2vi/2

5 (2.10)

m; s2’
where J is the current density (A/m?) and s is the plasma sheath thickness (in this
case electrostatic grid separation distance) (m). Using s = 2mm and V,, = 1000 V, the
maximum current density that can be produced by the thruster is 68.2 A/m?, which
translates to a maximum current of 21.4mA. Inserting this result into equation

(2.8) yields a maximum theoretical thrust of 618.6 uN. The project goal of 200 uN is

feasible.

Thrust Correction Factors

It is important to note that equations 2.7, 2.8, and 2.9 are ideal equations for thrust,

i.e. the equations assume that particles travel only in the axial direction with no

radial velocity components and that there is only singly charged ion species.
Depending on the ion optics, the ions will have a radial velocity in addition to an

axial velocity. This creates a beam divergence. The thrust correction factor due to
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divergence of the ion beam is [38]:

1 =«
Ogin = T Z Iycos@, (2.11)
total g—q

where «y;, is the thrust correction factor due to the ion beam divergence, « is
maximum angle between the collector and the thrust axis, 6 is the angle between
the collector and the trust axis, ;. is the sum of all currents on the collector, and
Iy the is the ion beam current at angle 6. If current density is measured in the radial

direction, Equation 2.11 becomes

1 O=a
> Jpcost (2.12)

Adiv =
Jtotal 0=0

where J,q is the sum of all current densities (A/m?) on the collector and Jp is the

current density (A/m?) at angle 6.

Another correction needs to be applied for the presence of multiply charged ion
species. Singly charged ions can undergo another collision and lose another electron
to become doubly charged. The correction factor for the presence of doubly charged

ions is given by

+ 17+
1 + 51T

where «; is the thrust correction factor due to doubly ionized ions, I' is the ion
current from singly charged ions (A), and I is the ion current from doubly charged

ions (A). Note that if there is no ion current from doubly charged ions, a; = 1.

Both correction factors can be combined into a single correction factor.
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7 = Qv

(2.14)

where v is the total thrust correction factor (unitless). Equation 2.7 can now be

rewritten as:

Qmi
T:w/en¢%. (2.15)

2.2.4 Specific Impulse for Electrostatic Ion Thrusters

Thrust efficiency is measured by specific impulse. Specific impulse is defined by the

ratio of thrust to propellant mass flow rate.

: 2.16
o (216)

Substituting Equation 2.3 for thrust, equation 2.16 can be written as

U€$
I, ==

(2.17)

The mass utilization efficiency is the ratio of the ion mass flow rate to propellant

mass flow rate.

M = o = 21 (2.18)
m, e my

Taking Equations 2.15 and 2.18, equation 2.16 becomes

m |2
Iy =202 20

pa (2.19)

Substituting e = 1.602 x 107 C and g = 9.807m/s? into Equation 2.19 yields,
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N
N

I, = 1.417 x 10%n,,

8], (2.20)

where m, is the ion mass in amu.

The specific impulse for a thruster using argon propellant is

I, = 224.1930,\/Vs 5] (2.21)

Similarly for xenon, the specific impulse is

Iy = 123.66677\/Vs  [s]. (2.22)

The specific impulse for argon is plotted in Figure 2.9 against beam voltage and mass
utilization efficiency assuming a thrust correction factor of 1. At a beam voltage of
1000V, the theoretical peak specific impulse for 100 % mass utilization efficiency is
7090 s.
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Figure 2.9: Specific impulse versus beam voltage for various mass utilization efficien-
cies for argon.
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CHAPTER 3

THRUSTER DESIGN

The miniature ion thruster being analyzed consists of four main components: the ICP
source, discharge chamber, ion optics, and neutralizer. The ICP source is a 1.5cm
planar spiral antenna fabricated in low temperature co-fired ceramic (LTCC). The
discharge chamber is a cylinder, also fabricated in LTCC, with a diameter of 2cm
and a length of 3cm. The ion optics consist of two electrostatic grids made of stainless
steel. In this project, no neutralizer is currently being used. A cutaway drawing of

the miniature ion thruster is shown in Figure 3.1.

Grids Discharge
Chamber
Thruster|
Base
Gas ICP
Inlets S
ource
- || 2 cm || >

Figure 3.1: Cutaway drawing of the assembled miniature rf ICP source ion thruster.
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3.0.5 ICP Antenna

LTCC has a relative permittivity of ¢, = 7.8 and a loss tangent of 0.006 at 3 GHz
[39]. The ICP antenna in this thruster is a spiral planar antenna embedded in LTCC
so it is not exposed to the plasma. Three ICP antennas were designed and studied
using COMSOL Multiphysics [28, 29, 40]. Figure 3.2 is a photograph of the three

ICP sources studied: «, (3, and . Their dimensions are summarized in Table 3.1.

Figure 3.2: The three ICP antenna designs tested: «, 3, and v. The designs vary in
diameter, pitch, and number of turns. [41]

Table 3.1: Dimensions of the three ICP sources

ICP Antenna | # of Turns | Diameter (mm) | Pitch (mm)

o 5 10.1 0.90
3 8 15 0.78
5 5 15 1.45

Figure 3.3 shows an exploded view of the device and a magnified cross-section
of one metal trace of the antenna. The fabrication process of these ICP sources are

detailed in Reference [42].
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Figure 3.3: (a) Exploded view of the ICP antenna showing the layers of LTCC, silver
paste traces, vias, and SMA connection pads. (b) Photographed cross-section showing
one turn of the ICP antenna between two layers of LTCC [42].

The COMSOL RF Module was used to simulate the electric field amplitude against
frequency [28]. Three of these antennas were fabricated, and their electric field

amplitudes were measured experimentally versus frequency. The measured results

were then compared to the simulations, as shown in Figure 3.4 [28].
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Figure 3.4: (a) The plots of the spatially averaged normalized simulated electric field
for ICP antennas «, (3, and . 1 (b) The plots of the spatially averaged normalized
measured electric field for ICP antennas «, 3, and « Christensen [28].

Each ICP source was tested for efficient plasma generation. The minimum amount
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of rf power needed to strike a plasma was measured against frequency and pressure.
The rf start power is shown in Figure 3.5. ICP source [ was selected for thruster

development because of consistent minimal rf start power over the frequency range

600 — 900 MHz.
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Figure 3.5: RF Start Power at 200 mTorr for ICP antennas «, 3, and ~ [41].

3.0.6 Discharge Chamber

The discharge chamber is an LTCC cylindrical tube. The fabrication process is
outlined in Reference [43]. The tube initially had diameter of 2cm and a length
of 1.5em: a length-to-diameter ratio (1/p) of 0.75. These dimensions were initially
selected because previous work found that a discharge chamber with a geometry of
L/p = 0.75 had the best operating performance with a magnetic cusp [22]. Initial
experimentation found that a longer tube was needed in order to keep the the
electrostatic grid power supplies from saturating and not reaching full potential. The

length of the discharge chamber was increased to 4.5 cm.
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Magnetic cusps are used to increase the plasma density in the discharge chamber
by confining electrons. Using the cyclotron frequency,

B
We = M, (3.1)

Me
where w, is the cyclotron frequency (rad/s), B is the magnetic flux density (T), and

me is the mass of an electron (kg), the Larmor radius can be found. The Larmor

radius is the radius of a particle’s orbit around magnetic field lines and is given by

c = T 32
o= 2 (32

where 7, is the Larmor radius (m) and v, is the particle perpendicular velocity (m/s).

Substituting Equation 3.1 into Equation 3.2, the Larmor radius can be rewritten as

V1Me
T = .
° g B

(3.3)

In order to increase plasma density, the applied magnetic field B must be large enough

so that the Larmor radius r. < D, the diameter of the thruster.

3.0.7 Ton Optics

The ion optics system uses two electrostatic stainless steel grids spaced closely to-
gether (0.5-2 mm). The grid closest to the plasma is known as the screen grid because
it contains the plasma within the discharge chamber and screens the accelerator
grid from high energy ion bombardment. The second grid is called the accelerator
grid. The accelerator grid accelerates ions to high velocities, producing thrust. The

ion optics are shown in Figure 3.6. This setup allows easy testing of various grid



31

configurations.

Figure 3.6: A photograph of the ion optics. Three pieces of LTCC are used to hold
the grids together. This allows versatility in testing many different configurations
of the ion optics such as the number of holes in the grids and separation distance
between the grids.

3.0.8 Neutralizer

A neutralizer is needed in order to complete the circuit. As ions leave the thruster,
the spacecraft becomes negatively charged. This charging will cause the ions to be
attracted to the spacecraft, thus producing zero net thrust. To rectify this issue,
a neutralizer is placed at the edge of the thruster near the accelerator grid. The
neutralizer emits electrons into the ion plume. If done correctly, the ion plume will
be neutralized. The electron emission is adjusted so that the electron current is equal
to the ion current of the plume. In this work, a neutralizer was not needed because
the experiments were conducted in a vacuum chamber with a grounded wall. In order
to operate in space, the author acknowledges that a neutralizer will be needed for this

design.
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CHAPTER 4

EXPERIMENTAL SETUP AND METHODOLOGY

This experiment was set up to be controlled by a National Instruments LabVIEW
virtual instrument (vi). This vi controls the rf, propellant delivery, and pressure
control subsystems. The thruster throttle control system is controlled manually by
hardware. Separate vi’s control the Langmuir probe, ion collector plate, and the
micronewton thrust measurement stand subsystems.

Electron temperature, plasma density, ion beam current, ion beam divergence
angle, and thrust can be measured. Electron temperature and plasma density can be
determined using the Langmuir probe system. Ion beam current, ion beam divergence
angle, and thrust can be measured using the ion collector plate system. Thrust can

also be measured using the micronewton thrust measurement stand.

4.0.9 Experiment Setup

The thruster main vi controls the rf, Propellant Delivery, and Pressure Control
Subsystems. Communication in the control system is handled by the National In-
struments PXI-1033 Chassis. The PXI-1033 houses a general purpose interface bus
(GPIB) controller, which communicates with the signal generator and rf amplifier, and
two PXI-6259 data acquisition (DAQ) cards for communication with all remaining

digital and analog devices. The PXI-1033 is connected to the host PC via a PCI
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Figure 4.1: Vacuum Chamber Setup [41]

Express card.

The plasma source is biased slightly more positive than the screen grid in a
typical ion thruster. This means that the ICP source would have to be referenced
approximately to 1100 V. Doing this is quite difficult with laboratory equipment. In
order to reduce this complication, the ICP source was referenced to ground in the
experiments for this thesis. The screen grid was held at ground and the accelerator
grid was biased at —1000 V. With this setup, the ions still gain the same energy as
in the typical setup as in Figure 2.8. A schematic of the experimental setup of the

ion thruster is shown in Figure 4.2.

RF System

RF power is delivered to the ICP antenna by the rf subsystem. A Hewlett-Packard

E4420B signal generator outputs a sine wave into the input of an Empower 2021,
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Figure 4.2: Experimental setup of the miniature ion thruster. The rf source is
referenced to ground. The screen grid is held at ground while the accelerator grid is
biased at —1000 V. A collector plate is used to measure the ion beam current. The
collector is biased slightly more negative than the accelerator grid in order to prevent
deceleration of ions.

50W broadband (20 — 1000 MHz) rf amplifier. The amplifier output is then fed into
port 1 of an rf isolator. Port 3 of the isolator is a 50 €2 matched load that absorbs any
reflected power to prevent damage to the rf amplifier. Port 2 is fed into a directional
coupler. The coupler allows forward and reflected power to be measured. From the
directional coupler, the signal is passed through a matching network consisting of
variable capacitors. The matching network matches the ICP antenna as close to 50 €2
as possible to allow maximum forward and minimum reflected power. Matching is
verified by using the the reflection measurement on a Hewlett-Packard 8712C 300 kHz-
1300 MHz rf network analyzer. The output of the matching network then connects to
an SMA feedthrough on the vacuum chamber. On the vacuum side of the chamber, a
kapton insulated SMA cable is connected to the ICP antenna. A connection diagram

of the RF Subsystem is shown in Figure 4.3.
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The argon gas propellant is injected into the thruster using three different mass flow

controllers (MFC) in parallel: a HORIBA STEC SEC-Z500, a Parker Porter Mass

Flow Model 201, and another Parker Porter Mass Flow Model 201; referred to as

the 4-scem MFC, 28-sccm MFC, and 500-scem MFC, respectively. The ranges of

the MFCs are 0.08 sccm to 4scem, 0.05scem to 28 scem, and 1scem to 500 scem,

respectively. This configuration allows for a broad range of gas flow rates during the

experiment.

The 4-sccm MFC and 500-sccm MFC were already calibrated for argon gas from

the manufacturer. However, the 28-sccm MFC feedback monitor needed to be cor-

rected in the vi to show the true flow of argon gas, as given in Equation 4.1.
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T = 1.4431my, (4.1)

where 1114, is the mass flow rate of argon (sccm) and 7y is the mass flow rate of

nitrogen (sccm).

Vacuum Test Chamber

The thruster experiments were conducted inside of a 75cm long by 58 cm diameter
cylindrical vacuum chamber. The chamber was previously part of a semiconduc-
tor processing sputtering device. Vacuum is achieved in the chamber by using a
combination of a roughing pump and cryopump. After the chamber door has been
sealed, a small valve is opened to the roughing pump, which brings the chamber
from atmosphere to 100 Torr. At 100 Torr, a large valve is opened to the roughing
pump allowing it to pump faster. This pump configuration brings the system down
to 1mTorr. At this point, both valves are closed, and the roughing pump is isolated
from the chamber. The gate valve to the cryopump is opened via pneumatic valves.
With the cryopump, the system can pulled down to 1 x 107 Torr, which is a suitable
background pressure range to simulate low earth orbit.

There are three pressure gauges used to measure pressure in the system. There
are two Kurt J. Lesker 275 series convection gauges and one InstruTech IGM400YFX
Hornet Ton Gauge and Controller. The convection gauges are placed on opposite sides
of the chamber with one gauge closer to the top and the other closer to the bottom.
The vi displays the average of these two measurements on the front panel. Convection
gauges are calibrated to measure pressure from 1 x 10~* Torr to 1 x 103 Torr. The
ion gauge is effective for use from 1 x 107 to 5 x 1072 Torr. The ion gauge turns on

when the convection gauge reads 1 x 1072 Torr.
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The convection gauges are calibrated to the local atmospheric pressure at Boise
State University, which sits at an altitude of 823m [44]. The barometric formula
(Equation 4.2) shows that the mean atmospheric pressure is 91821 Pa, or 688.716 Torr,
at Boise State University.

25 — pOe_mgh/kT, (42)

where p is the mean atmospheric pressure at a given altitude above sea level (Pa), po
is the mean atmospheric pressure at sea level (101.325kPa), g is acceleration due to
gravity (9.807m/s?), m is the mass of the molecule (kg), h is altitude above sea level
(m), k is the Boltzmann constant (1.38 x 1073 J/K), and T is the mean temperature

Since the experiments are performed with argon gas, the convection gauges were
calibrated according the curve in Figure 4.4 [45]. The ion gauge correction factor for

argon is 1.29 [45]. A correction curve is produced in Figure 4.4 from Equation 4.3.

Py
y=— 4.
PA 1.29 ( 3)

where py, is the argon pressure (Torr) and p, is gauge pressure (Torr).

Thruster Throttle Control System

The thruster control subsystem consists primarily of two DC-to-DC converters for the
electrostatic grids. The screen grid is biased positive with respect to ground using an
UltraVolt 2D15-P2 DC-to-DC converter. The output is varied from 0 to 2000 V by a
0V to 5V control signal from a 1 MQ potentiometer. An UltraVolt 1D15-N1 is used
to bias the accelerator grid negative from 0V to —1000V in the same manner as the

screen grid. Both DC-to-DC converters have voltage and current monitor signals that
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Figure 4.4: (a) The argon gas correction curve for the convection gauge. (b) The
argon gas correction curve for the ion gauge .

are output to four LCD voltmeter displays. The high voltage signal is delivered to the
chamber via a 10-pin HV vacuum flange. From the flange, HV is delivered to the grids
by two kapton-coated vacuum coaxial cables (coax). Coax was used in order to use
the built-in woven copper shield as a ground shield to prevent the inner copper core
(which is carrying the HV) from discharging and creating undesired plasma during

tests at high pressure (> 1 x 1073 Torr).
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Figure 4.5: (a) The throttle control circuit housing is shown. Two 1 MQ poten-
tiometers are used to control voltages applied to the screen and accelerator grids.
(b) The throttle control feedback monitor is shown. The monitor is made of four
LCD voltmeters that display the voltage and current drawn from each HV DC-to-DC
converter.

Langmuir Probe System

A Langmuir probe is used to measure the ICP electron temperature and plasma
density. The measurement circuit is shown in Figure 4.6. The probe is a length of
kapton wire insulated by a ceramic tube. At one end of the tube, a small area of

conductor is exposed.

To measure the plasma density and the electron temperature, the probe bias is
swept from —50 V to+50 V. During the sweep, the probe current is measured across a
500 2 resistor. This data produces a current-voltage (I-V) characteristic curve. From
this I-V curve, electron temperature and plasma density can be calculated. This

calculation will be discussed in detail in Section 5.1.
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Figure 4.6: A cylindrical probe is swept from —50V to 50 V. An rf choke is placed in
series to filter out rf noise from the plasma. The bias voltage was measured by means
of a voltage divider that allows a —5V to 5V input to LabVIEW. The probe current
was found by measuring the voltage across the 500 () resistor and then dividing the
voltage by the resistance of the resistor.

Ion Collector Plate System

Two different ion collector plates were used in this experiment: a single pad and a
radial segmented ion collector. The single pad ion collector plate is a 100 mm by
150 mm copper plate used to measure the total ion beam current exiting the thruster.
The radial segmented ion collector was used to map the geometry of the ion beam.
The radial pad consists of 5 concentric rings of varying radii to measure the divergence
of the beam.

The silver paste used to make the pads was easily sputtered by the ion beam
during the initial use of the 19-pad segmented collector. A backup radial segmented
collector was made using five concentric copper circles of varying radii: 50 mm, 40 mm,
30mm, 20 mm, and 10 mm. Wire connections were made by using vacuum compatible
conductive tape and the layers were insulated using Kapton tape.

In order to take accurate ion beam current measurements, the collectors must be at

the same potential of the ion beam. Since typical DAQ systems do not allow floating
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Figure 4.7: CAD drawing of the five-segmented radial collector. The innermost
collector has a radius of 10 mm and the outermost segment has a radius of 50 mm.

measurements of several hundred volts, a special conversion circuit was needed. Five
four-channel opto-isolator boards were used to accomplish this. This gave a total of
twenty channels, enough for all 19 pads for each collector plate. A photograph of one

of the opto-isolator boards is shown in Figure 4.8.

4.1 Experimental Procedure

Table 4.1 contains a summary of the experiments performed in this research. The
ICP source was characterized in a series of three experiments (1A, 1B, and 1C). A
Langmuir probe was used to measure the plasma density while varying the rf input
power supplied to the ICP source and the propellant mass flow rate. The density was
measured at 1, 2.5, 5, 10, 20, and 25 W of rf power for propellant mass flow rates of

0.1, 1, 2.5, 5, and 10sccm. The measurement was performed three times for each of
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Figure 4.8: Photograph of an opto-isolator board. There are four input and output
channels. The ground for the input channels on the left side of the board floats to
—1000 V. The ion beam current is measured by measuring the voltage across a high
precision (0.1%) 1k resistor. A series high frequency inductor used an rf choke to
filter out interference from the ICP source. The output channels on the right side of
the board are referenced to earth ground so the signals can be safely read by a DAQ
system.

the 25 scenarios. Experiment 1A measured the plasma density with the ICP source
by itself. The discharge chamber was added to the ICP source for Experiment 1B.
Finally, a magnetic cusp was added to the ICP source and discharge chamber for
Experiment 1C.

Thrust was measured at various levels of rf power (1, 2.5, 5, 10, 20, and 25 W)
and propellant flow rates at three different frequencies: 710, 730, and 750 MHz
(Experiments 2A, 2B, and 2C, respectively). Ion beam current was measured using
the single pad collector plate.

In Experiment 3A, the radial ion collector plate was used to determine the ion
beam divergence for the optimum cases determined by Experiment 2. Using the
results of Experiments 2 and 3, the total thrust, specific impulse, mass utilization

efficiency, electrical efficiency, and the total efficiency can be calculated.



Table 4.1: Summary of Experiments

’ Experiment ‘ Description

1A Measure plasma density with
ICP source only

1B Measure plasma density with
ICP source and discharge
chamber

1C Measure plasma density with
ICP source, discharge chamber,
and magnetic cusp system

2A Measure thrust at 710 MHz

2B Measure thrust at 730 MHz

2C Measure thrust at 750 MHz

3A Measure the ion beam divergence
at the optimum condition

43
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CHAPTER 5

RESULTS AND DISCUSSION

In this chapter, the results of experiments are given. A photograph of the thruster
operating is shown in Figure 5.1. The ICP source is on the right side of the photograph
and an ion collector plate is shown on the left side. Individual ion beamlets can be
seen exiting the holes in the electrostatic grids and then impacting the ion collector
plate. The thruster is operating at a frequency of 730 MHz with 5 W of rf power and
5scem of argon mass flow.

In Section 5.1, the Langmuir probe data is extensively detailed. In Section 5.2, the
thrust measurements from the ion collector plates are investigated. Finally, in Section

5.3, the mass and electrical efficiencies of the miniature ion thruster are calculated.

5.1 Langmuir Probe Analysis and ICP Source Characteriza-

tion Results

The IV-curve from a Langmuir probe can be used to extract characteristics of a
plasma such as the electron temperature and the ion density. For this study, a method
outlined by Reference [46] was used. Using a cylindrical wire probe, the measured
current is

2e ’(I)p - VB|

I = 2enzady| ———, (5.1)
my;
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Figure 5.1: Photograph of the miniature rf ICP source ion thruster operating. On
the left side of the photograph, an ion collector plate was placed down stream of the
thruster in order to measure ion beam current. Individual ion beamlets can be seen
exiting the thruster. The thruster is operating at a frequency of 730 MHz with 5 W
of rf power and 5scem of argon mass flow.

where n, is the sheath edge plasma density (m~3), a is the probe radius (m), d is the
probe length (m), m; is the ion mass (kg), Vz is the probe bias voltage (V), and ®,

is the plasma potential (V). The probe used in these experiments had a radius of

0.30mm and a length of 2.27mm. Squaring Equation 5.1 and solving for n, yields

B 1 12
2ead1/% |®p 7]

term is the slope of IV-curve in the ion saturation region. The

(5.2)

ng

2
here the —L—
where the @, —Vp]

sheath plasma density is related to the bulk plasma density by the approximation

Ng

Ng ~
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where ng is the bulk plasma density (m~3). Substituting Equation 5.3 into Equation

1 12
ng ~ 5.4
°" 9¢ad (0.61) */376,- \ [®p — V| 54)

Electron current saturation was not reached during the Langmuir probe experi-

5.2 yields.

ments; therefore the electron temperature could not be calculated. The I-V character-
istic curves for Experiments 1A and 1B are shown in Figures 5.2 and 5.3, respectively.
For Experiment 1A, the maximum probe current in the ion saturation region is 300 A
when the ICP source was operating at 25 W of rf power at 730 MHz at an argon mass
flow rate of 10sccm. The maximum probe current for Experiment 2A in the ion
saturation region is 700 uA with the ICP source operating at the same conditions

previously stated.

10X 10°
—25W
20 W
—10W
—5W
—25W
6 1TW

[o2]

Probe Current [A]

Ope — —

1 1 1

1 1
-50 -40 -30 -20 -10 0 10 20 30 40 50
Probe Bias Voltage [V]

Figure 5.2: Experiment 1A (ICP source only) I-V Characteristic for 10 sccm Ar gas
flow rate for various rf powers at 730 MHz.

Using Equation 5.4, the plasma density for Experiments 1A and 1B were plotted
in Figures 5.4 and 5.5, respectively. As expected, the greatest plasma densities were

achieved with higher propellant mass flow rates at high rf power. The greatest density
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Figure 5.3: Experiment 1B (ICP source and discharge chamber) I-V characteristic
for 10 scem Ar gas flow rate for various rf powers at 730 MHz.

achieved for the solo ICP source was 1.1 x 10®¥m™3 at an argon mass flow rate
of 10sccm and an rf power of 25 W. The greatest density achieved for the ICP
source with the discharge chamber was 2.75 x 10¥* m~3 at an Ar mass flow rate of
10scem and an rf power of 25 W. Results from Experiment 1C are not shown. The
magnetic cusp system did not show a noticeable improvement of plasma density to
that of Experiment 1B. Stronger permanent radial magnets are needed for better

electron confinement. The addition of the discharge chamber showed an increase of

132 — 385 %.

5.2 Thrust Measurements Results

5.2.1 Single Pad Collector Plate

The ion current produced by the thruster was measured using the single pad collector
plate connected to the opto-isolator circuit. The current was measured at three

different frequencies: 710 MHz, 730 MHz, and 750 MHz. For each frequency, ion



48

x10"

-1 sccm

-<2.5sccm

51-5 scem 4
-<10 scecm

w

Plasma Density [m'3]
- N
o n o
| |

-
T

0.5+

RF Power [W]

Figure 5.4: Experiment 1A (ICP source only) results showing plasma density versus
rf power for various gas flow rates at 730 MHz. [41]

current was measured at six rf power levels at four propellant mass flow rates. These
measurements were conducted at two electrostatic grid separations: d = 0.42 mm and
d = 2.02mm. Using Equation 2.8, the thrust were calculated for these measurements

and the results are shown in Figures 5.6-5.11.

In order to determine an optimum operating condition for the thruster, a figure

of merit was developed.

L, I
B Itotal B [s + [a + [b

X (5.5)

where y is a figure of merit (0 < x < 1), liptq is the total current (A), I is the current
drawn by the screen grid, and [, is the current drawn by the accelerator grid. The
greatest value of y will determine the optimum operating condition. x is shown for
the whole data set in subfigure (b) of Figures 5.6-5.11. The highest figure of merit
(x = 0.85) occurred while the ICP source was operating at 5W at 730 MHz with a

5scem propellant flow rate and a grid separation distance of 0.42mm (Figure 5.7).
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Figure 5.5: Experiment 1B (ICP source and discharge chamber) results showing
plasma density versus rf power for various gas flow rates at 730 MHz. [47]

The ion beam divergence was calculated at this operating condition. x generally did
not improve as the rf power was increased. This is because the plasma reaches a
saturation point when increasing rf power no longer aides in ion production. The
highest value of y for each frequency are summarized in Table 5.1. The greatest ideal
thrust occurred when the thruster was operating at 750 MHz with 10 W of rf power,
however its figure of merit was only 0.57, which would later translate to a much lower

electrical efficiency.

| Frequency [MHz] | d[mm] [ x [ T [uN] | r, [scem] | Py [5] |

710 0.42 | 0.84 | 24.34 D D
710 2.02 |0.70 | 21.16 10 5
730 0.42 | 0.85 | 24.92 5 5
730 2.02 |0.64 | 19.12 > 10
750 042 | 0.79 | 26.09 > 10
750 2.02 | 0.57 | 25.20 D 10

Table 5.1: Highest values of x for each frequency in Experiment 2

It is important to note that at the point in time that these experiments were
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conducted, the ICP source was unable to initiate and sustain a plasma for argon
mass flow rates less than 5sccm. Performance degradation of the device was most
likely due to a build up of sputtered material on the inside of the discharge chamber

and on the surface of the ICP source from the electrostatic grids and collector plates.

5.2.2 Ion Beam Divergence

The current density, as seen in Figure 5.12, was measured at the optimum operating
condition for various beam voltages. For V, = 1000 V, the current density is maximum
at Omm < r < 10mm with 1.2 A/m?. At 40mm < r < 50 mm, the current density
has decreased to 35.4mA /m?.

Figure 5.13 shows the cumulative percentage of total ion current density versus
radial position. This means, for V;, = 1000V, 58.92% of the total beam current
density is located within the range of 0mm < r < 10mm, 83.47 % of the total beam
current density is within the range of 0mm < r < 20mm, etc. The segmented
collector was placed 35 mm downstream of the thruster. Using Equation 2.12, the
thrust correction factor ag, = 0.90. Taking the inverse cosine of this correction

factor gives a beam divergence angle of 26.25°.

5.3 Efficiency

5.3.1 Mass Utilization Efficiency

Mass utilization efficiency is an important measure of an ion thruster performance.
High mass utilization efficiency indicates a high fraction of ionization. It is calculated

by dividing the mass flow of ions by the mass flow of propellant.
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M = — = == ; (5.6)
m, e my

where 7, is the mass utilization efficiency.

The mass flow of ions is found by multiplying the beam current by the mass of
the ion and then dividing by the charge of the ion. The current has units of amperes,
which is equivalent to coulombs per second. When multiplied by the ion mass in
kilograms and then dividing by the charge in coulombs, this result produces an ion
mass flow rate with units of kilograms per second. Equation 5.7 shows the conversion

from sccm to kg/s [48].

1scem = 2.973 x 10~ %kg/s, (5.7)

Table 5.2: Argon Flow Conversion Table [48]

’ scem \ kg/s ‘
10 | 2973 x 1077
5 1.487 x 1077

2.5 | 7.433 x 1078
1 2.973 x 10~°

0.1 | 2973 %107

For the optimum operating condition, the propellant mass flow rate was 5sccm
and the ion beam current was 0.86mA. Plugging in e = 1.602 x 107 C, m; =
6.68179 x 10~ % kg, and m, = 1.487 x 107" kg/s into Equation 5.6 yields a mass

utilization efficiency of 0.24 %.
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5.3.2 Electrical Efficiency

The electrical efficiency of an ion thruster is calculated by dividing the output power
of the thruster (i.e., the beam current multiplied by the net ion acceleration voltage)
by the total input power. The total input power includes the rf power supplied to

the ICP antenna and the power the ion optics draw from the high voltage supplies.

Pout_ Pb
Pyn P+ P’

Ne = (58)

where 7, is the electrical efficiency, P,,; is the total output power, P;, is the total
input power (W), P, is the beam power (W), P, is the input rf power (W), and Pjo
is the power supplied to the ion optics (W). For the optimum operating condition,
Py =5W,V, =100V, [ = 0.86mA, I, = 0.076mA, V, = —1000V. Plugging
these values into Equation 5.8 yields an electrical efficiency of 16.94 %.

Ion production efficiency is the electrical cost to produce ions. It is found by

dividing the total power to produce ions by the beam current [36].

Pin
IL,’

£p = (5.9)

where e is electron-ion pair energy cost (W/A = eV /ion). For the optimum operat-

ing condition, ep = 5.9keV /ion.

5.3.3 Total Efficiency

The total efficiency of the thruster is found by dividing the kinetic thrust power of the
thruster by the total input power. Kinetic thrust power is also known as jet power.

The jet power is the kinetic energy of the exhaust particles [36].
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1.
IDjet = §mp02

(5.10)

ex’

where Pj; is the jet power (W). Using equation 2.3, the jet power can be rewritten

as,
T2
Pt = ——, .
jet 2mp (5 ]‘1)
and the total efficiency can now be described as:
P;. T?
=24 (5.12)

T P T 2m, P
where 7, is the total efficiency. Substituting thrust from Equation 2.15 into Equation

5.12 yields:

QIbmi LV, 2 LV,

— ALY 5.13
Ny VempPi 7V p (5.13)

Finally, solving Equation 5.8 for P, and then substituting into Equation 5.13 yields,

Ny = Ve (5.14)

Using o; = 1 and v = 0.9, n,, = 0.24 %, and 7. = 16.94 %, the total efficiency of the

thruster is 0.033 %. This value is far too small (a factor of 1000) for practical use.

5.3.4 Thrust and Specific Impulse

When using argon as a propellant, the equation for thrust is

T =913.285vL,\/V,  [uN].
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Using the values for the optimum operating condition, the thrust produced by the
thruster is 22.35 uN.

The equation for specific impulse with argon propellant is

I, = 224.1930.\/Vs  [s].

Using the values for the optimum operating condition, the specific impulse of the

thruster is 15.31s. Results are summarized in Table 5.3.

Table 5.3: Summary of Results

\ Parameter \ Value \
P 5W
my, 5 sccm
Vs ov
1 0.075mA
V. —1000V
1, 0.076 mA
Vi 1000V
1, 0.86 mA
0 26.25°

Qdiv 0.90
le% 1
¥ 0.90
N 0.24 %
Ne 16.94 %
€B 5.9keV /ion
nr 0.033 %
T 22.35 uN
Iy, 15.31s
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Figure 5.6: (a) Ideal thrust was calculated for various propellant mass flow rates and
rf power levels from ion beam current with the ICP source operating at 710 MHz and
an electrostatic grid separation of d = 0.42mm. (b) A figure of merit was calculated
for various propellant mass flow rates and rf power levels from the measured ion
beam current and grid currents with the ICP source operating at 710 MHz and an
electrostatic grid separation of d = 0.42 mm.
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Figure 5.7: (a) Ideal thrust was calculated for various propellant mass flow rates and
rf power levels from ion beam current with the ICP source operating at 730 MHz and
an electrostatic grid separation of d = 0.42mm. (b) A figure of merit was calculated
for various propellant mass flow rates and rf power levels from the measured ion
beam current and grid currents with the ICP source operating at 730 MHz and an
electrostatic grid separation of d = 0.42 mm.
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Figure 5.8: (a) Ideal thrust was calculated for various propellant mass flow rates and
rf power levels from ion beam current with the ICP source operating at 750 MHz and
an electrostatic grid separation of d = 0.42mm. (b) A figure of merit was calculated
for various propellant mass flow rates and rf power levels from the measured ion
beam current and grid currents with the ICP source operating at 750 MHz and an
electrostatic grid separation of d = 0.42 mm.
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Figure 5.9: (a) Ideal thrust was calculated for various propellant mass flow rates and
rf power levels from ion beam current with the ICP source operating at 710 MHz and
an electrostatic grid separation of d = 2.02mm. (b) A figure of merit was calculated
for various propellant mass flow rates and rf power levels from the measured ion
beam current and grid currents with the ICP source operating at 710 MHz and an
electrostatic grid separation of d = 2.02 mm.
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Figure 5.10: (a) Ideal thrust was calculated for various propellant mass flow rates and
rf power levels from ion beam current with the ICP source operating at 730 MHz and
an electrostatic grid separation of d = 2.02mm. (b) A figure of merit was calculated
for various propellant mass flow rates and rf power levels from the measured ion
beam current and grid currents with the ICP source operating at 730 MHz and an
electrostatic grid separation of d = 2.02 mm.
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Figure 5.11: (a) Ideal thrust was calculated for various propellant mass flow rates and
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an electrostatic grid separation of d = 2.02mm. (b) A figure of merit was calculated
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beam current and grid currents with the ICP source operating at 750 MHz and an
electrostatic grid separation of d = 2.02 mm.
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Figure 5.12: Ton beam current density versus radial position for various beam voltages:
(a) 1000V, (b) 800V, and (c) 600V. Each bar represents a pad on the segmented

collector.
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for (a) V; = 1000V, (b) V;, =800V, and (c) V, = 600 V.
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CHAPTER 6

CONCLUSION

A summary of results, discussion, and recommendations for future work are presented

in this final chapter.

6.1 Summary of Results

A miniature rf ion thruster with an inductively coupled plasma source was analyzed.
The thruster has a diameter of 2cm and a length of 4.5 cm. The thruster was tested
at various propellant flow rates (0.1, 1, 2.5, 5, and 10sccm) and rf powers (1, 2.5,
5, 10, 20, and 25 W) at three different frequencies (710, 730, and 750 MHz). After
determining the optimum operating conditions of the thruster, a thrust of 22.35 uN
and a specific impulse of 15.31 s were obtained 5 W of rf power at 730 MHz, propellant
flow rate of Hscem, and an ion net acceleration voltage of 1000 V. With a beam
divergence angle of 26.25° and the assumption of a single charged ion species, the total
thrust correction factor was 0.90. At these conditions, the mass utilization efficiency
of the thruster was calculated to be 0.24 %. The electrical efficiency of thruster was
calculated to be 16.94 % with an electron-ion energy pair cost of 5.9keV /ion. The

over all efficiency of the thruster was calculated to be 0.033 %.
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6.2 Discussion

Because of the high propellant mass flow rates needed to sustain the plasma at low
background pressures of 1 x 107° Torr, the mass utilization efficiency and specific
impulse were extremely low. In order to become a more efficient thruster, the
propellant flow rate must be lowered dramatically (=~ 0.1sccm). It is important
to note that the performance of the ICP source degraded significantly between the
time Experiment 1 and Experiment 2 were performed. Running the thruster in the
Experiment 2 setup caused the electrostatic grids and ion collector plate to sputter,
and the material was deposited inside the discharge chamber and on the ICP source.
If the propellant mass flow rate can be lowered to 0.1sccm, 7,, should increase by a
factor of 50 if 0.86 mA of ion beam current from the optimum operating condition
from Experiment 2 is maintained. It is also noteworthy that an increase in ion beam

will also increase 1,),.

The electrical efficiency was higher than the mass utilization efficiency, but still less
than desired. In order to increase 7., the ion beam power needs to be maximized while
the rf input power and power supplies (ion optics, neutralizer, etc.) are minimized.
The ion beam current can be increased by increasing the electrical transparency of
the electrostatic grids. This increase in transparency will most likely call for more

holes in the grids and possibly an increase in thruster diameter.

With low mass utilization and electrical efficiencies, the overall total efficiency of
the thruster was extremely low (0.033 %). Other than increasing the mass utilization
and electrical efficiencies, the thrust correction factors can be increased. The ion beam
divergence angle for the thruster at the optimum operating condition was 26.25°,

which translates to a 10.31% loss of thrust. A beam divergence angle of < 10°
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is desirable (less than a 2% loss of thrust). The ion beam divergence angle can
be minimized by optimizing the design of the electrostatic grids through the use of
computer simulation.

The original thrust goal of the thruster was 200 uN. Using Equation 2.8, the
minimum ion beam current need for a thrust of 200 uN with a net ion acceleration
voltage of 1000V is 6.9mA. It is suspected that the sputtering of the grids and
collector plate during Experiment 2 degraded the performance of the ICP source to
the point where an ion beam greater than 0.86 mA could not be produced without

extinguishing the plasma.

6.3 Recommendations for Future Work

Recommendations for future work are enumerated below.

1. Optimization of the ion optics would yield greater electrical efficiency, minimal

ion beam divergence, and greater total efficiency.

2. Propellant delivery needs to be investigated further. Lower flow rates, while
maintaining current local gas pressures, are needed in order increase the mass
utilization efficiency of the thruster. Injecting propellant axially may be causing
low ionization efficiency. Lateral gas injection with multiple gas inlets may be

a solution.

3. The electrostatic grids should be constructed of, or coated with, a material
with a low secondary electron yield and more resistant to sputtering than
stainless steel. Molybdenum, titanium, and tantalum would be candidates for

this material.
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. Just as with the electrostatic grids, the segmented collectors should be con-

structed with a material that resists sputtering better than silver.

. Single device integration needs to be done when the optimum design is reached.
This involves moving from modular LTCC pieces (ICP source, discharge cham-
ber, and electrostatic grids) to permanently attached LTCC pieces. Electrical
wiring for the grids will also be embedded in the ceramic of the discharge

chamber. The thruster also needs a grounded electrostatic shield around it.

. Electronics for the rf system, grid power supplies, and propellant delivery need
to be developed and scaled down from their laboratory counterparts for use
on a small satellite. The rf supply will also float slightly more positive than
the screen grid and the grids will be biased at the appropriate potentials for

in-space operation.

. A neutralizer needs to be included for use in space. The neutralizer will most
likely require another power supply and needs to be calibrated to emit the
correct amount of electron current in order to completely neutralize the ion

beam.

. Thrust should also be measured mechanically using the micronewton thrust
measurement stand Woldvedt [49]. These results can then be compared to the

electrical thrust measurements.

. The ICP source can be integrated into other types of thrusters such as pulsed

inductive thruster (PIT) [50] as a pre-ionizer.
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