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Abstract

The performance scaling of gas-fed pulsed plasma thrusters (GFPPTs) is in-
vestigated theoretically and experimentally. Analytical models of the discharge
current suggest that close to critically damped current waveforms provide the best
energy transfer efficiency. A characteristic velocity for GFPPTs that depends on
the inductance-per-unit-length and the square root of the capacitance-to-initial-
inductance ratio is also derived in these models. The total efficiency is predicted
to be proportional to the ratio of the exhaust velocity to the GFPPT characteristic
velocity. A numerical non-dimensional model is used to span a large parameter
space of possible operating conditions and suggest optimal configurations. From
the non-dimensional model, the exhaust velocity is predicted to scale with a non-
dimensional parameter called the dynamic impedance parameter to a power that
depends on the mass loading prior to the discharge.

To test the validity of the predicted scaling relations, the performance of two
rapid-pulse-rate GFPPT designs, PT5 (coaxial electrodes) and PT9 (parallel-plate
electrodes), has been measured over 70 different operating conditions with argon
propellant. The performance measurements are made in a recently renovated fa-
cility that uses liquid nitrogen cooled baffles and a micro-thrust stand capable of
measuring impulses < 20 uNs within <10%. The measurements demonstrate that
the impulse bit scales linearly with the integral of the discharge current squared, as
expected for an electromagnetic accelerator. The measured performance scaling in
both electrode geometries is shown to be in good agreement with theoretical pre-
dictions using the GFPPT characteristic velocity. Normalizing the exhaust velocity
and the impulse-to-energy ratio by the GFPPT characteristic velocity collapses al-
most all the measured data onto single curves that represent the scaling relations
for these GFPPTs.
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Chapter 1

Introduction

Over the last century, traveling in space has evolved from a science fiction fan-
tasy into a common reality. In just the last few years, a new spacecraft has been
launched, on average, every four days worldwide. We now rely on them for com-
munication, observation, exploration, and a variety of other missions that have
expanded our available resources and pushed the bounds of human knowledge.
Still, with most spacecraft simply orbiting the earth, space travel could be consid-
ered to be in its infancy. Even our most distant probe Voyager I, launched in 1977
and currently traveling at a speed of 17 km/s, is only 12 billion kilometers away
from earth, less than one one-thousandth of the way to the nearest star. Like the
tirst automobile or airplane built almost a century ago, today’s spacecraft use tech-
nology that just begins to provide the capability we will need in the next century
to travel routinely within and beyond the boundaries of earth’s gravity.

In most applications, spacecraft require a means of imparting motion, an engine
that accelerates the craft to high velocity. Rocket engines or “thrusters” provide ac-
celeration by expelling propellant mass with a velocity opposite to the direction of
intended travel. Assuming a constant thrust and neglecting the influence of grav-
ity and drag during the maneuver, an equation for a spacecraft’s velocity change,
AV, was first expressed in 1903 by Tsiolkovsky [1] and is now commonly referred
to as the rocket equation,

My
AV =1u.In , 1.1
<M0 - Mpropellant) ( )

where %, is the mass average exhaust velocity of the propellant relative to the
spacecraft and M, is the total mass of the spacecraft including the propellant mass,
Moy, opeiiant, before the rocket firing.

The most important goal for any spacecraft is to deliver, and in many cases
maintain, the most payload mass possible. Normalized by the total initial mass, the
payload mass fraction, M,.yi0a4/Mo, can be increased simply by reducing the other

mass fractions. For many spacecraft, often the largest mass fraction is related to

1



CHAPTER 1. INTRODUCTION 2

the propellant mass, M, opeiiant /Mo, which is controlled by the choice of propulsion
system and the maximum achievable exhaust velocity. As seen from Eq. (1.1), the
propellant mass required to perform a given AV decreases as the exhaust veloc-
ity increases, leaving a larger mass fraction including payload remaining after the
maneuver is complete.

Electric propulsion (EP) is one type of proven spacecraft propulsion system that
has very large exhaust velocities, between 1-100 km/s or even higher depending
on the specific nature of the acceleration mechanism. A number of electric propul-
sion devices have been studied for over forty years (see Ref. [2] and Refs. [3,4]) and
are now routinely used in space. For example, various EP devices are currently the
baseline propulsion system for many US satellite manufactures including Hughes,
Lockheed Martin, TRW, and Space Systems Loral [4]. NASA has successfully used
an NSTAR Program Ion Thruster as the primary propulsion system on one of its
latest experimental missions, Space Technology I [5]. Russian satellite designers
have routinely used a version of the Hall thruster called the Stationary Plasma
Thruster (SPT) for more than ten years on many of their earth orbiting satellites [6].

Electric propulsion systems require a power source for operation, usually in
addition to that dedicated to the payload. As the extra power supply and power
conditioning equipment add more mass to the spacecraft, the EP device must be
designed and operated such that the propellant mass savings offset the power sup-
ply penalty. Obviously, the conversion efficiency of the supplied power to the
directed kinetic power in the exhaust becomes very important in reducing the pro-
pellant, propulsion system, and power supply mass. In addition, as many of these
systems are now going from laboratory models to flight hardware, more emphasis
is being placed on developing experimentally verified performance scaling laws that
can be used for selecting and designing an appropriate EP system for a given mis-
sion. Improving and predicting the performance of electric propulsion devices is
paramount to their utility as spacecraft propulsion systems.

The gas-fed pulsed plasma thruster (GFPPT) is an unsteady, predominantly
electromagnetic accelerator that can be used for either primary propulsion or atti-
tude control maneuvers. Due to its pulsed nature, it can operate at variable average
power and thrust levels that are throttled by altering the pulse frequency, energy
per pulse, or the amount of propellant mass accelerated by the discharge. It also
has the advantages of using a simple discharge circuit, supplying precise and small
impulses (< 100uNs) for fine positioning, and the ability to use virtually any type
of propellant (a noble gas, hydrazine, water vapor, ammonia, hydrogen, nitrogen,
etc.).

Although studied since the late 1950’s, purely unsteady GFPPTs have only been
tested in the laboratory. In contrast, pulsed, gas-fed quasi-steady MPD thrusters
were flown, albeit experimentally, on a number of missions including recently on
a 1995 Japanese mission, the Space Flier Unit [7]. Another unsteady device, the ab-



CHAPTER 1. INTRODUCTION 3

lative pulsed plasma thruster (APPT) uses solid Teflon for propellant and has been
one of the most flight-tested forms of electric propulsion to date. In 1964, a Russian
Zond spaceflight made an APPT the first EP device ever to be launched into space.
On a more recent mission ending in 1989, an APPT was used successfully as an
attitude control device for ten years on a US Navy Satellite, NOVA /TIP [8]. Two
current missions that use APPTs for attitude control include an Air Force Mission,
TechSat 21 [9], and a recently launched NASA New Millennium Program mission,
EO-1 [10].

Unfortunately for past gas-fed PPTs of the 1960’s, high pulse energy and rel-
atively poor performance led to massive thruster designs that were not as ap-
pealing as some competing EP systems or even as useful as some conventional
chemical propulsion systems. In fact, after 1970 and up until 1992, almost no fur-
ther research on purely unsteady gas-fed PPTs was conducted for those reasons.
Furthermore, due to the typically small impulse produced by each discharge, mil-
lions or even billions of pulses were required to perform the large total impulse
maneuvers GFPPTs were being designed for at the time [11]. For these missions,
the lifetime of the thruster electronics and fast-acting gas valves was (and still is)
a primary concern. Moreover, even after considerable performance testing in the
1960’s, experimentally verified performance scaling relations did not exist, making
it difficult to apply or tailor GFPPTs to any specific mission.

Recently, with work at Princeton’s Electric Propulsion and Plasma Dynamics
Laboratory (EPPDyL) and in cooperation with Science Research Laboratory, Inc.
(SRL), GFPPTs have resurfaced as a viable alternative for a variety of missions.
These include NASA’s Europa Orbiter, Pluto Fly-by and Space Technology Inter-
ferometer missions, as well as DARPA’s Orbital Express and Motorola’s Teledesic
Constellation. The current research at EPPDyL and SRL has focused on using all
solid-state electronics, operating at low energy, and improving performance to de-
crease the overall mass. Potentially the most significant improvement has come
from grouping pulses together in bursts which provides a high propellant mass
utilization efficiency while reducing the required number of valve cycles over the
lifetime of the device. With this in mind, the goals for this technology were two-
fold:

1. Obtaining a 100% mass utilization efficiency while being able to use existing,
space-qualified valves that have greater than a one million cycle lifetime.

2. Developing a low-mass, low-energy GFPPT with the same as or better per-
formance than previous GFPPTs tested at higher energy. A target was set for
50% efficiency at a specific impulse of 5000 s using less than 5 J per pulse.

Achieving these goals has included the following research projects which pro-
vide the basis for this dissertation:
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e Examining the effects of using a solid-state, high-current switching technol-
ogy at pulse rates above 4 kHz on propellant utilization, reliability, and per-
formance.

e Determining the best way to group pulses together in bursts which allows
thrust and power modulation as well as reducing the total number of valve
cycles over the lifetime of the device.

e Creating a low-energy discharge initiation system that provides a symmetric
current sheet reliably without inducing a large amount of electrode erosion.

e Developing a highly accurate (< 10% error), low-impulse (< 20xNs), thrust
stand and high-speed current sheet visualization diagnostics to measure per-
formance.

o Refurbishing a fiberglass high-vacuum facility to reduce the effects of back-
ground contaminants and vibrational noise on impulse measurement.

e Designing and testing many thruster prototypes to examine changes in per-
formance from modifications to geometry, propellant injection, and driving
circuitry.

o Deriving, testing, and verifying performance scaling laws based on physical
models for current sheet acceleration.

This chapter provides motivation for the last item, which consists of measur-
ing and predicting the performance scaling of GFPPTs. We start by laying out
detailed propulsion needs for present and future space missions where GFPPTs
might prove useful if they can be designed to match the requirements. We also
explain the trade-offs between efficiency, lifetime, and mass for a pulsed electric
thruster (such as a GFPPT) to explain why performance scaling relations are im-
portant. Next, we describe the history of GFPPT research and the need for an ac-
curate, experimentally verified, performance model. Finally, we present a outline
for the research presented in this dissertation which aims to fill this need.

1.1 Spacecraft Mass Distribution and Optimization

For most conventional spacecraft, the propellant mass makes up a large fraction
of the total mass, even after it has reached orbit. From Eq. (1.1), the propellant
mass fraction, ®, is defined here as the ratio of propellant mass to initial mass and
depends on the mission AV requirement and the exhaust velocity,

M'roean —
@E%ﬂtzl—eg. (1.2)
0
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Figure 1.1: Propellant mass fraction as a function of the exhaust velocity-to-AV
ratio. The dashed line shows a propellant mass fraction value of 10% when the
exhaust velocity is approximately ten times the AV requirement.

Figure (1.1) plots this relation and shows that for the propellant mass fraction to
be less than 10%, the exhaust velocity must be at least 10 times greater than the
AV requirement. Due to the exponential nature of Eq. (1.2), large gains can be
made by increasing the exhaust velocity-to-AV ratio from one to ten. For example,
using a maneuver where AV = 3000 m/s, an EP system with an exhaust veloc-
ity of 30,000 m/s will have a significantly lower propellant mass fraction (9.5%)
compared to a typical chemical system with a 3,000 m/s exhaust velocity (63%).
To find out which missions can benefit from using an EP device, specifically the
GFPPT, we must know their AV requirements.

1.1.1 Mission Requirements

Each mission can be described by a specific AV requirement and a maximum al-
lowable amount of time to complete it. The time limits can be determined, for
example, by a maximum radiation dosage, a life support limitation, or a commer-
cial demand to get an immediate return on a satellite investment. Table 1.1 shows
examples of typical missions with their AV and time requirements. Not imme-
diately obvious is that the AV requirements do not depend on the total mass of
the spacecraft. For example, the AV requirement for a 2,000 kg communications
satellite will be nearly the same as for a 10 kg microsatellite performing the same
kind of maneuver.
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| Mission | AV (m/s) | Time Requirement |
East-West Station Keeping 2 per year
North-South Station Keeping 50 per year
LEO-GEO Transfer 6,000 100 days
LEO to Earth Escape (low thrust) 8,000 200 days
Manned Earth to Mars and Return 14,000 500 days
Interstellar Probe >100,000 >10 years

Table 1.1: Approximate mission AV requirements and acceptable mission dura-
tions. The total AV requirements for station keeping missions depends on the
lifetime of the satellite. Taken from Refs. [2,12-14].

On the other hand, many missions have time limits which create minimum
thrust requirements that change with spacecraft mass and size. Furthermore, thrust-
ing maneuvers that have a long duration must use a modified form of the rocket
equation that includes the effects of gravity. Operating in a significant gravitational
potential for a long period of time generally increases the AV requirement. For an
optimized low-thrust trajectory, the increase can be limited to a factor of near /2
by using an optimal spiral trajectory with the celestial body at its center [15]. In
many cases, the achievable exhaust velocity of an EP system is more than enough
to make up for this additional AV requirement and still save a significant amount
of propellant. The total mass savings can translate into a larger payload mass frac-
tion, longer spacecraft lifetime, and /or a smaller spacecraft that costs less to launch
in the first place. All of these possibilities form a strong motivation for using elec-
tric propulsion systems in general.

1.1.2 The Optimal Exhaust Velocity

As mentioned previously, there is a balance between the propellant mass that can
be saved by having a large exhaust velocity and the extra power supply mass nec-
essary to drive the EP system. The mass of the propulsion device, power supply,
and propellant depend on the efficiency of the entire system and the exhaust ve-
locity or specific impulse. The specific impulse, I, is the ratio of the total impulse
provided by the propulsion system to the propellant weight on the surface of the
Earth and is essentially the exhaust velocity divided by ten,

Itotal ﬂe M u U
propellant e e
I, - - (1.3)

Wpropellant 90 Mpropellant go 10 77/1/52

In the absence of any background pressure, p., or significant exhaust pressure, p.,
over the exit area, A, the thrust, 7, is simply the product of the average propellant
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mass flow rate, 112,,4, and the mass average exhaust velocity relative to the rocket,
T = mcwgﬂe + (pe - poo)Ae = mavgae = prbita (14)

where f, is the pulse frequency and I is the impulse supplied by one individual
discharge from a pulsed electric propulsion (PEP) system. The overall efficiency,
1, is defined as the ratio of the directed kinetic power in the exhaust to the power
supplied by the spacecraft bus to the thruster, P,

1 .- —9 _
_ 5Mavglly e T

In the case where there is a time constraint on the maneuver, a minimum thrust
level can be required and the thrust-to-power ratio, T'/ P, becomes another important
performance consideration if the amount of power is limited.

The ratio of masses for the power supply dedicated to the EP system and the

propellant can be written in the following form,’

Mpower B apP ﬂz (1.6)

. - .
Mpropellant TMaug U2

where 7 is the mission duration, a,, is the power supply specific mass and U, Lang-

4 "

muir’s “characteristic velocity,” [16] is defined as,

U= 1/2;7—7. (1.7)

From Eqgns. (1.2) and (1.6), the mass of the power supply and propellant can
both be seen to depend on the exhaust velocity. Assuming a constant thrust level,
as the exhaust velocity increases the propellant mass decreases exponentially while
the power supply mass increases linearly. This leads to an optimum value of ex-
haust velocity where the remainder of the mass, potentially payload, is maximized.
Rather than derive the optimal exhaust velocity for any EP system (which has been
shown before in Refs. [2,16]), Section 1.3.1 describes the specific system optimiza-
tion for a GFPPT. To do that, however, first we must describe the missions where
GFPPTs might prove useful.

1.2 Missions Where GFPPTs Would Be Useful

In general, almost any mission that can make use of low thrust maneuvers can
benefit from the high exhaust velocity that comes along with using an EP system

ISee Ref. [16] by D. Langmuir where this form was first derived.
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and more specifically a GFPPT. With previously measured efficiency values near
20%, exhaust velocities of over 40,000 m/s (see Refs. [11,17]), and the capability to
easily throttle thrust and power levels, there are three classes of missions where a
properly designed GFPPT would be useful:

1. Small or micro-satellite propulsion, including both orbital transfer and atti-
tude control maneuvers.

2. Large or medium-satellite propulsion, including both orbital transfer and
attitude control maneuvers where the propellant type is fixed and unique,
specified by other constraints, and/or perhaps not usable by another type of
EP system.

3. Deep space propulsion where power is limited, including attitude correction
along the prime trajectory.

These missions share the requirement of relatively large AV maneuvers where the
high propellant exhaust velocity of the GFPPT is most useful. They also have spe-
cial requirements such as power, size, and propellant type limitations that may
eliminate other, possibly even more efficient, propulsion systems for considera-
tion. These three types of missions will be explored in more detail in the following
subsections.

1.2.1 Orbit Raising and Station Keeping Maneuvers

Orbit raising, from a low-earth orbit (LEO) to a geo-stationary orbit (GEO) for ex-
ample, is one of the most promising missions for electric propulsion systems due to
the relatively large AV requirement (3-4 km/s) and the availability of solar power.
Studies using a quasi-steady, pulsed MPD thruster, for example, have demon-
strated as much as a factor of three reduction in propellant mass (Refs. [18, 19]
and others) for such a mission. The time it takes to perform the maneuver, how-
ever, is limited due to the unwanted exposure to radiation and energetic particles
in the Van Allen belts found between the two orbits. In some cases, the trajec-
tory can be optimized for low-thrust devices [13], or a chemical booster stage can
take the satellite beyond the Van Allen belts with a solar-EP system completing the
final orbit insertion [20]. In general, however, this requirement keeps thrust de-
mands high unless satellites are modified with sophisticated and more expensive
radiation-hardened electronics and solar panels.

For the GFPPT specifically, typical orbit-raising missions are not necessarily the
best application due to the GFPPT’s relatively low thrust-to-power ratio compared
to other EP systems. In missions where the propellant type is unique, however,
there may be a limited number of other alternatives. DARPA’s Orbital Express is
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Spacecraft | Mass Range | On-Board | Attitude Control
Class (kg) Power (W) | Thrust Req. (mN)
large >2000 >10000 >50

medium 500-2000 | 500-10000 20-50
small 100-500 100-500 10-20
micro 10-100 10-100 2-10
nano 1-10 5-20 0.1-2

pico <1 <1 <0.1

Table 1.2: Conventional definitions of spacecraft class including mass, available
on-board solar power, and attitude control thrust requirements. Taken from
Refs. [13,24-27].

one such mission. It requires the propulsion system to use water vapor for pro-
pellant that is produced as a by-product from its fuel cells. The Orbital Express is
designed to resupply fuel to defense satellites requiring multiple orbital transfers
over its lifetime. Studies are underway at NASA JPL and SRL to determine if the
GFPPT can be tailored to this mission.

For station keeping, pulsed plasma thrusters (especially APPTs) have long been
considered a mass-saving alternative to momentum wheels, cold-gas, or hydrazine
thrusters in common use today [8, 10,21]. With their high specific impulse, the
propellant mass required to perform such small AV maneuvers is almost insignif-
icant [22,23]. For these attitude control maneuvers, the masses of the capacitors
and power conditioning equipment are typically much more significant. Further
study of GFPPT performance scaling is required to optimize the mass distribution
between the hardware and propellant.

1.2.2 Small Satellites

Although a majority of satellites in space today have masses greater than 2000 kg,
spacecraft designers are looking to save money on launch costs by scaling down
satellites to smaller masses, possibly even less than 20 kg. As shown in Table (1.2),
the thrust requirements and the available power generally scale with the mass of
the spacecraft.

For the micro, nano and pico-satellites, the amount of power available depends
on the surface area of the spacecraft as there are typically no extended solar panels.
Conversely, for the medium and large spacecraft, a higher specific power is avail-
able from much larger solar panels. As the total spacecraft mass decreases, the
thrust requirements decrease in general, although typical mission requirements
for small to nano-satellites often require many fast slew maneuvers to stay in for-
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mation with other satellites. For instance, the minimum thrust requirements for a
typical micro-satellite in a constellation or fixed-formation are set by the maximum
time allowed (normally on the order of a minute) to complete a 180° slew maneu-
ver [25]. This type of requirement generally leads to an increase in the required
thrust-to-power ratio for the smaller satellites. Therefore, in addition to the effi-
ciency of a GFPPT system, the thrust-to-power ratio is an important performance
indicator for small-satellite mission application.

Due to their capabilities of operating at an arbitrarily low power level, PPTs
head the list of possible propulsion technologies that can be used on micro and
small-satellites. The EO-1 Spacecraft (a 150 kg small-satellite with 300 W of power)
will demonstrate this application testing an APPT for pitch-axis correction [10,23].
NASA'’s Space Technology 3 Interferometer [28] mission is now in the planning
stages and has very small impulse bit requirements due to optical alignment con-
straints. APPTs are a strong candidate for this mission although there is some
concern regarding contamination from the expelled Teflon propellant coating on-
board optical devices. For the relatively cleaner GFPPT to fill a similar role, it must
be scaled down significantly from the designs of the 1960’s. It must operate more
efficiently (>20%) at lower energy levels (<10 ]J) with a smaller mass (<2 kg). De-
veloping experientially verified performance scaling laws is necessary before GF-
PPTs can be designed to meet small and micro-satellite propulsion requirements.

1.2.3 Power-Limited Deep Space Missions

The type of mission (piloted, unpiloted, interplanetary, etc.) can also change the
spacecraft mass, available power, and thrust requirements. For example, inter-
planetary missions typically have large AV maneuvers and small thrust require-
ments due to long mission durations which are well suited to electric propulsion
systems. Available power may be limited, however, if the mission is to an outer
planet where solar power is no longer available in useful amounts. The use of
low-power, nuclear thermionic power sources precludes the use of many electric
propulsion systems for deep space missions, and large-scale nuclear reactors (>
10 kW) have not been tested in space to date. The overall power consumption,
efficiency, and the thrust-to-power ratio of the GFPPT then becomes of crucial im-
portance if they are to be used for these missions. Example missions that fall under
this category are the Pluto Fast Fly-by [29] and Europa Orbiter [30]. Using APPTs
for the Pluto mission has been studied in Ref. [31].

In general, each electric propulsion system must be designed for a specific mis-
sion and should also be able to operate predictably over a wide range of desirable
thrust, power, and exhaust velocities while using as little mass as possible. As
shown in the next section, understanding the performance scaling of GFPPTs dic-
tates their design and use for any future mission.
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1.3 The Mass of a GFPPT System

Besides the propellant and power supply masses, the mass of the propulsion sys-
tem itself (power conditioning equipment, control and discharge electronics, elec-
trodes, etc.) can play a significant role in determining the remaining payload mass.
This is, again, related to the efficiency of the acceleration process and the useful
lifetime of the device. For a pulsed device, specifically the GFPPT, the thruster
efficiency, n;, has a slightly modified definition than that of n in Eq. (1.5),

sMilic  Te Ty

E 2 E’
where my,;, is the amount of propellant used per pulse and E is the total energy
stored for each pulse. The relation between the thruster and overall efficiency de-
pends on the power conditioner and feed system efficiencies, as will be explained
in more detail in Section 2.3. In this dissertation, the generic term performance usu-
ally refers to both the thruster efficiency and the impulse-bit-to-energy ratio of a
GFPPT unless otherwise noted.

Generally the mass of a GFPPT can be broken down between its energy storage
device, the thruster modulator that conditions the power from the spacecraft bus
and controls the charging, and some fixed mass dedicated to the electrodes and
thruster casing that does not depend on the discharge energy. Lumping all the
energy-dependent masses together and assuming the fixed masses are small,

=

(1.8)

Mthruster ~ OéeE, (19)

where «. is the thruster specific mass. The ratio of the thruster mass to propellant

mass is then,
2

E (1.10)

= = =,
Mpropellant Nptotmbit V2

where Ny, is the total number of pulses in the mission (or effectively the required
lifetime of the thruster) and V' is the “Pulsed Electric Propulsion Velocity” (PEP

velocity, see Ref. [31]) defined as,
27]thtot (1 11)
V' oa. ’

in analogy to the Langmuir Characteristic Velocity in Eq. (1.7). The ratio of the
thruster mass to power supply mass is then,

Mthruster o aeE U

1%

72
Mthruster o U
Mpower V2

The Langmuir and PEP characteristic velocities will be used to optimize the GFPPT
system mass in the next subsection.

(1.12)
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Figure 1.2: Payload mass fraction as a function of exhaust velocity to Langmuir
velocity ratio with the Langmuir velocity to AV ratio as a parameter.

1.3.1 Achieving the Maximum Payload Mass

As seen in Eqns. (1.6) and (1.10), the efficiency of a GFPPT directly affects the pro-
pellant, power supply, and thruster masses. In Ref. [31] we developed the mass
scaling relations for the entire spacecraft, including the power supply mass, in de-
tail. Here we will simply state the results divided into two categories depending
on the mission type.

GFPPTs for Main AV Propulsion

In this case, the thruster mass is assumed to be insignificant compared to the power
supply and propellant masses. The largest payload mass occurs when the power
supply and propellant masses are nearly equal. The optimum exhaust velocity is
then very close in value to the Langmuir Characteristic Velocity, (@e)optar ~ U.
This is shown graphically in Fig. (1.2) where the payload mass fraction is plotted
as a function of @,/U with U/AV as a parameter. Note that this result also applies
to any EP system that does not require an energy storage device.
The plot in Fig. (1.2) has three important features:

1. For each value of U/AV, an optimal value of exhaust velocity exists that is
equal to or slightly smaller than the Langmuir velocity.

2. An electric propulsion system should be chosen or designed such that its
Langmuir velocity is much greater than the AV requirement.
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3. At the highest values of U/AV, the payload mass fraction is large and a weak
function of u./U.

GFPPTs for Attitude Control

In this case, the power supply mass dedicated to the GFPPT is often insignificant
compared to the thruster and propellant masses. This is because most spacecraft
attitude control maneuvers like station keeping are spread out over a long period
of time and do not require high thrust (and therefore high power) levels. The
optimum exhaust velocity is then very close to the value of the PEP Characteristic
Velocity, (te)optac = V. From Eq. (1.10), the smallest overall GFPPT system mass
occurs when the thruster and propellant masses are nearly equal.

For attitude control maneuvers, the trends of payload mass fraction are very
similar to those presented in Fig. (1.2) with V replacing U. Note, however, that
in most of these missions the exhaust velocity and the PEP velocity will be much
greater than the AV requirement. In this regime, the payload mass is not a strong
function of 4./V so the exhaust velocity can actually vary over a wide range and
the payload mass fraction will still be large. Furthermore, for GFPPTs operating at
low energy, other masses that do not depend on energy directly (the fixed masses)
may also play an important role in determining the overall system mass. The mass
of these components may depend on current level, inductance, etc., instead of en-
ergy which may also impact performance.

For missions where the attitude control maneuvers must occur within a lim-
ited amount of time, the thrust requirements may be high enough so that both the
power supply and energy storage masses must be minimized. In this case, the
value of the optimal exhaust velocity is near the smaller of the two characteris-
tic velocities Ref. [31], and the impulse-to-energy ratio may also impact the mass
of the propulsion system. In any case, understanding the performance scaling is
necessary to optimize the total propulsion system mass.

1.3.2 Characteristic GFPPT System Velocities

The Langmuir and PEP characteristic velocities depend on mission duration, effi-
ciency, thruster lifetime, and the specific masses of the power supply and energy
storage device. Arriving at typical values of these velocities is explained in more
detail in Ref. [31]. The results for a typical orbit-raising maneuver, attitude control,
and interplanetary mission (trajectory correction only) are shown in Table (1.3).
The values of the characteristic velocities shown in Table (1.3) confirm what
has been stated in previous sections. First, the PEP velocity, V, is shown to be
independent of the mission class making it solely a technology-dependent parameter.
Next, for all the missions, both characteristic velocities, U and V, are larger, by
almost a factor of two in every case, than the AV requirement which leads to large
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Parameter Orbit- | Attitude Inter-
Raising | Control | planetary
1 (%) 18 18 18
N (%) 20 20 20
7 (s) 107 4x10% | 2x108
Notor 10° 10°8 10°
a, (kg/W) 0.03t 0.03} 0.18%
. (kg/7) 0.03 0.03 0.03
AV (m/s) 6000 500 2000
U (m/s) 11000 69300 20000
V (m/s) 36500 36500 36500
Optimal z. (m/s) | 10500 32300 17500

Table 1.3: Characteristic mission parameters for orbit raising and attitude con-
trol maneuvers. fIndicates solar power, findicates radioactive thermionic gener-
ators [31].

payload mass fractions in general. Finally, the ratio of thruster to power supply
mass and the optimal exhaust velocity depends on the mission. This indicates
that an EP system should be able to function predictably over a wide range of
conditions to meet a variety of mission requirements.

All of these calculations, however, depend on the efficiency and lifetime of the
GFPPT and the system as a whole. Greater efficiency and lifetime lead to a higher
optimal exhaust velocity which then leads to more payload mass. Yet, since the ef-
ficiency varies as a function of exhaust velocity, the characteristic velocities will de-
pend on . as well. The optimization is then no longer as straightforward because
the characteristic velocities are not fixed. The performance scaling (the relation of
efficiency to exhaust velocity) of any EP device, including GFPPTs, becomes very
important for designing and choosing the best propulsion system for any mission.

1.3.3 Balancing Performance, Lifetime, and System Mass

It is interesting to note that as either one of the two characteristic velocities in-
creases, the payload mass fraction increases monotonically, regardless of exhaust
velocity or AV requirement. In other words, having the largest payload simply
follows from having the largest PEP and Langmuir velocities possible. This is rea-
sonable considering their definitions (see Eq. (1.11) and Eq. (1.7)). Increases in
efficiency, mission duration, and GFPPT lifetime will increase the payload mass
fraction while increases in the specific mass of the power supply (kg/W) or energy
storage unit (kg/J) will decrease it. They also show that efficiency and lifetime
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trade off equally as far as the system mass is concerned. Any change in the thruster
design that results in a performance increase must also be judged by its subsequent
effect on thruster lifetime.

For example, many researchers of GFPPTs in the past (see the next section and
Appendix A on the history of GFPPT research and development) began using very
fast solenoid valves that improved propellant utilization and the thruster efficiency
by nearly a factor of ten in some cases. The valve seats in these devices, however,
typically did not last more than 10° pulses before leaking. The valves became the
limiting component (as opposed to the capacitors which had expected lifetimes of
107 pulses), reducing the lifetime of the device by nearly a factor of 100. Because
of the shortened lifetime, impulse bit levels needed to remain high for the same
total impulse delivery. This decision led to massive energy storage devices and
precluded GFPPTs from being selected for many missions. In this example, the
PEP velocity actually decreased due to the incorporation of a more efficient valve de-
sign, and, as a result, the total system mass increased. Clearly, an understanding of
the performance scaling, including lifetime issues, must be obtained for the proper
design of GFPPTs.

1.3.4 The Need for a Performance Scaling Law

As shown in the previous subsections, the optimization of the payload mass frac-
tion changes dramatically if the Langmuir or PEP velocities are dependent on the
exhaust velocity. This is actually quite common and can result from either an effi-
ciency, mission duration, or thruster lifetime that is dependent on the exhaust ve-
locity. For example, if the efficiency is linearly dependent on the exhaust velocity,
there is no longer a clear optimal exhaust velocity at all. Assuming the EP system is
operating at a constant thrust, the power requirement, T'u. /27, and, therefore, the
power supply mass stay constant as the exhaust velocity and efficiency increase
linearly together. Since the total propellant mass decreases with increasing exhaust
velocity, the useful mass fraction continues to increase monotonically with exhaust
velocity. Obviously the trend of an efficiency linearly increasing with exhaust ve-
locity cannot continue indefinitely, and an optimal operation point may indeed
exist where the efficiency begins to break-off from this trend.

With this in mind, since the performance of GFPPTs is variable, it must be
known as a function of controllable parameters such as propellant flow rate, power
level, energy per pulse, driving circuitry configuration, electrode geometry;, etc.,

N = f(te, Mavg, Mpit, P, E, geometry, etc.). (1.13)

Performance scaling is also important simply from a design point of view. To
match a given thruster to mission requirements, or for spacecraft designers to
choose and design a particular electric propulsion system, they must know how
the thrust, efficiency, and specific impulse scale with various operating conditions.
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At this point it is important to examine the history of GFPPT research and dis-
cover why developing such a performance scaling relation has proven difficult in
the past and merits further work.

1.4 Background of GFPPT Development

Gas-fed PPTs have been developed in many laboratories over the last forty years.
In general, they rely on a sheet-like, high current arc discharge to induce a mag-
netic field which in turn pushes outward on the current sheet with a Lorentz force.
As the current sheet moves down the electrodes, gas is swept into the sheet and
ionized. The acceleration of the gas is dominated by electromagnetic effects of the
self-field acting on the current-carrying plasma. Electrostatic and electrothermal
acceleration may also play a significant role depending on the operating condi-
tions. A schematic of two common GFPPT geometries is shown in Fig. (1.3).

Originally developed from magnetic shock tubes [32,33] and applications to
fusion research [34] in the late 1950’s, the first “plasma guns” of many laboratories
(see Refs. [35-38]) had nearly meter long, coaxial electrodes with outer to inner
electrode radius ratios less than two and propellant injection ports near the mid-
dle of the electrode length. Typically these first GFPPTs were also operated at high
energy (> 1kJ) and low capacitance (= 10uF) with the breakdown from pulsed gas
injection controlling the discharge initiation. Many of the designs had relatively
large amounts of parasitic inductance (~ 100 nH) and underdamped, oscillatory
current waveforms. In these designs energy transferred back and forth between
the magnetic fields and capacitor and not necessarily into sheet motion. The ac-
celeration dynamics of these thrusters were dominated by current reversals and
subsequent “crowbarring” where a second discharge would form near the origi-
nal initiation point, uncoupling the first sheet from the driving circuitry.

As the designs progressed with an eye towards propulsion applications in the
1960’s, radius ratios were more than doubled, the electrodes were shortened by
almost a factor of four, the capacitance was increased by an order of magnitude,
and the average energy was reduced to below 100 J (see Refs. [11,39—41] for exam-
ple). Unfortunately, in many cases multiple design changes were made simulta-
neously with empirical instead of theoretical studies suggesting the next iteration.
Although there were quite a few theoretical performance studies (See Refs. [42,43]
for example), the scaling relations they produced were different in almost every
case (see Appendix A for more details) and rarely compared to actual performance
measurements. At the time, the emphasis was being placed on the ultimate achiev-
able performance, and an experimentally verified set of performance scaling rela-
tions were not obtained.

In the effort to improve performance, some of the later GFPPT designs did not
exhibit crowbarring and had nearly critically damped current waveforms. In other
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Figure 1.3: Coaxial and parallel-plate electrode geometries for GFPPTs
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designs, the current reversal was timed to coincide with the discharge reaching the
end of the electrodes so that no energy was wasted [43]. High speed, high voltage
valves were introduced to improve propellant utilization which approached close
to 100% in many designs [44], but, as mentioned previously, at a significant loss of
thruster lifetime. The discharge initiation process was also controlled with either a
high-voltage spark trigger or a high current, low inductance gas discharge switch.
Efficiencies of these devices finally reached greater than 20% at specific impulse
values near 4000 s with thrust-to-power ratios close to 10 N/W [17].

In parallel with the thruster performance increases, more fundamental research
conducted by Lovberg and Jahn focused on the current sheet structure and the un-
derlying acceleration mechanism. Although both research groups found a strong
polarization field with the electrons carrying most of the current [45-48], there was
some degree of debate on the amount of ion conduction necessary to explain the
total current. For Lovberg’s experiments using hydrogen, no ion current was re-
quired to explain sheet behavior. In Jahn and Burton’s work as well as other’s [49]
using argon, however, a reasonable fraction of the total current needed to be car-
ried by the ions to account for the total current and subsequent ion acceleration. In
addition, the permeability of the sheet, i.e. its effectiveness to sweep up the pro-
pellant mass in front of it like a “snowplow,” seemed to depend on a number of
things including,

e Geometry: Lovberg found that a coaxial electrode configuration, in general,
produced more permeable current sheets compared to a parallel-plate geom-
etry operating at similar conditions [46,50, 51].

e Molecular weight: Discharges using lighter molecules were, in general, found
to have a higher sweeping efficiency [46,52,53].

e Current rise rate: For argon discharges, Jahn empirically determined that
10" A/s-cm (over the breadth of the current sheet) was required in the initi-
ation phase to form an impermeable current sheet [2].

The profile of the current sheet was also investigated as, in many cases, it was
found to be non-planar depending on electrode geometry [54,55], and polarity [56,
57], as well as the molecular weight of the propellant [46,58-60]. Unfortunately,
there are many conflicting results in this area and a complete parametric study
with different propellant types and current levels has yet to be completed (detailed
studies of this phenomenon are currently underway at Princeton [60]).

Appendix A provides more detail into the theoretical and experimental re-
search related to the GFPPT in the 1950’s and 60’s. Much of this work was summed
up in 1965 when researchers at NASA Lewis (now NASA Glenn) produced a com-
prehensive review of GFPPT research [11]. It gave the following list of important
conclusions reached by that time:
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1. Thrust estimates based on calorimetry measurements of the exhaust plume
from many labs did not agree with the subsequent performance data mea-
sured on thrust stands. Thrust stand data was generally accepted as the most
accurate way to measure performance.

2. Crowbar discharges generally occurred at some point between the voltage
and current reversal times depending on thruster geometry and driving cir-
cuit parameters. The performance reduction due to crowbarring depended
on the timing of the reversal.

3. The main acceleration mechanism inside the current sheet was found to be
due primarily to the polarization field created by the electrons trapped on
an E x B drift and the subsequent charge separation. It was also noted,
however, that many of the labs had very different results and disagreed in
this area, especially on the influence and existence of ion current.

4. Including an electric switch in the discharge initiation process (as opposed to
using the Paschen breakdown point alone) led to better repeatability, fewer
spoking instabilities, and improved propellant utilization. At the same time,
however, it introduced some parasitic inductance and resistance as well as
adding reliability questions.

5. There was a need for a simple performance model that was confirmed by
repetitive experimental performance measurements over a wide range of
conditions.

6. A major obstacle keeping GFPPTs from being used in space was their lack of
“heat handling capability.”

7. Research was shifting to quasi-steady devices which might have better per-
formance.

Unfortunately, GFPPT research began to fade soon after that report and almost
completely stopped by 1972 when NASA experienced significant funding reduc-
tions. The two main problems of the final designs at the time were: 1) lifetime
issues associated with the ultra-fast, high energy solenoid valves, and 2) a large
system mass compared to other electric propulsion systems being developed in
the same period (ion thrusters for example) for main propulsion.

Research at General Dynamics [17], NASA Lewis [61], and Princeton [62] shifted
to quasi-steady gas-fed thrusters (Magnetoplasmadynamic Thrusters or MPDTs).
In these devices, discharge durations were increased and the current sheet was
allowed to stabilize near the end of the electrodes. The MPDT pulse was much
longer in duration (>0.3 ms) and did not require the ultra-fast valves of the earlier
GFPPT designs. MPDTs also showed promisingly better overall performance as
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well as the ability to process many mega-watts of instantaneous power in a rela-
tively small device. Furthermore, as these devices are pulsed, they share the ad-
vantage of arbitrarily low steady-state power consumption depending on the pulse
rate. Still, system mass was large due to the pulse forming networks that were re-
quired to produce the longer, nearly constant-current pulses. As a result, this type
of EP system did not experience considerable in-space testing as a propulsion de-
vice until recently with the flight of the Japanese Space-Flier Unit mentioned ear-
lier. As the discharge in the MPDT approaches more of a steady-state condition,
the performance scaling is very different from purely unsteady GFPPTs.

Research at General Electric [63] and Republic Aviation [64] shifted to ablative
pulsed plasma thrusters that used much lower energy and were geared more to-
wards attitude control applications. Many performance scaling studies have been
conducted using APPTs; however, the ablation rate of the Teflon dominates almost
all the relations [64-70]. Although it has been shown that there is initially a fast
moving current sheet in APPT discharges, there is also a significant amount of
late-time ablation that does not get accelerated to high velocity. In many cases,
this slower Teflon vapor dominates the performance over the electromagnetic ac-
celeration of the current sheet. This significantly limits the application of APPT
performance scaling laws to GFPPTs.

Our recent research at Princeton has been divided into two projects: perfor-
mance scaling of GFPPTs (see Refs. [71-77] (co-written by this author) and current
sheet structure and stability [60]. The research relating to performance scaling is
the primary topic of this dissertation.

1.5 Dissertation Outline

This rest of this dissertation consists of six chapters that explain and present ex-
perimentally verified, performance scaling relations for GFPPTs. In Chapter 2, a
GFPPT discharge is described in more detail including the relation between the
driving circuit and the discharge dynamics. In Chapter 3, theoretical performance
scaling relations are derived with two approximate analytical models and a more
detailed, numerically solved, non-dimensional model. In Chapter 4, the SRL-
EPPDyL family of GFPPTs is described in more detail including both the thruster
designs used for the experimental study, PT5 and PT9. In Chapter 5, the tech-
niques for measuring performance and the test results from two GFPPT designs
with modular capacitance and inductance-per-unit-length are presented. In Chap-
ter 6 the theoretical performance models and the experimental measurements are
brought together to form a complete picture of GFPPT performance scaling. Fi-
nally, Chapter 7 provides a summary of this dissertation work.

The appendices cover the history of GFPPT research, renovations to the high-
vacuum test facility, other GFPPT designs, and a 2 million pulse lifetime test.



Chapter 2
The Dynamics of a GFPPT Discharge

This chapter starts with a detailed description of a GFPPT discharge. The charac-
teristics of the driving circuit are related to the dynamics of the discharge showing
how energy is distributed during a pulse. Finally, the efficiency of a GFPPT is
broken down and defined in terms of propellant utilization, energy transfer, and
dynamic efficiency which are examined throughout this dissertation.

2.1 Discharge Description

To predict the physical scaling of the thruster efficiency, the development of the
current sheet must be understood as well as how the energy from the capacitor
couples to the motion of the discharge. This section discusses the nature and dy-
namics of the discharge which can be broken up into three segments: initiation,
propagation, and expulsion of the current sheet.

2.1.1 Initiation

The discharge can be initiated in many ways, three of which are common in lab-
oratory devices. First, with the main energy storage device charged to a high po-
tential and directly connected to the electrodes, the propellant may be injected into
the electrode volume in such a way that a breakdown occurs. As the breakdown
voltage can vary depending on propellant loading, electrode geometry, and elec-
trode surface conditions, the timing and symmetry of the breakdown is difficult
to control [78] and other techniques have become more common. Another scheme
relies on a low-inductance switch, such as a spark gap or ignitron, to apply the
potential to the electrodes after the electrode volume has already been filled with
the desired amount of propellant (See Refs. [17,52] and others). After the switch
is closed, a breakdown quickly occurs and a current sheet forms at the minimum
inductance point of the thruster electrode geometry by a process that is similar to
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the skin-effect in solid conductors. The lifetime of these high-current switching
devices, however, is often limited by electrode and insulator wear. In addition,
although possibly to a minimal extent, they add an extra impedance to the plasma
discharge circuit. As a third option useful at lower voltages or when conditions do
not permit a normal breakdown, high voltage spark plugs are used to provide an
ionization seed at the desired position and time [39,74]. The timing is usually set to
coincide with the completion of the propellant filling the electrode volume. Spark
plugs are also used in Teflon propellant APPTs where a small amount of solid pro-
pellant is ablated during the spark providing the necessary plasma to begin the
tull discharge and further ablate more propellant. The negative aspects of using a
secondary initiation source include limitations on lifetime and the additional ero-
sion products that come from these type of discharges [77]. Furthermore, using a
finite number of spark plugs in discrete locations can lead to a localized initiation
and a non-uniform discharge [74].

The symmetry and uniform quality of the discharge initiation can be very im-
portant to the later stages of the discharge and can significantly affect performance.
The degrading effect of asymmetry has been measured (see Ref. [77]) with perfor-
mance reduced as much as 40% compared to a symmetric discharge. In those same
experiments, it was noticed that the greatest amount of electrode erosion occurs at
the point of initiation. Electrode erosion leads to the introduction of other atomic
species that may influence the discharge or possibly limit the lifetime of the de-
vice. Finally, current rise times over the breadth of the current sheet must be very
large (10'? A/s-m using argon, for example) during this portion of the discharge
to ensure a stable, impermeable current sheet [2,79].

2.1.2 Propagation

After the discharge is initiated, the current quickly reaches its peak value due to
the low impedance nature of the plasma-completed circuit. A large magnetic field
forms within and behind the finite-width current sheet as a Lorentz force pushes to
expand the circuit. As the current sheet propagates down the electrodes, the effec-
tive load on the circuit increases with the changing magnetic field that is generated
over a larger and larger volume. In the case of a GFPPT, the current sheet sweeps
up propellant as it travels like a snowplow or piston moving through a cylinder.
As the capacitor is drained, the current and the magnetic field begin to decrease.
If designed correctly, the current sheet reaches the end of the electrodes just as the
current and magnetic fields have decayed to zero. This timing requires a very good
understanding of the dynamic interaction of the driving electric circuit, the prop-
agation of the current sheet, and the mass-loading of the discharge volume before
the pulse. As can be expected, it is very difficult to achieve this synchronicity and
the next paragraph describes more common, alternative possibilities.
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2.1.3 Expulsion

Upon reaching the end of the electrodes, if there is voltage remaining on the ca-
pacitor or energy stored in the magnetic fields, then the following situations may
occur which can affect performance. First, the current sheet may expand beyond
the electrodes, potentially reaching some quasi-steady state [62]. In coaxial elec-
trodes this can also lead to a pinching condition where axially directed current
forces the propellant inward at the center electrode and outward near the outer
electrode. In parallel-plate devices, the current sheet remains attached to the ends
of the electrodes and expands in all directions. In both cases, the sheet spreads
outward unconstrained by the electrode walls, potentially reducing the fraction of
axially directed plasma. Since the expansion also allows the circuit to stay com-
pleted by the plasma, some energy is consumed that otherwise would have been
completely lost. In this case, the net effect on performance is unclear. In the under-
damped case, the energy stored in the magnetic fields may be enough to recharge
the capacitor (in the opposite polarity) before the current sheet has reached the end
of the electrodes. In this case, when the current begins to reverse direction, the cur-
rent sheet may become detached from the electrodes and a new current sheet may
form at the backplate of the thruster (See Refs. [45,52] and others). This “crowbar”
discharge then usually consumes the remaining energy stored in the capacitor that
would have otherwise gone into further accelerating the first current sheet. Typ-
ically the second current sheet does not provide a significant amount of impulse
with smaller currents and magnetic fields, as well as very little gas remaining to be
swept up in the electrode volume. This phenomenon also presents an additional
problem to effectively modeling the dynamics of the discharge.

Again, the focus of this dissertation is to examine overall performance scal-
ing with similar energy and current levels using one type of propellant (constant
molecular weight). It is assumed that the current sheet structure and the result-
ing acceleration mechanism will be similar in all the test cases presented in this
research. The scaling of the current sheet profile and permeability losses from
changes in propellant type will be left to continuing work at EPPDyL. With that
in mind, we begin to examine the transfer of stored energy from the capacitor to
directed kinetic energy in a GFPPT discharge. Being able to predict the dynamics
of the discharge is critical to the development of performance scaling relations.

2.2 Effective Models for the GFPPT Discharge

This section presents a simple and commonly applied model for the unsteady, non-
linear dynamics of a GFPPT discharge. We will also examine the partition of en-
ergy in these devices, although more detailed solutions and theory on performance
scaling will be left to the next chapter.
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Figure 2.1: Current sheet in a parallel-plate GFPPT with the effective LRC circuit.

2.2.1 The Equivalent Circuit and Snowplow Model

In the relevant literature, many basic models for pulsed plasma thrusters include
an effective circuit model for the discharge potential and a “snowplow” model
for the gas accumulation during the discharge (see Refs. [2,37,41-43,53,73,80-82]
which are also reviewed in Chapter 1 and Appendix A). Here we will go over the
basic principles of these models and describe the equations which will be solved
in the next chapter by analytic approximations and numerical methods. These
relations, for now, will allow us to examine the energy partitioning and efficiency
breakdown in a GFPPT. A schematic for the idealized discharge and its electric
circuit analog is shown in Fig. (2.1).

Conservation of Charge.

Treating the discharge as an effective LRC circuit with changing inductance pro-
duces a simple and convenient model for the discharge potential. In this analog,
the total inductance, L(t), includes the internal inductance of the capacitor bank
and the changing inductance of the discharge as the current sheet propagates down
the electrodes. The total resistance, R, includes the effective plasma resistance, the
resistance of the electrodes, and the internal resistance in the capacitor bank. The
total resistance is considered constant in this analysis for simplicity and because
the fixed internal resistance of the capacitor bank makes up nearly half of the total
resistance in the GFPPTs studied in this dissertation!. Although, potentially, the
internal resistance of the capacitor bank could be reduced by using higher quality,

Measurements of the total resistance and internal capacitor bank resistance are presented in
later Chapters.
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specially designed capacitors and/or increasing the cross-section of the conduct-
ing plates between them, changing the type, placement, or number of capacitors
could adversely affect the initial inductance and the lifetime of the device. Fur-
thermore, determining the effective plasma resistance accurately would require a
much more detailed model of the plasma physics and conductivity inside the cur-
rent sheet which is beyond the scope of this dissertation. For this model to produce
a useful set of performance scaling relations, we keep R constant and begin by us-
ing Kirchhoff’s Law around the plasma completed circuit,

1 gt d
Vo= [ Jdt'+ S(LJ)+ R, 2.1
=7, T t( ) + (2.1)
where the total current, J, and the inductance are both a function of time. For
parallel electrodes and a planar current sheet that remains perpendicular to the
electrodes, the total inductance can be separated into an initial inductance plus an
“inductance-per-unit-length”, L', times the axial position of the current sheet, z,

L=1Ly+ Lz (2.2)

For now, the inductance-per-unit-length will remain fixed although it can vary as
a function of time in real GFPPTs (see Chapter 3). Inserting this relation for the
inductance into Eq. (2.1) and carrying out the differentiation leads to,

Vo—é/otJdt* = Viap = (L’2+R)J+ (L0+L'z) J, (2.3)

where V,,,, is the instantaneous capacitor voltage. This equation states that, at any
instant, the voltage on the capacitor is split between the motion of the current sheet,
the resistance, and the changing magnetic field.

Conservation of Momentum.

Assuming the current sheet can only travel in one dimension along the electrodes,
the equation for the conservation of momentum with a Lorentz force is,

d —
Somu) = [ 7x B v, (2.4)
dt

where m is the instantaneous amount of mass contained in the current sheet, 'is
the current density vector, and B is the magnetic field vector. Using a self-induced
magnetic field the integral can be evaluated over the volume of the current sheet,

i(mu) = 1L/JQ. (2.5)
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If we further assume that the discharge sweeps up the mass ahead of it as it travels,
the mass of the sheet will be increasing with time and the conservation equation
can be expanded,

1.,
mi = 5L J? — 1. (2.6)

This equation shows that the acceleration of the mass in the current sheet is propor-
tional to the Lorentz force minus a “drag” term that describes the losses associated
with accumulating mass that was initially at rest. To minimize this loss, most of the
mass accumulation should occur while the sheet velocity is small. This “dynamic
efficiency” will be discussed in more detail in Section 2.3.5.

The combination of the two conservation equations leads to a non-linear but
stable set of equations. As the sheet moves, the inductance grows and acts as a
greater load on the circuit. The increase in impedance decreases the current which,
in turn, decreases the acceleration. As the current sheet trajectory changes, once
again, the total inductance changes, and so on. The equations are globally stable as
the Lorentz force always works to expand the current loop (regardless of the cur-
rent direction) and the increasing inductance always serves to dampen the circuit
response.

2.2.2 Energy Distribution in GFPPTs

Multiplying the capacitor voltage, V,,,, in Eq. (2.3) by the total current, J, yields
the instantaneous distribution of power, P, in the rest of the circuit,

1 , d /1.,
Poie = (2Lz+R)J + (2LJ ) 2.7)
Note that power going into the increasing inductance, L'#/2, and the total resis-
tance, R, are both proportional to J2. Multiplying Eq. (2.6) by the sheet velocity, z
or u,

1o dyl 5\ 1.,
2L z2J = o (Qmu ) + 51U, (2.8)
and substituting for the first term in Eq. (2.7) yields,
Cdl N 1, d ] 2) ,
Pae= (Qmu > it + <2LJ + R (2.9)

This equation represents how the power from the capacitor is distributed within
the discharge. The first term is related to the power used to change the kinetic en-
ergy of the current sheet. This is the most useful term in the equation as far as any
propulsion application is concerned. The second term is related to the power that
goes into the inelastic process of accumulating propellant mass. This term comes
from the conservation of momentum, Eq. (2.6), as has already been discussed. The
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Figure 2.2: Distribution of energy in a GFPPT discharge.

third term is related to the power that goes into changing the magnetic field. This
term will be positive when the current and magnetic fields are increasing, and neg-
ative (giving power back to the capacitor and/or the rest of the discharge) when
the current is decreasing. The fourth term is related to the power that goes into
resistive heating distributed between the electronics and plasma. Plasma heating,
in turn, contributes to the power going into ionization and radiation.

Integrating the discharge power over the duration of the pulse yields the parti-
tion of energy,

E= (lmu2> + /tf quQ + RJQ] dt, (2.10)
2 f o Jo 12

where the current is assumed to be zero at the beginning and end of the discharge
so that any power going into changing the magnetic field is later recovered (note
that this is not necessarily the case in a crowbarred discharge). Equation (2.10) is
presented graphically in Fig. (2.2) with measurements of the instantaneous power
and energy in a typical GFPPT discharge presented in Fig. (2.3). From these fig-
ures, we see that the initial energy stored in the capacitor is divided between the
directed kinetic energy and two loss terms including a dynamic loss and a re-
sistive loss. This energy goes into heating the plasma with subsequent inelastic
electron-ion collisions and a certain amount of radiation. Most of the plasma heat-
ing is practically unrecoverable due to the optically-thin, low-density nature of the
plasma (see Ref. [83]) and the quick acceleration time-scales. To date, any attempt
to use a physical nozzle to direct the plasma has had little or no effect on improving
performance in these low-energy GFPPTs [76, 84].
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Figure 2.3: Measurements of power and energy in a GFPPT discharge. Taken with
PT9, 4 ] per pulse, 2.0 ug argon, 130 uF, 17 x 1”7 electrodes.

2.3 The Efficiency of a GFPPT

The overall system efficiency is related to the thruster efficiency by the power con-
ditioning and feed system efficiencies which will be described in Chapter 4 in the
context of a specific GFPPT. Here we focus on the thruster efficiency which is the
ratio of the kinetic energy in the exhaust to the energy stored in the main capaci-
tors prior to the discharge. We can gain more understanding of the thruster effi-
ciency by creating an analogy to a common voltage divider using the characteristic
impedances found in the GFPPT discharge. In the circuit model presented in the
last subsection, for a good accelerator the effective resistance, (1% + R), should
be dominated by the time varying inductance caused by the plasma sheet motion.

In the later part of the discharge cycle, this impedance should also be greater than

the imaginary impedance (/L/C) that represents the recharging of the capacitors.
If these conditions are met, the corresponding voltage and current waveforms are
close to critically damped with the energy coupled efficiently from the electrical
power source to the plasma. As we will discuss further, this does not in itself
result in an efficient thruster. Besides the energy that goes into forward directed
acceleration of the plasma, energy can also be deposited in the plasma internal
energy modes through the mass accumulation process, in the electrodes from the
current conduction process, or in non-axial motion.
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Figure 2.4: Breakdown of overall efficiency.
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To further understand and evaluate how the initial stored energy is distributed,
we separate the thruster efficiency into a collection of other efficiencies. From
Eq. (4.9), the thruster efficiency can be broken up into five other efficiencies that
will prove useful in examining the performance of GFPPTs,

T = T Ta (2.11)
= Npu Nenergy Ndynamic Nprofile Nsweep)
C Mgean ol LA mgeeaqu? + fo! rudt Maccel U Maccel
Mg 28 Jor L2t Maccell? + Jor 2dt Mavait

Only the propellant mass accelerated to the final sheet speed (mgec; and u.,
respectively) is expected to contribute significantly to the impulse,

[bit = Maccellle = Mpitle, (212)

where it follows from the definition of the propellant utilization and sweeping
efficiencies that the final mass averaged velocity, ., is related to the final sheet
velocity, u.,

Ue = Mpu  MNsweep Ue- (213)

It is interesting to note that I;, u., and my,;; are measurable quantities while 1m e
and 1, are inferred or calculated quantities.
We will discuss each efficiency from Eq. (2.11) in a separate subsection.

2.3.1 Propellant Utilization Efficiency, 7,

As shown schematically in Fig. (2.5), depending on the electrode length and the
mean thermal velocity of the propellant, v;;,, some of the mass included in the
“mass bit” might not actually be accelerated by the discharge. Using the maximum
possible thermal velocity, v, based on the propellant plenum temperature, 7}, the
maximum axial extent of the cold-gas column before each discharge, /,,s, can be
estimated by,

3kT,

ggas ~ TpUth = Tp . (214)

with the total mass bit including all the injected propellant mass,

. o . gelec . gelec
Mpit = MssTp = Migs + mss(Tp - )
Uth Uth
= Mavail T Miost, (215)

where 7, is the steady-state mass flow rate of propellant into the discharge vol-
ume before each pulse. As an example, using argon and a pulse frequency of
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Figure 2.5: Schematic showing the division of the total mass bit between the mass
available for acceleration, m,,4;;, and the mass lost, m,:, before each pulse.

. A

4 kHz, {4, ~ 10 cm and the electrodes must be made at least 10 cm long or some
portion of the gas will escape the electrode volume. A more accurate kinetic model
for determining the propellant distribution will be presented in Chapter 3.

The propellant mass utilization efficiency, 17,,, can now be defined as the ratio
of the propellant mass available to the discharge, m.q, to the total injected mass,
Myit,

Mavail o gelec —~ gelec My

Npu (2.16)

Myt lgas T \| 3KT,
Obviously even if the electrodes are longer than the gas column, the propellant uti-
lization efficiency cannot exceed 100%. The pre-discharge propellant distribution
may affect the dynamic efficiency, however, as described later.

2.3.2 Accelerator Efficiency, 7,

The accelerator efficiency is commonly used as a performance parameter in the
previous GFPPT literature (See Refs. [11,17,37], for example) and is included here
for that reason. In in our context, it is made up of the energy transfer, Lorentz
force profile, dynamic, and sweeping efficiency making it completely independent
of the power conditioning and propellant losses.

2.3.3 Energy Transfer Efficiency, 7cperqy

By integrating Eq. (2.7) directly, the initial energy can be distributed among the
equivalent circuit elements,

0. 1
E— / "L rar <§LJ2>
0

1 ty
+ (—OW) + / " RJ2dt. (2.17)
2 2 ty 0

ty
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The first term is related to the energy going into physically expanding the circuit
in any direction, the second and third terms are related to the energy stored in
the magnetic fields and capacitor, respectively, at the end of the discharge (the
current and voltage might not be zero when the discharge reaches the end of the
electrodes), and the last term is related to the energy deposited by Joule heating
in the electronics and the plasma due to its finite-conductivity. Assuming that the
only useful energy in this equation is going into expanding the circuit, the energy
transfer efficiency is,

Jof Lt

nenergy = 2K (218)

This efficiency also accounts for losses due to ionization and dissociation in creat-
ing the plasma originally.

2.3.4 Lorentz Force Profile Efficiency, 1,,, i

Examining Eq. (2.5), the ratio of the work done by the axially directed force on
the accelerated propellant mass to the total work done by the Lorentz force is the
profile efficiency,

Maeeelt + fotf muldt  Maeeau? + f(ff rudt
Nprofile = tr 7 - tr ; . (219)
Jo! LJ?dt Jo! uL' J?dt

This efficiency is less than unity if the current sheet is canted or has a non-planar
profile. For example, this may be the case in a coaxial geometry GFPPT due to
the radially non-uniform Lorentz force. Again, this efficiency is mainly related
(through an as yet to be identified relation) to the molecular weight, current level
and electrode geometry. Most of these parameters will be kept constant for this
particular study.

2.3.5 Dynamic Efficiency, 74ynumic

As the accelerated propellant is swept up and contained by the current sheet, some
portion of the axially directed Lorentz force work will go into heating the plasma,

2
MaccelUe

tf . .
Maccel2 + o) mudt

(2.20)

Ndynamic =

In general this electrothermal energy is difficult to recover into directed kinetic
energy except at much higher pressures, as explained in Section 2.2.2. Even then,
in these devices the conversion efficiency for this type of acceleration is generally
very poor and the exhaust velocities can be relatively small (< 5000 m/s) even at
the highest pressures. This process of sweeping up the gas has been examined
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more thoroughly under the name “Dynamical Efficiency” originating in Ref. [85].
There it was shown that the dynamic efficiency can go from a value of 50% in a
uniformly filled GFPPT to 100% for a discharge where all the mass is captured in
the initiation process. Current sheet trajectories where the propellant is gradually
swept up at the beginning of the discharge and then accelerated vigorously when
m = 0 are preferred. In general, the dynamic efficiency is a strong function of the
initial propellant loading.

2.3.6 Current Sheet Sweeping Efficiency, 7syecp

The ratio of the propellant mass that is in the electrode volume to that accelerated
by the discharge is the sweeping efficiency,

Macce Ue
Nsweep = : = (221)

Mavail Npu,  Ue

The sweeping efficiency depends on two factors: the likelihood of continual pro-
pellant ionization as the current sheet travels through the propellant, and the flux
of ions to the cathode and insulator walls where recombination and subsequent
loss of axial momentum can occur. The likelihood of ionization in these discharges
is quite high with almost every investigator observing a fully ionized plasma us-
ing spectroscopic techniques [46,52,61,86]. Investigators at Princeton [48,52] and
at Avco Everett [32,87] have also noticed a precursor region with approximately
a 10% ionization fraction in front of the current sheet, possibly caused by photo-
ionization. Some propellant may not stay ionized, however, either recombining
before significant acceleration takes place or, more likely, recombining with an
electron on a wall surface. When an ion strikes a wall, either as part of the to-
tal current conduction or because of thermal diffusion with electrons, the resulting
neutral particle will no longer move with current sheet speed. Although some
of the neutrals may be ionized again, they do not, in general, contribute to the
thruster performance. Lovberg and others have noticed a dense layer of plasma
near the cathode, especially in devices where the sweeping efficiency is less than
unity [46, 50, 60].

Jahn [2] provided an empirical rule for maintaining a high sweeping efficiency
which requires initial current rise-times above 10'* A/s per meter width of cur-
rent sheet for argon propellant with £/m; < 5 x 10° J/kg. In the experiments
presented in this dissertation, we will use only argon propellant with similar cur-
rent rise-times to keep the sweeping efficiency relatively constant. Other research
at EPPDyL is examining the scaling of the sweeping efficiency and current sheet
stability with propellant type and current levels [60].
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2.3.7 Choice of Parameters for Performance Scaling Studies

Each of the efficiencies described in Eq. (2.11) changes with modifications to elec-
trode geometry, discharge energy, mass bit, propellant species, capacitance, volt-
age, pulsing frequency, inductance profile, internal circuit and plasma resistance,
insulator and electrode material, electrode surface conditions, initiation source,
and even propellant plenum temperature. It is no surprise that, to date, the perfor-
mance measurements from various laboratories vary drastically with even some
conflicting results from the effects of various parameter changes [11]. The goal
of this research work is to carefully examine the performance scaling (thruster ef-
ficiency versus exhaust velocity, for example) as a function of three parameters:
mass bit, capacitance, and inductance-per-unit length, with the other variables
tightly controlled. These three parameters are expected to have the most dramatic
effect on the energy transfer and dynamic efficiency.



Chapter 3
GFPPT Performance Models

In this chapter we develop GFPPT performance models for predicting the effects
of capacitance, inductance-per-unit-length, initial inductance, energy, and mass bit
on the exhaust velocity, efficiency, and impulse-to-energy ratio. Three different ap-
proaches are presented with progressive levels of complexity. The first is a circuit
model that uses fixed elements to demonstrate that a slightly underdamped or
critically damped current waveform provides the best energy transfer efficiency.
The second model is an analytical approximation of a nearly critically damped
current waveform which is used to examine the discharge dynamics with variable
inductance and mass in more detail. Finally, in the third model we develop a set
of non-dimensional equations including the effects of variable propellant loading,
tinite electrode length, and flared electrode geometries. The full set of equations
are non-linear and can only be solved numerically. The solutions to the last model
will be discussed in detail as they will be used in Chapter 6 to collaborate the per-
formance scaling found in experimental performance measurements.

3.1 Analytical Discharge Current Models

In this section we will estimate the total discharge current and the Lorentz force
acting on the plasma using two different circuit models. The first model assumes
tixed circuit elements and a constant propellant mass. It will be used to compare
the performance resulting from various current waveforms (underdamped, crit-
ically damped, and overdamped), taking crowbar discharges into account. The
second model uses a variable inductance and a uniform mass loading to exam-
ine more dynamics of the discharge. Although these models have some limiting
assumptions, they will prove useful for interpreting the more complicated, numer-
ical solutions that are presented in Section 3.2.

35
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3.1.1 Constant Element Model

Following previous examples found in the literature [42,80], we desire to decouple
the discharge equations by keeping all the circuit elements fixed and the amount
of mass in the discharge constant. Taking the derivative of the Kirchhoff equation,
Eq. (2.1), we have,

JLo+ JR+ é = 0. (3.1)

Solving for J(t) with J(0) = 0, J(0) = V;/ Ly, yields,

J = WL[(J)OB_(R/QLO” sin(wt), (3.2)
where,
1 R\’ 1 ol
o= (ze-im) ~vp - 63
and,

R [C
b= 5\/;0. (3.4)

It is well known that this solution has a different character depending on . If
1 < 1, then w is real and the current and voltage are underdamped and oscillatory.
If Y = 1, then w is zero and the current and voltage are critically damped (note that
sin(wt)/w — t for w = 0). If ¢ > 1, then w is imaginary and the current and volt-
age are overdamped. Figure (3.1) shows all three cases with common operational
parameters for PTO.

The impulse from the Lorentz force is proportional to half the inductance-per-
unit-length and the integral of the current squared. If we integrate Eq. (3.2) over
a time period lasting until the capacitor is fully discharged, then, regardless of the

nature of the waveform,
1 B

Ly =-L — .
bit 2 Ra (3 5)
and, L
1 Ue
=-L —. .
M 1" R (3.6)

Using the maximum efficiency, 7, = 1, it follows that the maximum exhaust veloc-
ity, Uemaz, 18,

~ AR 8y L

Uemaz = 7 - f 6

These relations would suggest that very small resistance values, hence very

underdamped waveforms, are preferred for high efficiency but not for high exhaust

(3.7)
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Figure 3.1: Under, Critically, and Over-damped waveforms from the constant-
element LRC model with common operational parameters for PT9.

velocity. In fact, if the resistance is close to zero, the efficiency can reach unreason-
able values while the exhaust velocity drops to zero. In reality this is not the case
for two reasons: 1) In an efficient thruster, the effective “resistance” in the circuit
also includes the term uL’. Using a small resistance implies there is small velocity
and very little energy is actually transferred to the plasma in any form. 2) Crowbar
discharges have been observed experimentally in almost every device when the
current waveform reverses, limiting any further energy addition to the discharge
from the capacitor.

If we limit our integration up to the time where the current is zero (effectively
an infinite time for the critically and underdamped waveforms), then a correction
factor, f.(1), is introduced for the underdamped case,

Ty = L / TPt = 1L \/Z fﬁ), (3.8)
fc(iﬂ)_{l—e(QVldzg) o<l
1 oy > 1.

The functions f.(¢) and f.(1)/vy are shown graphically in Fig. (3.2). If we assume
that there is no ohmic heating or other loss mechanism that would contribute to R,
we can replace the resistance by a constant inductance change based on an average
velocity of the current sheet, R ~ L' <u> /2. The efficiency becomes,

m= gl \/L?o ) & fe(¥) SES fe() = fo(h). (3.9)

8 (0 Uemaz 2<u>
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Figure 3.2: Performance correction function (see Eq. (3.8)) for the fixed-element
model. ¢ is defined in Eq. (3.4).

This approximation simply states that the thruster efficiency (or energy transfer ef-
ficiency) is close to unity as it should be when there are no other energy sinks aside
from the directed kinetic energy of the plasma, and thus u. = %Uepq,. If there is a
crowbar discharge, however, energy can be left stored in the capacitor or trapped
in the magnetic fields and a correction factor is required. This would suggest that
it is possible to have 100% energy conversion in either critically or underdamped
cases, but not, if a crowbar discharge occurs, with an underdamped waveform.
Also note that as the resistance goes to zero, the exhaust velocity and ¢ drop to
zero, however, f.(¢)/¢ — 2m. Instead of an unbounded efficiency as in Eq. (3.6),
this relation provides an efficiency that is finite and very small for very small val-
ues of resistance and velocity.

Achieving the highest energy conversion efficiency then simply equates to reach-
ing the highest velocity possible and/or reducing the maximum obtainable veloc-
ity by increasing L' and C. One must also realize, however, that large velocities
and long current pulses (overdamped waveforms) require very long electrodes to
transfer the entire energy stored in the capacitor. Because of wall losses and the
cumbersome weight of very long electrodes, very overdamped waveforms may
not be as beneficial as close to critically damped waveforms in real devices.

Although this model is a reasonable approximation and useful for examining
the best type of waveform, using constant elements limits its application to real
GFPPTs. In real GFPPT discharges, the changing inductance continually modifies
the current waveform away from these fixed-element solutions. In the next section
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we will be able to remove the fixed constraints by focusing on nearly critically
damped current waveforms.

3.1.2 Variable Element Model

For GFPPTs used in this dissertation, the current waveform is essentially critically
damped due to the low inductance (< 10 nH) and large capacitance (> 100 pF)
of the energy storage bank. Current waveforms measured with higher mass bits
can have a slight underdamped quality while lower mass bits can produce slightly
overdamped waveforms. With this understanding, we can focus on 7 values near
unity. As will be shown, this allows us to relax the assumptions of fixed inductance
and mass used in the previous model and derive useful, analytical scaling relations
for a more realistic model.
First, we expand Kirchhoff’s equation,

1 gt . .
Vo= / Jdt* + (R+ L)J + LJ. (3.10)
0

Solutions to this equation yield current waveforms that have a similar character
to those in the first model except that the total resistance term now includes the
changing magnetic field due to the motion of the current sheet, L, and the total
inductance, L, increases during the pulse. In this model the resistance, R, includes
only the effective plasma resistance as well as the resistance in the capacitor bank
and electrodes.

Next, we split the discharge into two segments: before the peak current is
reached at ¢t = .., and from that time until the current changes sign or reaches
zero, t = tyinq. During each segment, we will approximate the current with a
relation that is linearly proportional to time.

First Segment

In the first segment, the slope of the current is determined by the initial values of
the inductance, Lj, and voltage, V;, along with the fixed values of capacitance, C,
and resistance, R. The exact relation is derived from some simple approximations
of the solutions to the fixed element case. As shown in Fig. (3.1) and from Eq. (3.2),
the peak current and the time it occurs are both functions of 1,

Jyea = %ﬁe‘<#ml‘v =) %ﬁf:}(w, (3.11)
LO LO
tpeak =/ LOC (ﬁ Sin_l(\/ 1-— 1/)2)> =/ Locft(¢), (312)



CHAPTER 3. GFPPT PERFORMANCE MODELS 40

Normalized Peak Functions
o
(o]
|

| |
1 1
1 1
! |
1 1
1 1
| |
1 1
[ 1
| |
1 1
1 1
| |
1 1
| |
1 1
F 1
| |
1 1
1

| |
l l
T T

0.0 —

0.01 0.1 1 10 100
Critical Resistance Ratio ()

Figure 3.3: Normalized peak functions for the peak current and peak current time
as a function of 1. Values of the correction factors at ¢» = 1 are shown by horizontal
dotted lines. The range of this model is 0.3 < ¢ < 3 as shown by the vertical
dashed lines.

where f;(1) and f;(1) are designated as the “normalized peak functions.” These
two relations are shown as functions of ¢ in Fig. (3.3) with exact values of the
functions at 1 = 1 marked by dotted lines. The slope of the current in the first
segment of the discharge is then simply J,car/tpeak,

tpear Vo f1(0)
T = 1w

(3.13)

Second Segment

In the second segment, our assumption of a nearly critically damped waveform is
very important in determining the correct slope of the current. For the critically
damped case, the slope is related to the increasing inductance and exponential
nature of the actual current waveform. For that reason, we will assume that the
tinal slope is related to the total change in inductance, AL, by a factor A,

_ Ly AL
=F -1+ (3.14)
so that the second half of the current waveform is given by,
. Vw | C t
tfznal o _0 — _
J(t) tpeak A LOfJ(w) [A+ fJ<w)ft(w) fJ(w)m . (315)
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Figure 3.4: Variable element model for the current of a GFPPT discharge compared
to a measured current trace from PT9: 4 ] per pulse, 2.0 ug argon, 130 uF, 17 x 17
electrodes.

Performance Scaling Relations

The entire current model is shown with a measured current waveform from PT9
in Fig. (3.4) using the measured parameters L, = 10 nH, C'=130 xF, and V, =242 V.
The approximate value of the inductance change, A ~ 1.5, is found by assum-
ing that the current sheet reaches the end of the electrodes when the capacitor is
fully drained. The model is shown to agree reasonably well with this current trace
and the thruster parameters assuming ¢ ~ 1. Although at some times the model
appears to over or under predict the current, since the impulse is related to the
integral of J?, the model should still predict the performance reasonably well.

As long as the effective resistance does not change significantly during the dis-
charge, i.e. 1 is constant, the integral of J* can be evaluated in a straightforward
manner,

3

Using Eqns. (3.11) and (3.12) to estimate the normalized peak functions for 0.3 <
1 < 3, we have,

[ =2 € [n + M) (316
0 0

tina
/f rdt=2E gFev&uAeﬂ]. (3.17)
0 3 Lo 2
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Figure 3.5: Approximations (dashed lines) to the normalized peak functions f; (1))
and f2(1) (solid lines).

These approximations are shown in Fig. (3.5) to be in good order of magni-
tude agreement with the actual values of the normalized peak functions over the
intended range of ¢, especially near 1) = 1. Now using this approximation to de-
termine the impulse, we integrate the momentum equation (Eq. (2.5)) to get the
impulse bit, I,

I et | d dt 3.18
bit — /0 a(mu) ) ( )
’ tina
_ lL/f ' Pt (3.19)
2 0
1 , 1C 7 _\/@ _\/@
_ lEL —{—e +Ae VY (3.20)
3 Lo L2

Note that the impulse does not depend on the mass distribution or how the pro-
pellant was accumulated. At this point, we only know the exit conditions of the
discharge, and the trajectory of the current sheet during the discharge cannot be
found without knowing the mass distribution. Although the mass distribution
does not determine the impulse, it does determine the amount of energy required
to accelerate the entire mass down the length of the electrodes to the exit velocity.
This, in turn, affects the efficiency.

There is still one unknown in Eq. (3.18): A. To determine A, we add another
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constraint that the integral of the current over the discharge time simply equal the
initial charge on the capacitor, C'V. This implies that the capacitor voltage at the
end of the discharge is zero and that current no longer flows after ¢;;,,,. Once
again, we use Eqns. (3.13) and (3.15) to model the discharge current waveform and
we find that,

A=2—fl)fs(¥). (3.21)
Using this relation, we can simplify the expression for the impulse bit,
L = B0 [ C V7, (3.22)
3 Ly

The thruster efficiency is then,

n = meitE” .

1., /C

o2 eV 24

Sy eV, (324)

- “a eV, (3.25)

where we have introduced the GFPPT characteristic velocity, i, as,
3 Lo
= /= 2
U= (326)

Note that this is very similar to the definition of @, found in Eq. (3.7), except
that U/ is independent of ¢). In this model, if the total resistance in the circuit is
zero (¢ = 0), the maximum efficiency is reached when %, = U. In this respect,
the GFPPT characteristic velocity is the maximum obtainable exhaust velocity if
there are no resistive losses in the complete discharge circuit. If ¢ > 0, then the
maximum exhaust velocity can be larger than /.

The GFPPT characteristic velocity is only a function of the driving circuit and
the electrode geometry making it uniquely determined for each GFPPT design. This
model predicts that the efficiency is linearly dependent on the exhaust velocity,
the inductance-per-unit-length, and the square root of the capacitance-to-initial-
inductance ratio.

Effects of Propellant Distribution

As we mentioned before, the efficiency (and hence the exhaust velocity) should
depend on how the propellant is accumulated in the discharge. To determine the
exhaust velocity and the efficiency explicitly, we must assume a functional form
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for the mass distribution. For simplicity, we assume a linear form where the pro-
pellant is uniformly distributed before the pulse, and the total mass swept up by
the current sheet, m, depends only on the location of the discharge,

m=m' z+ my, (3.27)

where m’ is a constant “density” and mj is the initial mass taken up by the cur-
rent sheet formation. For a slug mass distribution (where the initial mass is large,
M 2 pimal < M) the exhaust velocity becomes,

g=2 B G 2B

— 3.28
3 Mt Lo ‘ U Mt ’ (3.28)
and the efficiency is,
2 F
ey R V. -2/% 3.29
n 9 Myt Lo U Mt ‘ (3.29)

We would expect this kind of scaling for a GFPPT with a short amount of time
between pulses so that the propellant mass does not have a chance to expand much
beyond the backplate before the discharge.

If lefinal > my then the exhaust velocity is,

_ J4EL N
e =4[5~ Is e , (3.30)

and the efficiency is,

- 2L’302v0 o L(JVO /2L o _
27L2m’

We would expect this kind of scaling for a thruster with a large mass bit value, or a
long time between pulses to allow the propellant to evenly distribute itself. In the
next section, we will see that this prediction also follows from a non-dimensional
approach to the problem.

The performance relations have a different character depending on the mass
distribution which should be expected from the discussion of dynamic efficiency
in Section 2.3.5. Yet, for the mass and velocity profiles we have used, the dynamic
efficiency is fixed and is exactly 5/7 (71.4%) regardless of the value of m,;,. This
implies that the scaling of the energy transfer efficiency (See Eq. (2.11)) also depends
on how the mass is accumulated. The propellant distribution changes the current
sheet trajectory, thus modifying the current waveform itself.

At this point, improving our models further would require lifting our most
important assumption that the critical resistance ratio remains relatively constant

eV (331)
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and near unity over the course of the discharge. Perhaps the most efficient current
waveform would start out as underdamped, reach a high peak current, and then
gradually become critically or overdamped as the result of an increasing velocity
and L with no current reversals. Of course, if the propellant mass is swept up ear-
lier in the discharge, the thruster efficiency will also be greater through an increase
in the dynamic efficiency. So far we have constrained the mass distribution to be
either fixed or uniform when in reality it may be somewhere in between. Model-
ing this kind of dynamic system completely requires numerical integration as ex-
plained in more detail in the next section. As we will see, however, the simplified
models are very useful to explain some trends present in the numerical results.

3.2 Non-Dimensional Model and Numerical Solutions

As demonstrated by the previous models, there are many parameters that must
be specified a priori such as the main capacitance, initial inductance, mass load-
ing, charging voltage, plasma resistance, etc., to determine a unique outcome for
the discharge. This variety of adjustable parameters can preclude the usefulness
of a complex model for predicting performance scaling over a wide range of con-
ditions. A correct non-dimensional scheme, however, reduces the number of free
parameters allowing a more reasonable approach for finding overall performance
scaling laws. This model was first presented by Ziemer et al. in Ref. [73] and fol-
lows from similar schemes with linear mass distributions and parallel electrodes
in Ref. [2]. The most important points from Ref. [73] as well as some new studies
on the dynamic and energy transfer efficiencies will be presented here.

Compared to previous models, this model adds both an exponential mass dis-
tribution and a contoured electrode geometry to simulate real GFPPTs more effec-
tively over a wide range of operational conditions. It removes all the fixed-value
constraints except for the plasma resistance and capacitor bank internal impedance
which are combined and left as a parameter, the total resistance, R. Keeping the
total resistance constant is valid when the fixed capacitor bank impedance is on the
same order as the somewhat variable plasma resistance or for an efficient device
where L > R. This model relies on its simplicity (a modern desktop computer can
numerically solve the equations in less than ten seconds) to thoroughly explore
various thruster configurations with a total of over 10,000 cases examined to date.
The results will be presented here in terms of two possible electrode lengths. One
length is based on the maximum efficiency that can be achieved during the dis-
charge, and the other is based on a realistic limit of the total inductance change
for typical geometries of interest. Although this model was originally developed
for a coaxial geometry GFPPT, only slight modifications which do not change the
nature of the results will be required for modeling a parallel-plate geometry.

This section is organized in the following manner. First, the model will be
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summarized including the outer electrode contour relation and the mass distri-
bution equation. Next, all of the equations will be non-dimensionalized reducing
the number of free parameters from ten to five. This small number of parameters
together with the two methods for determining the final integration time will al-
low the non-dimensional parameter space to be explored in terms of performance
scaling. It will be shown that particular values of the five parameters exist that
maximize thruster performance. Performance scaling relations similar to those
found in the previous sections will also be developed from the study of a large
number of solutions to the dynamic equations.

3.2.1 Quasi-One-Dimensional Equations

This quasi-one-dimensional model uses an outer electrode profile, ry.,(z), that
expands slightly, a constant inner electrode radius, and a non-uniform mass dis-
tribution, m(z). The current sheet itself is assumed to be planar, and all forces are
considered to act only in the axial direction with no recovery of electrothermal en-
ergy. The equation describing the outer electrode contour is taken as exponential
in nature to model a variety of potential geometries, especially PT5,

Toute’r‘(z) - TouteZ/du (332)

where d is a constant determined by the shape of the electrodes. Due to the expo-
nential nature of the equation, as d increases the outer electrode expands less and
less as a function of z. This equation is shown schematically in Fig. (3.6).

The mass distribution equation used in this model is derived from a kinetic de-
scription of a gas column expanding into a vacuum. In the ideal one-dimensional
case, a barrier, such as a valve, exists at = = 0 between a plenum of gas with den-
sity 2m’ and an infinite vacuum. At time ¢ = 0, the barrier is removed and the
gas expands. The overall density profile is then given by an error function whose
exponential nature begins at z = 0 some time later,

prop =m e /7 (2>0,1>0). (3.33)

The mass distribution constant in the exponent, b, is related to the product of the
molecular speed of the gas and the expansion time, b = 7,1/27,k/m,,. Assuming
that the density profile is fixed during the discharge (pulse durations are < 1% of
the propellant fill time), the total mass collected by the current sheet at any point
along the channel is,

m(z) = /OZ m' e 1Y Az + my. (3.34)

Again, the exponential nature of the equation allows a uniform mass distribution
for a large value of b and a slug mass for a small mass distribution constant. These
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Figure 3.6: Schematic of quasi-one-dimensional GFPPT discharge model.

values can be achieved by adjusting the time between the pulses and choosing an
appropriate propellant and plenum temperature. In real GFPPTs, the most effec-
tive control of the mass distribution comes from changing the time between pulses
as, for many missions, the propellant type and plenum temperatures are fixed.
The inductance for this circuit increases as the current sheet expands down
the electrodes. From the outer electrode profile, Eq. (3.32), the inductance can be
calculated as a function of z for coaxial electrodes with a planar current sheet,

Ho 1 2 (Tout)]
L=—|— | L. .
o {2dz + z1In - + Ly (3.35)

It is important to note that this inductance is quadratically increasing over z rather
than linearly as in previous models due to the exponential nature of the outer elec-
trode profile. At this point it is convenient to express the inductance-per-unit-
length for a parallel, coaxial set of electrodes:

L=ty (T"“t) (3.36)

2 Tin

This expression will be used in future sections to non-dimensionalize the total cir-
cuit inductance for any outer electrode contour. Again, after the non-dimensional
scheme is presented it will be shown that these relations can be modified for parallel-
plate geometries with the appropriate L' and with 1/d = 0.

The circuit equation with all the necessary derivatives can now be expressed



CHAPTER 3. GFPPT PERFORMANCE MODELS 48

as,

J

C + a@ + E [L] = 0. (337)

a) | Ta 1Bt a| T

1 dLd% d2L<dz>2] dJ[R deZ] d2J

Note that there is a second spatial derivative of the inductance that will not be zero
for the case of a contoured outer electrode.
The full momentum equation can be expressed as,

dm [dz\> >z o T out dL
— | — — - —J |l —1| =0. 3.38
dz (dt) e T g n(rm>+dz 0 (3:38)

To solve these equations, a total of ten parameters (7ous, 7in, d, mo, m’ , b, Vo, C, R,
and L) must be specified along with an integration period or propagation dis-
tance (electrode length) to generate a unique solution. Clearly with this many pa-
rameters and a choice of discharge duration, it would be difficult to determine an
optimal thruster design or discover any universal trends in performance related to
one particular dimensional parameter verses another. In the next section, a non-
dimensionalization scheme will reduce the number of parameters in half allowing
the parameter space to be spanned in a more reasonable manner.

3.2.2 Non-Dimensional Variables and Parameters

For this non-dimensional scheme, we will normalize by the critically damped cur-
rent waveform for an appropriate non-dimensional scheme. In a critically damped
LRC circuit, the maximum current is reached at t = \/LoC with a value, Jyear =

1/3 V4/C/ Ly. For the moving current sheet, we are concerned with the character-
istic length it will take to match the initial inductance. With this in mind, we can
now define the primary non-dimensional variables for time, length, current, and
mass in the discharge as follows:

t

T = e (3.39)
5 = f—;z, (3.40)
¢ = % L%J, (3.41)
p = m?LOm. (3.42)

In order to non-dimensionalize the full equation set, five non-dimensional param-
eters are required:
131722
L>VyC

= L0 4
a ISL2m (3.43)



CHAPTER 3. GFPPT PERFORMANCE MODELS 49

R |C

molL
po = mﬁ? (3.45)
L
Ny o= L—Ob (3.46)
Lo 1
A = %L—gg. (3.47)

The first three parameters have been defined in a similar fashion in previous works
(see Refs. [2,80].) The last two are introduced here and determine the exponential
nature of the mass distribution and the flare of the outer electrode, respectively.
All of these parameters will be discussed in more detail in Section 3.2.3.

Using these definitions, the mass accumulation can be derived in terms of p,

é 2 cx2
p= / T 45 4 po. (3.48)
0
The non-dimensional inductance is now a function of 4 and ),
L 1
— =N+ 0+ 1. 3.49
I, "2 +4+ (3.49)

For parallel-plate geometry, we simply set A to zero and use the appropriate value
of L' from Section 4.2.3 in the next chapter. With all the primary variables and
parameters defined, we can express the two main equations for energy and mass
conservation non-dimensionally with the following initial conditions,

5(0),6(0),6(0),¢(0) = 0 (3.50)
¢(0) = 3 (3.51)
¢(0) = —6v (3.52)
p(0) = po (3.53)
p(0) = 1 (3.54)
The Circuit Energy Equation
The circuit equation, Eq. (3.37), becomes:
s\’ %5 dc ds
¢ HA(E) + (14 XJ) <ﬁ> + 22 [w+(1+)\5)%]
d*C Il o _
+ = bm Sy 1} —0.  (3.55)

There are many terms in this equation related to the curvature of the outer elec-
trode that are not present in previous models. As the quantity A\ approaches unity,
these terms dominate over the normal parallel electrode configuration.
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Mass Addition and Momentum Conservation

Under this non-dimensionalization scheme, the momentum equation becomes:

dp (do\* %6 )
= R 1 = 0. .
R (dT) +p g — a1+ 20 =0 (3.56)

Again, there are terms here that are present due to the contoured nature of the
outer electrodes and the exponential mass distribution function. Overall this equa-
tion shows that the current sheet acceleration, d*§/dr?, is due to the driving elec-
tromagnetic force, a(1 + Ad)(?, minus the energy required to bring the mass just in
front of the current sheet up to speed, dp/dd(dd/dr)?. This energy is lost to internal
thermal energy of the plasma and is not recovered. This relates to the dynamic
efficiency of the sweeping process and we should expect o and v to play a strong
role in determining that quantity.

3.2.3 Physical Meaning of Non-Dimensional Parameters

This section will go into more detail regarding the five non-dimensional param-
eters now classified as follows: the dynamic impedance parameter o, the critical
resistance ratio 1, the initial mass parameter p,, the mass distribution parameter
7, and the geometry parameter \. The parameters are depicted graphically at the
end of this section in Fig. (3.7).

The Dynamic Impedance Parameter, o

The dynamic impedance parameter is the most complicated of the non-dimensional
parameters. It has appeared before in the previous section from the variable ele-
ment current model and in previous work (see Section A.1 and Refs. [2,42, 53])
under a different name. In Eqns. (3.30) and (3.31) it was found that the exhaust ve-
locity and efficiency scaled as the square root of this parameter for a uniform mass
distribution. To further understand its value and importance, o can be broken
down further into a combination of ratios,

L322 2AL (L,\'1
_ _cabfiny 4 3.57
“ 18L2m" 9 L (R Y (3:57)
L’B 2
_ 3LV (3.58)

9 R'm/
The terms in the first equation include:

1. The ratio of the change in inductance to the initial inductance, AL/ Ly, typi-
cally a measure of PPT efficiency with a value greater than or near unity for
a discharge dominated by electromagnetic acceleration.
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2. The ratio of the dynamic impedance to the circuit resistance, L;/R, which
should be greater than one for GFPPTs that are electromagnetic in nature.

3. The inverse of the thruster efficiency, 1/7,, which will be greater than one.
4. The critical resistance ratio squared, ¢/*, which is typically one or less.

Together with the 2/9 coefficient, o should be close to unity for most GFPPTs. The
second relation shows that « is proportional to 7 to the fourth power. This for-
mulation presents o without any direct dependence on the capacitance or initial
inductance. In Section 3.3, this formulation will prove to describe thruster perfor-
mance scaling near ¢ = 1 over a wide range of o and ¢ values.

For a slug mass, m = 0, the dynamic impedance parameter takes on a slightly
different form,
L?VECe? 4 LPE
18L0mbit N 9 mbitRz
From the previous section on the variable element model (see Eq. (3.29)), the effi-
ciency for a slug-mass is expected to scale linearly with this version of a.

2. (3.59)

Aslug =

The Critical Resistance Ratio,

This ratio describes the oscillatory nature of the current waveform. Together with
the changing inductance, L, this parameter determines if the circuit response is
over, under, or critically damped, as described in Section 3.1.1. This parameter
includes the internal resistance from the capacitor bank as well as the effective
resistance of the plasma including finite conductivity, radiation, and ionization
losses. Typical values of ¢ for SRL-EPPDyL GFPPTs have been measured to be
slightly larger than one. Prior to this work, GFPPTs operated at higher energy and
current levels. They also had potentially different values of ¢ because of differ-
ent amounts of radiation and ionization during the discharge as well as a change
in plasma conductivity due to higher voltage and current levels. In those exper-
iments, the measured value of the plasma resistance was < 10mf) with a slightly
larger value during the initial 100 ns of the discharge [46,47,58].

The Initial Mass Parameter, p,

The initial mass parameter is simply a ratio of the initial mass taken up during the
current sheet initiation to the total mass accumulated after traveling to 6 = 1 with
a uniform mass distribution. For most gas-fed PPTs, this parameter is small, close
to 0.5 or less and does not influence the performance significantly.
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The Mass Distribution Parameter,

This parameter describes the distribution of mass in the thruster. As seen from
Eq. (3.48), large values of - lead to mass distributions concentrated near the breech
of the electrodes. As vy approaches zero, the mass is distributed uniformly with a
linear density of m’. This parameter should have a large impact on the dynamic
efficiency with little influence over the energy transfer efficiency for v > 0.2.

The Geometry Parameter, \

This parameter describes the contour of the outer electrode. Large values of A lead
to severely expanded outer electrodes that in some extreme cases can be consid-
ered unrealistic. In addition, large values of A can bring the quasi-one-dimensional
assumption of the planar current sheet into question. Values of A less than one,
therefore, should provide a slight flare that will be enough to indicate the benefits
of using an expanding outer electrode without violating the 1-D assumption. For
example, the flared outer electrode of PT5 is modeled well by A ~ 0.2. Notice that
if \ is set to zero, the electrode set becomes parallel, and the circuit and momentum
equations (Eqns. (3.55) and (3.56)) used in previous works (Ref. [2] for example) are
recovered.

3.24 Performance Benchmarks: Efficiency, Exhaust Velocity, and
Impulse-to-Energy Ratio

Before discussing the solution methodology and results, it is important to define
our objectives. The performance of a GFPPT is defined by three related quantities:
thruster efficiency, exhaust velocity, and the impulse-to-energy ratio. In terms of
non-dimensional parameters,

_ 1o

18 a
where the subscript “ f” refers to their final value at the end of the integration. As
shown in the previous chapter, this efficiency can be broken down into the prod-
uct of the energy transfer and dynamic efficiencies with the profile and sweeping
efficiencies having a value of 100%,

(3.60)

Mt

1

1 r7r .
= Tlener namic — | 4] 2d > T . 3.61
Nt = Tenergy  Tdy <9/0 ¢dr (1+p152 (;'fpl(sng) (3.61)
f

With the dimensional nature of the exhaust velocity and impulse-to-energy ra-
tio, we must now define two new metrics that can easily be related to particular
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thruster designs. The “non-dimensional exhaust velocity,” (u.)*, is simply,

: e u
Ue) =0 =u.L | — = 3. 3.62
()" = 0p = tely [ - =3, (3.62)
Similarly, the “non-dimensional impulse-to-energy ratio,” (I/E)*,can be expressed
as a function of the model’s non-dimensional parameters,

(if_EW@:hwlfﬁ_hﬂf (3.63)

E) 9 a EL\VC E3°

Performance optimization is often a trade-off between high efficiency and a
large impulse-to-energy ratio. In general, a thruster should be configured to sat-
isfy the requirements of a specific mission. Without a particular mission in mind,
however, we will explore the sensitivity of both n and (//E)* to the relevant non-
dimensional parameters of the model.

3.2.5 Numerical Solution of Non-Dimensional Equations with Vary-
ing Parameters

After specitying the five non-dimensional parameters as well as the initial con-
ditions, the equations can be integrated over an arbitrary number of characteristic
time constants (1/LyC) until the capacitor is discharged or another termination con-
dition has been imposed. From the output waveforms, the thrust efficiency and the
non-dimensional impulse-to-energy ratio can be calculated at any time during the
discharge. The exact numerical integration scheme and verification of the model
have been presented in Ref. [73] and will not be discussed further here. As the
termination conditions determine the nature of solutions, however, they will be
discussed before the results.

A unique solution of Eqns. (3.55) and (3.56) requires the final integration time
to be specified. Theoretically, this occurs when the capacitor is fully discharged,
but for some parameter sets, this can be a very long time. For discharges that last
longer then twenty /L,C time constants, the requirement to fully drain the capac-
itor usually results in very long and unrealistic electrode geometries. In addition,
with mass accumulation being specified as a function of z, long integration times
can result in heavily loaded current sheets traveling very slowly. Although the
thrust typically continues to build, the product of the mass and velocity squared,
and thus the efficiency, decreases. The choice of the integration duration is criti-
cal to evaluating thruster performance. For this model, the period was specified
according to one of the following four prescriptions, in order of application:

1. Until the end of the first discharge cycle when and if the current reverses.
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Figure 3.8: The optimal integration time, 7, is set when efficiency reaches its
maximum value during the discharge.

2. Until the maximum efficiency is reached.

3. Until a limited number of characteristic lengths corresponding to a change in
inductance of 10L, (A = 0y = 10).

4. If none of the other conditions are met, then until 7 = 20.

The second and third conditions are not mutually exclusive, that is, the optimal
efficiency point could occur after the inductance has increased by a factor of ten. To

understand these two termination conditions in more detail, they will be described
in the following subsections.

3.2.6 Optimal Efficiency Electrode Length

For almost every non-dimensional parameter configuration, an integration dura-
tion exists that maximizes efficiency. This point will be defined as 7,,; and is shown
graphically in Fig. (3.8). The optimum electrode length definition follows,

(éelec)nopt = 5(7-opt)- (364)

Except for the cases with large exponential mass distributions (y > 0.2), the ef-
ticiency will have a maximum occurring before the discharge has fully drained the
capacitor. Although current is still flowing after 7,,, the current sheet slows down
because the Lorentz force is less than “drag” from the accumulation of mass. At
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this point it becomes more profitable, in terms of directed kinetic energy, to termi-
nate the discharge and reduce the length of the electrodes to match the position
of the current sheet at 7,,,. This will have the effect of ending the mass accumula-
tion as well as any more energy addition. In terms of overall efficiency, it becomes
more beneficial to let this energy be: a) recovered by some switching technology
between the capacitors and the electrodes, or b) lost to a highly resistive ”“crow-
bar” discharge at the breech of the thruster. This conclusion is based on the non-
recovery of thermal energy in the momentum equation which has been shown to
be a good assumption for many low density plasma flows [83,85].

Although it may seem counterproductive to waste the remaining energy rather
than apply it to the discharge, it is advantageous to do so from an efficiency stand
point. Long electrodes allow the energy transfer between the capacitor and the cur-
rent sheet to continue, however, they also allow stationary propellant to be trapped
in front of the oncoming current sheet. After 7,,, the dynamic efficiency decreases
rapidly, canceling out any extra energy (mainly internal) the current sheet might
gain from propagating further down the electrodes.

3.2.7 Fixed Electrode Length

For more realistic cases that can be applied to a particular GFPPT geometry, the
electrode length (total inductance change) should limit the integration. In this case,
the optimal electrode length for the best efficiency may be shorter or longer than
the one set in the simulation, in this case 6y = 10. This is also more realistic in
terms of mass loading. In a real thruster, the available propellant mass, m4yq:, is
set by the propellant type, time between pulses, and the electrode length. If the
discharge is completed before reaching the end of the electrodes, it may run into
unaccelerated propellant and slow down, reducing the efficiency. If the discharge
reaches the end of the electrodes before the capacitor has fully discharged, the
efficiency might decrease as well. Both the “optimal” and finite electrode lengths
will be studied in the following section.

3.3 Results from the Non-Dimensional Model

The results will be presented in the following format. First, we will concentrate on
the effects of changing 1, a, and v on the efficiency, exhaust velocity, and impulse-
to-energy ratio. We will examine the two cases of a slug mass and uniform fill
in depth and compare the numerical results to the previous analytical relations.
Next, we will examine the efficiency, exhaust velocity, and impulse-to-energy ratio
from a typical exponential mass distribution with v = 0.3. Finally, we will study
the effects of an exponential mass distribution and flared electrodes on the energy
transfer and dynamic efficiency, in general.
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3.3.1 Casel:Slugmass,pp=1,7=0,A=0

The main purpose for this case is to examine the general character of the results
with minimal influence from the mass distribution and geometry. From the pre-
vious analytical models, we should expect the efficiency to vary linearly with the
exhaust velocity and a,,, from Eq. (3.59).

In the first pair of graphs, Fig. (3.9), the efficiency is seen to depend strongly
on both the dynamic impedance parameter and the critical resistance ratio. As
predicted from the analytical models, for values of ) > 0.3, the current does not
reverse during the discharge. For these solutions, the efficiency is indeed linearly
proportional to ag,, for 0.1 < o < 10 and also dependent on . In general, the
efficiency increases for decreasing values of ). The best scaling relation is given by

the dashed line in the top graph where ¥ < /a/n and from Eq. (3.59),

9m, " R2
U=\ g g (3.65)

4 LE
> 9 mbz-tRQ '
This is in almost exact agreement with the asymptotic slug scaling relations found
in Ref. [42], indicating that the simulation is functioning correctly. For ¢» < 0.3,
there is a maximum in the efficiency curves near ay,, = 10. Below this value,
the current reverses and the overall efficiency decreases. Above this value of o,
the velocity is very large and the current waveform is very overdamped. As the
integration is limited to 7; = 20, there may be a significant amount of energy still
stored on the capacitor for these solutions. The electrode length, however, can
be extremely large, in many cases requiring inductance changes on the order of
100Lg. This is clearly visible from the decrease in efficiency that comes from fixing
the electrode length to 10Ly.

The second pair of graphs, Fig. (3.10), shows that the efficiency is linearly pro-
portional to the exhaust velocity for (z.)* < 10 as expected,

which yields,

" (3.66)

. o le | C

n o ()" = 31/{ =1L I, Ue. (3.67)
Again, the maximum efficiency value depends on 1) and the electrode length. The
exhaust velocity is close to linearly proportional to oy, and not a strong function
of 1) except at the lowest values of ay,,. For larger values of o, the exhaust

velocity increases more proportionally to the square root of alpha.
The final pair of graphs, Fig. (3.11), shows the non-dimensional impulse-to-
energy ratio as a function of oy, and . For large values of 1, the impulse-to-
energy ratio is relatively constant over a wide range of a4, and proportional to
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1/4. On the other hand, at small values of ¢, the impulse-to-energy ratio decreases
with increasing o, to the one-half power and is relatively constant with «. This is
unfortunate as large values of ag,, yield the highest efficiency. The fixed electrode
length case slightly decreases the impulse-to-energy ratio, to a larger extent for
large values of ajyg.
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Figure 3.9: Efficiency as a function of ¢ and ay,,, for a slug mass distribution.
The top graph shows efficiency contours and a relation between v and a,,, which
matches the efficiency very closely. The bottom graph demonstrates the effect of
tixing the electrode length to 10Ly.
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Figure 3.10: Efficiency as a function of the non-dimensional exhaust velocity and
the non-dimensional exhaust velocity as a function of ag,, for different values
of ¢ with a slug mass distribution. The length of the electrodes determines the
maximum efficiency but does not strongly influence the exhaust velocity.



CHAPTER 3. GFPPT PERFORMANCE MODELS 61

10—
8]
6
4 -
. ) (I/E)*=0.1
)
T 1= 0.2
~ 8
W 6 0.3
= 4]
s i 04
N
i 2 0.5
&
.—18 0'18_: 0.6
= 6] 0.7
— —
o 4 0.8
1 09 \\
1\
001 1 1 IIIIIII 1 1 IIIIIII 1 rrrrri
14
6] — Optimal Length
S—7 T~ e Fixed Length

001 I I LILLEL I LI

2 3 4567 3 4567

0.1 1 10 100
Dynamic Impedance Parameter, a

TT] T T TT] T T
2

Non-Dimensional Impulse-to-Energy Ratio, (I/E)*
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for a slug mass distribution.



CHAPTER 3. GFPPT PERFORMANCE MODELS 62

3.3.2 Case II: Uniform Distribution, pp = 0.2,7 =0, A =0

The results for the uniform distribution are very similar in character to the slug
mass. In general, however, the efficiency and exhaust velocity values are much
smaller. From the first pair of graphs, Fig. (3.12), it is clear that there is no longer
a strong maximum in efficiency at a particular dynamic impedance parameter. In-
stead, the efficiency generally increases with «. For values of ¢ ~ 1, the efficiency
scales with the square root of a as predicted from the analytical models, Eq. (3.31).
Once again, the efficiency follows a general trend with o and ¢ (although to a
different power),
a  8LPVZ

e Yt 9 Rim'
Fixing the electrode length has a strong influence on efficiency and brings back the
existence of a maximum efficiency near o = 10. Below this value, the electrodes
are too long, the discharge ends before it reaches the full extent of the electrodes,
and there is a large amount of propellant remaining ahead of the accelerated gas.
At values of « greater than one, the discharge reaches the end of the electrodes, but
the efficiency is still not optimal. Near o = 10, the electrode length and discharge
duration are perfectly matched for the maximum energy transfer. It should be
noted that for all the optimal electrode length solutions, the dynamic efficiency is
very close to 50% for a uniform mass distribution.

In the next pair of graphs, Fig. (3.13), the efficiency is seen to be linearly related
to the exhaust velocity in the following cases: 1) both fixed and optimal electrode
lengths for ¢ > 0.3, and 2) for fixed electrode lengths (before the maximum point)
for 1 < 0.3. Also note the “hook” feature in the fixed electrode length, ¢ = 0.1
case at small value of exhaust velocity. As we will see in Chapter 5, this feature of
a finite electrode length is present in the experimental data. Also note, once again,
that the exhaust velocity is not a strong function of ¢ except at small values of «
and generally scales with the square root of a.

The most important feature to note in the final pair of graphs, Fig. (3.14), is
that the impulse-to-energy ratio has a similar character and only a slightly smaller
value as the impulse-to-energy ratio in the slug mass distribution, Fig. (3.11). This
is simply because the impulse does not strongly depend on how the mass was
accumulated (although the efficiency does). For the uniform mass distribution,
the impulse-to-energy ratio does not decrease as quickly for increasing values of «
unless a fixed electrode length is imposed. Note that the impulse-to-energy ratio is
actually slightly larger for the cases with the fixed electrode length below o ~ 10.
Again, this is due to the product of m x u (impulse) being larger for the fixed
electrodes while m x u? (kinetic energy) is smaller.

(3.68)
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Figure 3.12: Efficiency as a function of ¢ and «a for a uniform mass distribution.
The top graph shows efficiency contours and a relation between ¢ and a which
matches the efficiency very closely at large 1. The bottom graph demonstrates the
effect of fixing the electrode length to 10L, with a maximum in the efficiency near
a = 10.
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Figure 3.13: Efficiency as a function of the non-dimensional exhaust velocity and
the non-dimensional exhaust velocity as a function of « for different values of v
with a uniform mass distribution.



CHAPTER 3. GFPPT PERFORMANCE MODELS 65

10—

87

67

4
if 24—(1/E)*=0.1
&S 1§ 0.2
Y 6] 0.3
S 4
8 _ 04
9
é 24 0.5
‘§ 0.18—: 0.6
= 6
O 4]

7] 0.7

1\

0.8
001 \ 1 1 IIIIIII 1 1 IIIIIII 1 1 rm 1 rrri

o
—_
III

21 —— Optimal Length
----- Fixed Length

0.01

Non-Dimensional Impulse-to-Energy Ratio (I/E)*

1 1 rrrrri I 1 1 rrrrri I 1 1 LI

2 3 4567 2 3 4567 2 3 4567

0.1 1 10 100
Dynamic Impedance Parameter, a
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3.3.3 Case III: Exponential Distribution, py =0.2,7v=0.3, A =0

In this case, we examine a situation that is closer to reality in GFPPTs with injected
propellant (For PT9, using argon propellant and 7, = 250us, v ~ 0.3). The bulk
of the propellant mass is near the breech of the thruster and the density decreases
exponentially as the discharge progresses. This should have an impact on the dy-
namic efficiency, especially at high exhaust velocity values. Indeed, as shown in
Fig. (3.15), the efficiency is larger at larger values of « than for the uniform mass
case. In fact, the efficiency contours, and the effects of a fixed electrode length are
somewhere between the slug and uniform cases. Below o = 1, the efficiency is
more like the uniform case with the dynamics of the sweeping process dominating
the acceleration. Above a = 1, the efficiency scales closest to the slug mass dis-
tribution. Determining the exact efficiency scaling with o and v, therefore, is no
longer a simple task as it was presented in Eqns. (3.66) and (3.68).

As seen in the next pair of graphs, Fig. (3.16), however, the efficiency is still
linearly proportional to the non-dimensional exhaust velocity for a wide range of
a values near one, especially at ¢ values close to one. In addition, the exhaust ve-
locity itself is not a strong function of 1) except at very small values of «. Similarly,
as shown in Fig. (3.17), the impulse-to-energy ratio has not changed significantly
between the slug, uniform, or exponential distribution.

To understand the scaling in this case, we split the thruster efficiency between
the energy transfer efficiency and the dynamic efficiency. As shown in Fig. (3.18),
the energy transfer efficiency scales almost exactly as the thrust efficiency did for
the slug distribution, Fig. (3.9). Of course, the dynamic efficiency for the slug case
is exactly 100%, indicating that the energy transfer efficiency is similar for both a
slug and exponential mass distribution. As there is indeed some mass ahead of
the discharge, however, the dynamic efficiency is not 100% in an exponential dis-
tribution. As expected, the dynamic efficiency is a strong function of a and not of
Y. For a < 1, as before, the dynamic efficiency is 50% and very similar to the uni-
form distribution. Above o = 1, the dynamic efficiency increases with increasing
a (large inductance-per-unit-length, capacitance, and voltage; small initial induc-
tance and mass). Before we go into the exact scaling of the dynamic efficiency with
the dynamic impedance parameter, we will also examine the effects of changing
the exponential mass distribution, v, over a broader range of values.
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Figure 3.15: Efficiency as a function of ¢ and « for an exponential mass distri-
bution, v = 0.3. The top graph shows efficiency contours that have a character
similar to either the uniform or slug distributions depending on a. The bottom
graph demonstrates the effect of fixing the electrode length to 10L.
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Figure 3.16: Efficiency as a function of the non-dimensional exhaust velocity and
the non-dimensional exhaust velocity as a function of « for different values of v
with an exponential mass distribution, v = 0.3.
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Figure 3.18: Contour plots of energy transfer and dynamic efficiencies for an expo-
nential mass distribution, v = 0.3. The energy transfer efficiency is very similar to
the efficiency of the slug mass distribution, Fig. (3.9). The dynamic efficiency is a

strong function of o but not of 1.
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3.3.4 Effects of Varying Mass Distribution and Geometry

Besides testing a wide range of conditions, this model adds two critical features
to other models found previously in the literature: using an exponential mass dis-
tribution and a flared electrode geometry. First, we will examine the effects of the
exponential mass distribution keeping ¢ = 0.3 and varying a with the hope of un-
derstanding the dynamic efficiency scaling completely. Next we will examine the
effects of having a flared outer electrode for ¢ = 0.3 to see if there is any benefit
from increasing the effective inductance-per-unit-length in the later portion of the
discharge. The critical resistance ratio is set to 0.3 for both studies because this
value is near the middle of the range for ¢/ used in the previous cases.

Exponential Mass Distribution, 0.1 <~ < 1.0,A=0

In this study, the mass distribution parameter, v, is changed between 0.1 and 1.0.
Below 0.1, the mass distribution is nearly uniform, while above 1.0 it is slug-like. It
follows, then, that the efficiency should increase with increasing v mainly through
an increase in the dynamic efficiency. Figure (3.19) shows the thruster efficiency
as a function of the mass distribution parameter and the dynamic impedance pa-
rameter. As expected, the efficiency increases with large values of v and «a. For
the larger values of vy (slug mass), once again there is a maximum in efficiency at
a particular o value. This peak dies off for smaller values of v as it did in the uni-
form mass distribution. Notice that between 1 < o < 10, the efficiency increases
in proportion to . Also note, as shown in Fig. (3.20), that the impulse-to-energy
ratio (and efficiency vs. exhaust velocity) is not a strong function of y and that the
efficiency is still close to linearly proportional to exhaust velocity below (a,.)* = 10.

To understand the performance scaling with v, we now split the efficiency be-
tween the energy transfer and dynamic efficiencies. As shown in Fig. (3.21), the
energy transfer efficiency is not a strong function of v although it does increase
slightly as the propellant distribution becomes more slug-like. The dynamic effi-
ciency, however, shows a very strong and well-formed dependence on both v and
a. To examine this further, we plot both the energy transfer and dynamic efficiency
as a function of ~ in Fig. (3.22). From these plots it is obvious that 1) the energy
transfer efficiency is relatively constant over the gamma values of interest (espe-
cially for the finite electrode case), and 2) that the dynamic efficiency follows a very
simple relation above 14ynamic = 50%,

0.16
namic ~ 1 - = = namic Z 05, 2 032 . 369
Ny ( S \/a> (Nay Wa ) (3.69)
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Figure 3.19: Efficiency contours as a function of v and a with ¢y = 0.3. The effi-
ciency follows similar trends to the uniform mass distribution at v = 0.1 and to the
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Figure 3.22: Energy transfer and dynamic efficiency as a function of v with a as
a parameter. The plot of dynamic efficiency also shows three curve fits with the
functional form given by the legend and Eq. (3.69).



CHAPTER 3. GFPPT PERFORMANCE MODELS 76

Flared Electrode Geometry, 0.01 < X\ < 1.0,y = 00r0.3

Putting an expanding flare in the electrodes is perhaps desirable for the increase
in inductance-per-unit-length as the discharge progresses. Although any attempt
to create a nozzle for electrothermal recovery has been shown to either have none
or a detrimental effect (see Appendix C), an expansion (or contraction) might be
beneficial for the inductance profile. As seen in Figs. (3.23) and (3.24), however,
it does not generally seem to be the case. In fact, the nature of the effect changes
depending on the value of dynamic impedance parameter. For large o, a flare ac-
tually decreases the efficiency for both a uniform and = 0.3 mass distribution. In
fact, with very large expansions and uniform fills, the dynamic efficiency becomes
very poor for high values of o where the sheet velocity is large. For smaller values
of « there is a benefit from a flare, although very slight except for extremely large
expansions. In the case of an exponential mass distribution, v = 0.3, the dynamic
efficiency is mainly a function of a. Although not shown here, the energy transfer
efficiency is not a strong function of A and increases only slightly with increasing
expansion.
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3.4 Summary and Comments

This chapter has presented three models for predicting the performance of GF-
PPTs. The simplest model used fixed elements and predicted that close to criti-
cally damped current waveforms have the highest energy transfer efficiency. The
next model estimated the impulse of such a current waveform with a variable in-
ductance and a uniform mass distribution. The efficiency was predicted to scale
linearly with the exhaust velocity,

= %6_ Y= %L/ Lgoﬁee_ﬂ, (3.70)
indicating a constant impulse-to-energy ratio proportional to 1/U{. For the variable
element model, the exhaust velocity scaling depended on the mass distribution.
For a slug mass, 4. o< Uay,,,, and for a uniform distribution, 4. «x U+/a which can
be easily used to determine the efficiency in Eq. (3.70).

The numerical model produced very similar results to the variable element
model in the appropriate range of 0.3 < ¢ < 3. Outside of that range, and in
general, the non-dimensional model gave the following results:

e Small values of 1) had the highest values of efficiency and the non-dimensional
impulse-to-energy ratio.

e In general, increasing « increased the efficiency and decreased the non-dimensional
impulse-to-energy ratio; however, unrealistically large electrode geometries
can be required for larger values of a.

e As in the variable element model, for o < 10, the efficiency was found to be
linearly proportional to the non-dimensional exhaust velocity, a./U, and (u.)*
was found not to be a strong function of v or the electrode length.

e The energy transfer efficiency was found to depend on the mass distribution
and ¢. For ¢ > 0.3, the slug mass efficiency scales as,

L’QCVOQ

(nenergy)slug X Rmeit_, (371)
while the uniform distribution efficiency scales as,
L3V
(nenergy)umform X R4—7no/a (372)

and the exponential mass distribution is somewhere between these relations,
closer to the slug mass scaling. For ¢ < 0.3, there is an optimum efficiency
between 1 < a < 10.
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e The dynamic efficiency with an exponential mass distribution was found to
be related to the dynamic impedance parameter, o, and the mass distribution
parameter, v, through the following relation for v/ac > 0.32,

0.16
Ndynamic X (1 - m) . (373)

e Using a finite electrode length changes the exact value of the efficiency, but
the scaling relations remained generally intact.

e Using a flared outer electrode had mixed and only slight benefits, depending
on a.

The scaling trends reported in this chapter provide a framework for experimen-
tal study described in the next chapter.



Chapter 4
The SRL-EPPDyL Family of GFPPTs

This chapter will describe the two SRL-EPPDyL GFPPT designs used in this dis-
sertation primarily to examine performance scaling. First, the high-repetition rate
scheme will be discussed in terms of its benefits and improvements over previous
GFPPT systems. Next, the power conditioning and propellant delivery systems
will be described in detail. Finally, both PT5 with its modular capacitor bank and
PT9 with its modular electrodes will be documented.

4.1 System Description

Over the last five years, the Electric Propulsion and Plasma Dynamics Lab (EP-
PDyL) has teamed up with Science Research Laboratory, Inc. (SRL) to design and
test nine generations of GFPPTs. SRL-EPPDyL GFPPTs use a capacitively driven
arc discharge that is accelerated by a self-induced magnetic field and the resulting
J x B Lorentz force. Typical operational parameters for one pulse include charg-
ing voltages close to 250 V, peak discharge currents near 10 kA, peak magnetic
tields near 0.5 T, and discharge durations of less than 10 is with nearly critically
damped current waveforms. During the pulse, instantaneous power is on the or-
der of a megawatt; however, the duration is short enough that only 1-10 J of stored
energy is necessary for each pulse. With modern, solid-state, pulsed-power con-
ditioning technology, a space qualified SRL-EPPDyL GFPPT is expected to have a
mass less than 2 kg (1 kg capacitor bank and 1 kg control modulator), pulse rates
as high as 10 kHz, and a 10® pulse lifetime. A picture showing PT5 (described in
more detail in Section 4.2.1) mounted to a thrust stand is shown in Fig. (4.1). A typ-
ical voltage history of multiple pulses and a typical current waveform for a single
pulse is shown in Fig. (4.2).

All of the GFPPTs described in this dissertation operate in a burst mode (a series
of discharges are grouped together to form a “burst” of pulses) for four important
reasons: 1) to maximize propellant utilization, 2) to reduce overall power require-

81



CHAPTER 4. THE SRL-EPPDYL FAMILY OF GFPPTS 82

Figure 4.1: Picture of PT5 mounted on a thrust stand at NASA JPL.
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Figure 4.2: Typical voltage history during a burst and typical current waveform for
one pulse. Taken with PT9, 4 ] per pulse, 2.0 ug argon, 130 pF, 17 x 1” electrodes.
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Figure 4.3: Schematic drawing showing two bursts each containing 10 pulses. 7, is
the time between single pulses in a burst, 7,, is the time during which propellant
mass flows, and 7, is the delay between bursts.

ments, 3) to reduce the total number of valve cycles over the lifetime of the device,
and 4) to allow throttling between high-thrust slew maneuvers and fine low-thrust
pointing maneuvers without affecting performance. The first two reasons relate to
keeping the mass of the propellant and power supply to a minimum. The last two
reasons relate to thruster lifetime and the convenience of using a single thruster
for a variety of maneuvers, respectively. These reasons are fully explained below.
Examining Fig. (4.3), during a burst the propellant flows at a steady rate and
the time between the pulses, 7,, is chosen to preclude any propellant from flowing
beyond the electrode volume. Therefore, the time between the pulses is set regard-
less of power or thrust level, and is determined by the molecular speed of the gas
and the length of the electrodes as described in more detail in Section 4.1.3. The
“mass bit” for each pulse is the product of the steady-state mass flow rate, 72,5, and
the time between pulses,
Mpit = Mg Tp. (4.1)

The average power, F,,,4, consumed by the thruster from the modulator is,

N E
P, = P 42
g Npyp + 74 (4.2)
where N, is the number of pulses per burst. The average thrust is similarly,
Nop Ly,
T =8t (4.3)
N pbTp + T d

where I;; is the impulse provided by a single pulse in the burst. Both the av-
erage power and thrust can be throttled by changing the delay between bursts,
74, as shown schematically in Fig. (4.3). The number of pulses per burst is set
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Figure 4.4: SRL-EPPDyL GFPPT system schematic showing the power conditioner,
control modulator, discharge initiation circuitry, and thruster connections.

for optimal propellant delivery as described in Section 4.1.3. Energy for all the
pulses in the burst is processed by the thruster modulator which contains the
charging control and discharge initiation circuitry. The main GFPPT capacitors
are mounted directly behind the electrodes and are designed to have the lowest
parasitic inductance possible (see Section 4.1.2 for measurements of the capacitor
bank impedance) for the best overall performance.

The rest of this section will describe the sequence of events during a burst, the
new power conditioning technology for the SRL-GFPPTs, and the related propel-
lant feed system efficiency.

4.1.1 Sequence of Events

During a burst of pulses, the propellant control, power conditioning, capacitor
charging, and discharge initiation must be controlled with micro-second timing. A
schematic of the SRL-EPPDyL GFPPT system is shown in Fig. (4.4). The following
is a sequence of events that would occur during a space-based maneuver:

1. Before firing, the plenum is filled to provide enough propellant for the entire
maneuver and the control modulator is put in “stand-by” mode. This mode
includes charging the capacitors that store the total energy required for one
burst as well as charging the high-voltage discharge initiation capacitor.

2. When the command to fire a burst is received, the control modulator checks
to see that the burst capacitors are fully charged and that the thruster elec-
trodes are not electrically shorted.
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10.

11.

12.

. The main propellant valve is opened, and the propellant flow rapidly ap-

proaches steady-state conditions in a time that depends on the propellant
type, plenum conditions, valve response time, and length of tubing between
the valve and propellant injection ports. Typically for our experiments, this
time is on the order of 1 ms.

The main discharge capacitors are charged quickly, in typically 100-200 s, to
a voltage near 250 V which is less than the Paschen breakdown condition for
any of the geometries and propellant distributions tested in this dissertation.

. The modulator waits a prescribed amount of time, 7, minus the charging

time, that is just long enough to allow the propellant to fill the electrode vol-
ume.

The modulator sends a command to the discharge initiation circuit to fire.

The discharge initiation circuit discharges its high voltage (typically between
400-1000 V) capacitors through a pulse transformer and one or more spark
plugs near the back of the cathode in less than 100 nanoseconds.

. Along with the applied voltage on the electrodes, the spark helps to break-

down the gas between the electrodes. The main capacitors are discharged
through the arc in less than ten microseconds.

. After a short pause, typically 50 s, the process starts at Step 4 and repeats

until all the pulses in the burst have been fired.

After the burst is complete, the modulator quickly closes the main propellant
valve.

A delay, 7,4, that depends on the spacecraft power supply and mission re-
quirements is initiated to allow the burst energy capacitor bank in the mod-
ulator to recharge before the next burst.

The process repeats from Step 2 until the maneuver is complete and the GF-
PPT system is shut down.

A similar testing procedure is followed in the laboratory. During performance
measurements, the time between bursts is set to approximately 50 s requiring <1 W
from a power supply that simulates the spacecraft bus. In the laboratory experi-
ments, a rather slow (20 ms) solenoid valve is used with a sonic orifice to control
the mass flow rate of propellant approximately 20 cm upstream of the propellant
injection ports. Because of the slow response time of the valve and extra tubing
length, the valve is opened 40 ms before the burst and a large amount of propel-
lant is wasted. As described in Chapter 5, however, this extra propellant mass is
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measured and subtracted from the impulse measurement. In addition, as shown
in Eq. (4.1), the mass bit is calculated from the steady-state mass flow rate and the
time between pulses. Since in a space-qualified system a much faster valve would
be placed closer to the injection ports, the wasted mass was not included in any of
our laboratory performance calculations (see Section 4.1.3).

4.1.2 Power Conditioning and the Control Modulator

A simple and compact DC-DC converter modifies the spacecraft bus or laboratory
power supply voltage to the charging voltage required by the main discharge ca-
pacitors. As shown in Fig. (4.4) there are actually two capacitor banks. One capaci-
tor bank is kept in parallel with the power supply to store enough energy for all the
pulses in the burst. This reduces the instantaneous current demand on the power
supply during a burst. The other capacitor bank (called the “main” or “discharge”
capacitor bank) is located inside the thruster casing and stores the energy for only
one pulse at a time. The power conditioning circuitry also steps up the voltage
to charge the discharge initiation capacitors to between 400-1000 V. The discharge
initiation capacitors are switched through an SCR into a 10:1 pulse transformer.
The secondary side of the pulse transformer is connected to between one and four
spark plugs which are described in more detail in Section 4.2.4. The pulse trans-
former helps increase the voltage on the spark plugs to breakdown conditions and
isolates them from the main GFPPT discharge circuitry.

The efficiency of the power conditioner is defined as the ratio of the power
supplied by the spacecraft or laboratory supply to the average power supplied to
the main GFPPT capacitors by the modulator,

Pavg _ fp%c(‘/o2
P P

Npe = (4.4)

where C'is the total capacitance of the main GFPPT capacitor bank, 1} is the initial

voltage before each pulse, and f, is the pulse frequency, 1/7,. It also follows that,
A 77

The overall efficiency of the GFPPT system is related to the power conditioner
efficiency, thruster efficiency, and propellant feed system efficiency as described at
the end of the next subsection.

Main Capacitor Bank

The main capacitors in the SRL-EPPDyL GFPPT are charged and controlled by a
solid-state modulator using modern IGBT commutation techniques that provide
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a discharge pulse frequency up to 10 kHz. The energy per pulse is variable over
a range of 1-10 J per pulse depending on charging voltage and main discharge
capacitance. This capacitor bank consists of between one and six 45 ;:F boards each
made up of thirty WIMA 1.5 uF capacitors connected in parallel. The capacitors
(typically used in pulsed laser power supplies) are designed for quick pulses, have
a low internal impedance, and an advertised lifetime of 10° pulses at their rated
voltage of 250 V. The parallel construction using a thin, two-layer circuit board
reduces the internal inductance and resistance to minimum levels. The mass and
volume, however, are slightly larger than a single capacitor would be with the
same energy storage capability. The 45 uF boards are also connected in parallel
with aluminum coaxial rings separated by a 10 micron Kapton sheet. The coaxial
rings connect directly to the thruster electrodes creating a minimum inductance
path.

The internal impedance of the capacitor bank has been measured by simulat-
ing a discharge through an electrical short and monitoring the bank voltage. The
experiment consisted of charging one capacitor board (C' = 46.7uF) to approx-
imately 25 V and discharging it through a small short. A typical voltage trace
is shown in Fig. (4.5). The voltage can be modeled using the fixed-element LRC
circuit equations presented in Chapter 3. The natural frequency, w, and critical re-
sistance ratio, ¢, can be found from a damped sine curve fit (see Eq. (3.2)) of the
voltage trace. Knowing the capacitance from a separate measurement allows the
internal inductance and resistance to be determined. Based on the measurement,
on average, one capacitor board has an internal inductance of 28 nH and a resis-
tance of 8.5 m(). Similar measurements using the assembled capacitor banks (three
or six boards connected in parallel) of PT5 and PT9 showed that the internal induc-
tance was close to 10 nH for both thrusters. This indicates that the inductance of
the leads between the capacitors and the electrodes (which are common to both
thrusters) dominates over the internal inductance of the capacitor boards.
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Figure 4.5: Voltage trace and damped sine curve fit from a measurement of the
internal impedance of one capacitor board.

4.1.3 Propellant Delivery

Propellant utilization is an important concern that directly affects the performance
of any propulsion device, especially one such as the GFPPT that is pulsed as many
as 10° times over its lifetime. As described in Chapter 1, previous GFPPT designs
used ultra-fast (100 ps) valves that cycled each time the thruster was fired and
limited the system lifetime. In the modern GFPPT design, a low-energy valve that
has a slightly slower response time, 1 ms, can be used instead. This system is
expected to have a longer lifetime as only one valve cycle is required per burst.
Therefore, in SRL-EPPDyL GFPPT designs, the valve is no longer considered the
lifetime-limiting component. Using a slower valve does have its disadvantages.
Before and after each burst, a small amount of propellant is wasted, m,,4st, as the
valve opens and closes. The time the valve is being actuated is greater than the
time the propellant flows at a steady rate, 7,,,, during which the pulses occur. The
average mass flow rate supplied to the GFPPT by the feed system, 74,4, is then
slightly greater than the steady mass flow rate during pulsing, 7, both found
using 7, as the time base. If we describe the amount of wasted mass as some
variable fraction, x, of a mass bit,

K= mwaste7 (46)
Mpit
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then the feed system efficiency, 7y,, can be defined as,

mss o prmbit - 1 . (47)

Nfs = = = = P
Mauvg prmbit + Muyaste 1+ N

As expected, the feed system efficiency improves as the number of pulses per burst
is increased and the valve cycle time is decreased. The number of pulses per burst
is limited, however, by the power conditioning circuitry. An optimum number of
pulses per burst exists for the lowest system mass including the wasted propellant.

Optimal Number of Pulses per Burst

The optimal number of pulses in a burst comes from the trade-off between having
a higher feed system efficiency (increasing N,;) and requiring a more massive burst
energy storage device, a. N, F2. By examining the sum of this mass and the total
wasted propellant mass over the lifetime of the device, m.qste Nptot / Npb, the optimal
number of pulses is,

(Npb) opt = ﬁuz (4.8)

where again we see the PEP velocity, V, from Eq. (1.11). With a 1 ms valve (k ~
4) and using an appropriate, usually smaller, value of «., the optimal number of
pulses per burst is close to six for the GFPPTs studied here. A lower value for o,
is justified because this energy storage device does not have to be configured for
low inductance and will have a much lower specific mass then the main discharge
capacitors. The PEP velocity is set about three times larger than a typical exhaust
velocity of 25 km/s. This analysis assumes that the total number of pulses is in-
dependent of the number of pulses per burst. That is, it assumes that the system
lifetime is not dictated by the valve lifetime.

It should be noted that since valve technology is not the prime focus of this
dissertation, the mass wasted on each burst is not included in any performance
measurement (impulse bit, mass bit, etc.) or calculation (overall efficiency, specific
impulse, etc.) effectively assuming that ~ = 0. The specific experimental procedure
for measuring and calculating performance will be discussed further in Chapter 5.
Six pulses per burst will be used for performance measurements, however, as a
representation of what could be used by a space-qualified SRL-EPPDyL GFPPT.

Relation of Thruster Efficiency to Overall Efficiency

Now that the feed system efficiency is defined, the overall efficiency of a GFPPT,
discussed in Section 2.3, can be related to the thruster efficiency. Including Eq. (4.4),
the overall efficiency is,
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| Thruster | Geometry | Cap. (uF) | L' (nH/cm) | my; (ug) | Energy () |

(@) | Coaxial 130 ~ 2.8 0.2-2.0 2
PT5 (b) | Coaxial 130 ~ 28 0.2-2.0 4
(c) | Coaxial 270 ~ 2.8 0.2-2.0 4
(d) | Coaxial 270 ~ 2.8 0.2-2.0 6
(@) | P-Plate 130 2.8 0.2-2.0 4
PT9 (b) | DP-Plate 130 3.9 0.2-2.0 i
(c) | P-Plate 130 57 0.2-2.0 1

Table 4.1: Thruster test configurations using argon propellant. Because PT5 has
slightly flared electrodes the inductance-per-unit-length value, L', shown here is
the average value.

no= g Tlpe 7 (4.9)
s \ (LCVE (L
= : 4.10
() (75°) (s =
Although power conditioning and valve technology are critical to the overall per-
formance of a GFPPT system, their development will be left to the experts in their

respective fields. Characterizing the thruster efficiency, 7;, and its scaling are the
main subjects of this dissertation.

4.2 SRL-EPPDyL GFPPT Designs

Nine generations of SRL-EPPDyL GFPPTs have been designed and tested as part
of the research project related to this dissertation. Two of these designs, PT5 and
PT9, were built specifically to test the effects of capacitance and inductance-per-
unit-length over a wide range of energy and mass bit values. While the other
generations (see Appendix C) were used to explore the effects of propellant in-
jection location, even lower energy (1 J) operation, and propellant type, PT5 and
PT9 provided tightly controlled test-beds for experiments on performance scaling.
The two thruster designs are summarized in Table (4.1). A method for evaluating
the inductance-per-unit-length of various electrode geometries and a description
of the discharge initiation system will be presented in this section.



CHAPTER 4. THE SRL-EPPDYL FAMILY OF GFPPTS 91

73 mm

3.0 mm Diameter Holes, |
3.0 mm from Backplate r

8 Holes, 3 mm

Diameter \
1*,* =

®

8

3

L

‘Funu IZ*‘
wiu ()
wuw g6

Il CATHODE
Bl ANODE «— 4 Ignitor Mounts, -
Bl INSULATOR 10 mm from Backplate

61 mm i

Figure 4.6: Schematic of SRL-GFPPT PT5.

4.2.1 The Coaxial PT5 Design

The fifth-generation SRL-EPPDyL GFPPT is designated PT5 and has undergone
many modifications since its original conception, including changes to its dis-
charge initiation system and propellant distribution [74]. A schematic of PT5 is
shown in Fig. (4.6). PT5 has a relatively large, stainless-steel, coaxial set of elec-
trodes with an outer to inner electrode radius ratio of approximately four and a
total volume of 350 cm?®. It uses four semi-conductor-type spark plugs mounted
on the inside of the outer electrode (cathode) at 90 degree azimuthal intervals to
initiate the discharge uniformly. The main discharge is driven by a low-inductance
(10 nH) 130 or 270 uF capacitor bank which is capable of being charged to 250 V
giving a maximum energy per pulse of 4 or 8 ], respectively. The entire thruster has
a mass of approximately 6 or 8 kg (depending on the capacitance level), including
the electrode mass as well as the thruster housing mass. The latest design includes
a new discharge initiation circuit that provides reliable, simultaneous activation of
all four spark plugs at the beginning of the discharge as described in Section 4.2.4.

PT5 was designed to test the effects of capacitance on the performance over a
wide range of mass bits without significantly changing the applied voltage. Chang-
ing the capacitance changes the characteristic time of the discharge (v/LC) and en-
ergy in the discharge. Although only two capacitance values were tested, they
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were chosen as ultimate limits of the typical values that would be used in these
devices. At a similar voltage level, larger values of capacitance lead to longer
charging times, 7,, or higher current levels in the modulator. Along with the larger
mass that comes with more capacitors and the associated hardware, both of these
trends have adverse effects on performance. Longer charging times can lead to a
decrease in propellant utilization (See Eq. (2.16)), and higher charging currents can
lead to a decrease in power conditioning efficiency along with possibly a shorter
lifetime from the high-current IGBT switch. At the same time, lower values of
capacitance simply do not provide enough energy to the discharge at these rela-
tively low voltage values. Furthermore, the characteristic time of the discharge is
reduced below the time it takes for the current sheet to reach the end of the elec-
trodes, possibly causing detrimental crowbar discharges. Highly underdamped
current waveforms have also been shown to be less effective for acceleration in
Chapter 3.

Before this research, reference [39] provided the only controlled study of the ef-
fect of capacitance on performance. The experimental data showed that the thrust-
to-power ratio increased with the square root of capacitance from 45-200 i.F at a con-
stant specific impulse of 5000 s. Keeping the specific impulse constant led to many
different energy levels and mass bit values in the study. Unfortunately, this does
not provide enough information for a more global scaling relation over a wider
variety of conditions. Furthermore, these performance measurements have been
put into question (see Refs. [17,79]) as there is no evidence that they conditioned
the electrode surfaces before taking measurements. Without proper conditioning,
it has been shown by this author [75] and others [88] that the impulse can be signif-
icantly greater due to the addition of adsorbed gas and organic monolayers (pump
oil) to the discharge. In our experiments with PT5, we will be able to study the scal-
ing in a carefully controlled environment due to changing the capacitance without
the possible effects of electrode contamination.

4.2.2 The Parallel-Plate PT9 Design

PT9 uses the 130 uF capacitor bank and thruster casing from PT5 with a modular
set of parallel-plate electrodes for testing various values of inductance-per-unit-
length. All the electrodes are made of 1/8” thick 70% tungsten, 30% copper plates,
with dimensions of 1”7 x 4” (width x length) or 1/2” x 4”. There are two places
to mount the electrodes at distances of either 1” or 1/2” apart. The mountings
include one (1/2” gap) or two (1” gap) propellant injection ports that direct the
propellant flow axially. This gives four different electrode configurations and three
different inductance-per-unit-length or aspect ratio values. Three of the four con-
figurations were tested for this study including the smallest, PT9a (H/W = 0.5, L’
=2.83 nH/cm), middle, PT9b (H/W =1, L' = 3.92 nH/cm), and the largest, PT9c
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Figure 4.7: Drawing of PT9b with 1” x 1” electrodes as well as the anode placement
for PT9a. PT9c uses 1/2” wide electrodes with the same vertical 1” placement as
PTYb.

(H/W =2, L' =5.68 nH/cm) values of inductance-per-unit-length. A schematic of
PT9 is shown in Fig. (4.7).

PT9 has been tested with and without pyrex sidewalls to contain the discharge.
As discussed in Section 5.4.1, although the sidewalls were successful in containing
the discharge, the efficiency was unexpectedly low. Removal of the sidewalls ac-
tually led to better performance, especially at the lower mass bit conditions with
argon propellant. PT9 uses the 130 xF capacitor bank because of this open nature of
the electrode volume. Using the smaller capacitor bank reduces the charging time
and, therefore, the time between pulses. With smaller values of 7,, the amount
of injected propellant mass that can escape out of the electrode volume before the
discharge is reduced to a minimum.

The main purpose of PT9 is to test different inductance-per-unit-length config-
urations at similar operational conditions to those tested with PT5. In PT5, the
coaxial set of electrodes has roughly the same value of L’ as PT9a. The inductance-
per-unit-length is directly related to the strength of the Lorentz force (see Eq. (2.5))
and also influences the effective circuit load, L'u. Only one study by Hart [41] tried
to systematically investigate the effects of inductance-per-unit-length by chang-
ing the radius ratio of a coaxial GFPPT. Unfortunately, as described in detail in
Appendix A, the insulating backplate Hart used was made of Teflon, a material
known to ablate very well in these type of discharges. By changing the radius ra-
tio, he exposed more Teflon surface area and changed the mass loading. Other in-
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Figure 4.8: Normalized inductance gradient as a function of geometry for parallel-
plate and coaxial electrodes. The relation for the inductance-per-unit-length of an
ideal (infinite width) set of parallel-plates is given in Eq. (4.11).

vestigators have, in general, found a monotonically increasing performance trend
with increasing values of L' [17,78], although the exact scaling relation remains
unclear.

4.2.3 Determining Inductance-per-unit-length

The magnitude of the inductance-per-unit-length, L', is one of the most important
differences between parallel-plate and coaxial electrode geometries. It is calculated
by integrating the magnetic flux through the volume enclosed by the discharge.
The inductance-per-unit-length for a parallel-plate thruster can be estimated by
treating the electrodes as an infinite single-turn current loop with a uniform field,

/ h
Ly = Ho'r (4.11)

where h is the height (separation) and w is the width of the electrodes. As other
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authors [89] have pointed out, however, most commonly designed parallel-plate
thrusters produce very non-uniform fields, and the fringing effects of finite-width
electrodes must be taken into account. Using a conformal mapping technique to
determine the electromagnetic fields in a parallel rail launcher, Ref. [90] provides
the necessary tabular data to determine the actual value of the inductance-per-
unit-length for a given electrode aspect ratio.

For a coaxial GFPPT, the calculation can be carried out directly and no approx-
imation is necessary assuming a planar current sheet,

Lo =F, (ﬁ> (4.12)

coaxr 27I_ /rln

The graph in Fig. (4.8) shows the L’ values for both the parallel-plate and coax-
ial geometries which are used in this study. The graph also provides a comparison
of the L' values for all the GFPPTs tested here and shows that the inductance-per-
unit-length for a coaxial thruster and a parallel-plate thruster is similar if the for-
mer has a radius-ratio about ten times the height-to-width ratio of the latter. This is
the case when comparing PT5 with PT9a which have similar values of inductance-
per-unit-length. In general, however, reasonable dimensions (in terms of electrode
mass) for parallel-plate thrusters have a higher value of L.

4.2.4 Discharge Initiation and Stability

The design of the discharge initiation (DI) system for multiple initiation-point GF-
PPTs has undergone many revisions at EPPDyL to improve repeatability, spark
plug lifetime, and discharge symmetry. In the final design of PT5, the same Bendix
semi-conductor type spark plugs used in the LES 8/9 ablative pulsed plasma thruster
(APPT) were adopted for their low breakdown voltage characteristics [91] and
demonstrated long-lifetime. Firing four or more spark plugs simultaneously to cre-
ate a uniform and symmetric discharge, however, was found to be a difficult task
due to the configuration of the spark plugs and the polarity of the electrodes. In
the case of PT5, the spark plugs shared a common cathode (ground potential) with
the thruster which dictated parallel electrical connections. Discharge asymmetry
due to one or more spark plugs not firing at all was shown by fast-framing camera
images of coaxial GFPPT discharges over many different operating conditions (see
Chapter 5 and Ref. [74]). In addition, as described in the next chapter and Ref. [77],
performance measurements conducted at NASA JPL showed that the impulse bit
was reduced by as much as 40% when only one spark plug fired instead of four.
Following a design similar to the Fairchild DI circuit in the LES 8/9 APPT,
the secondary side of the original pulse transformer was modified to include a
high-voltage, 20 nF mylar capacitor in parallel with the spark plug, as shown in
Fig. (4.9). In addition, a high-current, fast-switching diode (International Rectifier
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Figure 4.9: Schematic of the new discharge initiation circuit. The portion of the
circuit surrounded by the dashed box is repeated four times in parallel, one for
each spark plug.

part HFA15TB60) and a 10 (2 resistor in series with the spark plug were used to
insure that each capacitor did not lose its charge to another spark plug already
in the process of breaking down. This is important as the first spark plug to fire
provides the lowest impedance path for draining the other spark plug capacitors
before they have the chance to discharge. A different discharge initiation scheme
developed at EPPDyL places the spark plugs in series insuring that all the spark
plugs fire simultaneously. Unfortunately, this scheme could not used in PT5 with
the Bendix spark plugs due to the common ground connections.

As shown in Fig. (4.7), PT9 uses two smaller surface-flashover spark plugs that
are insulated from the discharge by a boron-nitride mounting block near the breech
of the cathode. Erosion rate measurements have shown that less than 0.1 ;g of ig-
nitor material is lost per pulse. These plugs use the same parallel DI circuitry from
PT5 with a required breakdown voltage of 500 V at normal operating conditions
with argon propellant. These plugs are used instead of the previous design for
their smaller size and because they can be isolated from the electrical ground of
the main discharge. In the future, these type of spark plugs can also be connected
in series with each other to insure multiple initiation points.

Now that both of the GFPPT designs are completely described, the performance
measurements over a wide range of operating conditions will be presented in the
following chapter.



Chapter 5

GFPPT Performance Measurements

This chapter explains the procedures for measuring performance and documents
the results of testing PT5 and PT9 over a wide range of operational conditions. It
includes descriptions of the vacuum facility and techniques for measuring the im-
pulse, mass bit, energy, and current of a GFPPT discharge. The performance mea-
surements from PT5 with variable capacitance and PT9 with variable inductance-
per-unit-length, both over a wide range of argon mass bits, will also be presented.
A more in-depth discussion of the results and a comparison with the models de-
veloped in Chapter 3 will be left to the next chapter.

5.1 Performance Measurement Techniques

Performance indicators such as the thruster efficiency, the impulse-to-energy ratio,
and the exhaust velocity are derived from direct measurements of the impulse
bit, capacitance, initial voltage, mass flow rate, and the time between pulses in a
burst. Since the GFPPTs studied here operate in a burst mode, the performance
measurements are based on average, per pulse, quantities. In a single series, at
least twenty trials (120 pulses) are conducted at the same operating conditions in
order to reduce the standard deviation of these average measurements.

The testing facility and methods for measuring performance will be described
in detail in this section. The calibration and data reduction procedures as well as
a discussion of the potential sources of error in the measurements are presented in
Appendix B. Briefly, each of the performance variables will be defined in terms of
measurable quantities.

The efficiency used here is the conventional thruster efficiency;,

2
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Figure 5.1: The Pulsed Performance Facility at EPPDyL.

where the mass bit is m;; = 17,,7,. The impulse-to-energy ratio is simply,

Toie Lyt
= 5.2
E OV 62)
and the mass average exhaust velocity is,
B VR 59

Myt MgsTp

Again, I;;, C, Vj, 7, and 1, are all measurable quantities discussed in the follow-
ing sections after the facility description.

5.1.1 Performance Measurement Facility

The vacuum vessel used for this study, shown in Fig. (5.1), is approximately 2 m
in diameter, 5 m in length, has eight optical access ports, and is made of fiberglass.
Originally designated the Pulsed High-Power Performance Facility for its heritage
of quasi-steady MPD work, this facility has been renovated (see Appendix B) to
measure very low impulses (< 201Ns) from low-energy (< 10 J) unsteady GFPPTs.
A vacuum level of 5 x 107 torr or less is maintained by two 1.2 m oil-vapor (DC-
704) diffusion pumps. Each pump has a capacity of 95 m?/s and is backed by a
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roots blower (1340 cfm) and a mechanical pump (150 cfm) that also provide rough
vacuum during initial evacuation. Two liquid nitrogen cooled baffles positioned
directly above each diffusion pump prevent backstreaming oil from entering the
tank. A nylon mesh net covers the traps and intakes to the diffusion pumps pro-
viding another layer of protection from contamination, although slightly reducing
the pumping speed. For low-energy GFPPTs, the propellant mass flow rates are
always below 30 mg/s and the valve is only opened for 45 ms. The effect of mass
injection on the background pressure (and backstreaming rates) during the exper-
iments was barely detectable from both pressure and residual gas analyzer (RGA)
measurements.

Some performance measurements reported in this dissertation were also con-
ducted by this author at NASA JPL in the Advanced Propulsion Technology facil-
ities. These experiments used a similar set-up, including a thrust stand developed
by EPPDyL that is completely documented in Refs. [77,84]. The vacuum tank it-
self, however, uses cryo-pumps to reach an operating pressure of 2 x 10~° Torr.
Although mechanical pumps are used for the initial evacuation, the cryo-pumps
provide a clean high-vacuum environment.

As pointed out in Refs. [75, 88], adsorbed gases and pump oil monolayers on
the electrode surfaces can influence the performance of GFPPTs that have not been
properly conditioned before testing. Consequently, a substantial effort has been in-
vested in cleaning the vacuum facility at Princeton and modifying the existing baf-
fle system to accept liquid nitrogen which should reduce backstreaming as much
as possible. These activities are described in detail in Appendix B, with the results
summarized here.

Unlike previous pulsed thrust measurements at EPPDyL where impulse bits
> 280 uNs!' were measured consistently, lower impulse bit measurements have
shown signs of magnitude decay that seem to implicate pump-oil and adsorbed
gas contamination effects. In these performance measurement experiments, the
magnitude of the impulse bit has been seen to decrease as the total number of
pulses increases. As shown in Fig. (5.2), the impulse measurements from both fa-
cilities at EPPDyL and JPL show approximately a 30% decline in impulse after re-
moving adsorbed gases off the electrodes during the first 10-100 pulses. After 100
pulses, both measurements show the same impulse within the systematic error,
<5%. In addition, at EPPDyL, measurements with and without the liquid nitrogen
baffles have shown that the thruster has a slightly higher performance with the
baffles off. This is now believed to be due to the accumulation of diffusion pump
oil on the surface of the electrodes between pulses. New experimental procedures
for cleaning the thruster under vacuum before performance measurements are de-
scribed in Section 5.2.1. Care has been taken to ensure that none of the performance

'This number corresponds to the impulse bit of an LES8/9 APPT measured at EPPDyL [92] that
agrees with measurements from other laboratories, for example [93].
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Figure 5.2: Impulse bit decay as a function of the number of pulses at two different
energies and two different facilities.

measurements presented here are influenced by contamination products.
All the diagnostic tools for measuring performance in EPPDyL’s facility will
now be described in separate subsections.

5.1.2 Impulse Bit

The typical impulse produced by a GFPPT operating near 5 ] per pulse is about the
same as the impact of a pin dropped from 1 cm. In our experiments, this minute
level of impulse is measured accurately by monitoring the position of the thruster
mounted at the end of a swinging gate type thrust stand, as shown in Fig. (5.3).
The thrust stand has a vertical rotational axis through two flexural pivots that al-
lows relatively friction-free rotational motion in the horizontal plane. Knowing the
position of the thruster at all times during an experiment allows the thrust force to
be determined based on calibrated thrust stand dynamics. In the case of very short
duration accelerations, as with most unsteady pulsed plasma thrusters, the force
can be considered impulsive and observing the change in velocity of the effective
thruster mass is enough to determine the impulse magnitude.

Originally designed for testing quasi-steady MPD thrusters [94,95], the thrust
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stand has undergone many modifications to measure very small impulses (< 20.Ns)
accurately. Electrical connections including thruster and valve power are sup-
plied through coaxial cables attached to the thrust stand arm and support structure
through cable clamps. Gas propellant is fed through polyvinyl tubes also mounted
between the arm and the support frame. Care has been taken to ensure that the ca-
bles do not touch each other or drift in any way that would change the neutral
position of the thrust stand. Along with a small contribution from the cables and
propellant lines, the flexural pivots provide the restoring force and a small amount
of damping to the almost exclusively horizontal motion of the thruster. A slight
tilt in the horizontal plane of the thrust arm permits a stable neutral position with-
out allowing gravity to play a significant role in the restoring force. The tilt and
stability of the thrust stand are controlled by two screw-jacks that can be actuated
under vacuum.

The dynamics of this slightly damped spring-mass system are well understood.
Since the thruster is mounted well away from the rotational axis, its motion can be
described accurately as a linear displacement over a small angle. In response to an
impulsive force, I,;, the position of the thruster, =(¢), initially at rest is given by,

Ty 1 _ .
x(t) = et sin (wptv1 —¢2) 54
( ) Meff wnm ( ° ) 54)

where ¢ is the damping coefficient, w,, is the natural frequency, and m.;; is the
effective mass of the thrust stand. The natural frequency and damping coefficient
can be determined from the position history and are independent of the impulse
value. If the arm is moving before the impulse occurs, then the post-impulse sine
wave could be offset by a phase angle. In this case, a change in the velocity must
be considered and Iy = mcsAd. The velocity is the derivative of position with
the added phase offset,

(t) = o e swnt [cos (wnt\/ 1—¢2+ <z§) __°  in (wnt\/ 1—¢2+ ¢)] . (5.5)

Meff 1—¢?

Using the coefficients from the position relation (including the phase offset)
and the calibrated value of the effective mass, the velocity change can be found
without actually taking the derivative of the measured position signal. In com-
parison, numerically differentiating a digitally stored position trace would lead
to large errors without extensive filtering that could adversely affect the results.
For the impulse measurements described in this dissertation, a damped sinusoid
function is numerically fit by a least squares method to the position history before
and after the impulse to determine all the coefficients (I, w,, s, and ¢) except the
effective mass. The effective mass and the error of the impulse measurement are
largely determined by the calibration procedure as described in Section B.5. Before
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the work associated with this dissertation, the change in velocity was found by fit-
ting a line to the position history and measuring the slope of proximeter data after
the pulse. The procedure outlined here improves on that process significantly and
allows very small impulses to be measured accurately by reducing the error in the
curve fitting operation.

In all the experimental trials (a “trial” is one burst), the impulse is actually mea-
sured for one burst of pulses, and the impulse bit of a particular trial is the average
impulse per pulse. In addition, since the propellant flows for much longer than
the burst time (typically 65 ms of effective gas flow compared to about 2 ms of
pulses) the unaccelerated gas contribution to the impulse is completely subtracted
before any performance calculations are made. The cold gas impulse is determined
for each mass bit by firing the thruster “cold” (without charging the main capaci-
tors) 5 times before and 5 times after the “hot pulses” at the same plenum pressure.
All the impulse data presented in this dissertation are found by averaging the hot
impulse values from the last 20-25 of 30 hot trials with the cold gas impulse sub-
tracted out. The first five hot trials (30 pulses) at any condition are discarded to
ensure that electrode contamination does not influence the measurement. Other
trials may also be discarded if problems (such as shorting or other spurious arc
attachment) occur during the burst causing the modulator to shut down prema-
turely. Typically, there are no more than five of these events in a series of thirty
trials, thus leaving at least twenty trials for averaging.

Two devices for measuring the position of the thruster have been used in this
dissertation work. The interferometric proximeter system (IPS) is used for the ac-
curate resolution of small impulses including very small cold gas pulses. A radio
frequency position transducer (or proximeter) is also used to measure the position
of the thrust arm due to its linear output (1.27e-4 m/V). Both systems can be used
to measure any magnitude of impulse considered in this dissertation. Although
the IPS is slightly more precise, the RF proximeter was used more commonly to
reduce the data processing requirements over a large number of trials.

Interferometric Proximeter System

The interferometric proximeter system has been described in detail in Ref. [92] and
in a masters thesis, Ref. [96]. The IPS measures position by monitoring the intensity
of an interference pattern produced by a Michelson type interferometer, as shown
in Fig. (5.4). In our application, the corner cubes which form the two legs of the
interferometer are both mounted on the arm of the thrust stand near the thruster
mount. In this case, the position measured is the relative displacement between
the two corner cubes. This configuration is necessary to reduce the sampling fre-
quency required for long duration (> 10 second) position measurement [92]. More
sensitive arrangements can be made but are not required for any measurement
described in this dissertation. Using the IPS for position measurement is only re-
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Figure 5.4: Thrust stand set-up with the Interferometric Proximeter System (IPS).
Taken from Ref. [96].

quired for very high accuracy, low impulse applications such as cold gas pulses at
very small mass bits. Although the position resolution is very high, facility vibra-
tional noise limits the accuracy to about 1 m of displacement for both the IPS and
RF proximeter.

Radio Frequency Proximeter

A Bently Nevada position transducer has been used at EPPDyL for many years to
measure the impulse from high power gas fed pulsed plasma thrusters [94]. The
proximeter measures the absolute linear displacement of a steel target mounted
directly below the thruster. The proximeter is useful for positioning the arm in
a stable configuration and for its simple operation. Although the proximeter is
ultimately not as precise as the IPS, it was able to perform all of the impulse mea-
surements presented in this dissertation with < 3% error. When compared with
the IPS using an appropriate scaling factor, both position measurement systems
agreed to within less than a percent.

5.1.3 Mass Bit

Propellant, in most cases argon, is supplied to the GFPPT through a solenoid valve,
choking orifice, and plenum arrangement as shown in Fig. (5.5). The valve is lo-
cated approximately 20 cm upstream from the thruster propellant injection ports.
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Figure 5.5: Experimental set-up for performance measurements of GFPPTs.

It is opened and closed by the control module and timed by a Stanford DG535
pulse signal generator. For these experiments, the valve was open for 45 ms and
the thruster was set to fire 40 ms after the valve opened to allow sufficient time for
the gas to reach a steady flow rate. This time could be greatly reduced with a faster
acting gas valve located closer to the electrodes. The mass flow rate is controlled
by changing the pressure in the plenum upstream of the sonic orifice. Approxi-
mately 10 ms after the valve is open, the flow is choked at a sonic orifice made
from a copper plate with a 0.36 mm diameter hole. Using a pressure transducer
located downstream of the sonic orifice, the mass flow rate was seen to reach a
steady-state condition within 20 ms of the valve opening at relatively high mass
flow rates. Integrating the pressure history waveform gives an effective valve time
of 65 ms for the calculation of the effective cold gas exhaust velocity, near 400 m/s
for argon propellant.

The mass bit value itself comes from the timing of the pulses within a burst,
7,, and the steady-state mass flow rate, . In these tests, the pulses are either
spaced every 274 ps for PT5 or 250 us for PT9 as measured from the voltage trace
taken during the burst. The difference between these two values is related to the
tixed, lower value of capacitance and subsequent faster charging time for PT9 as
explained in Chapter 4. To obtain the mass bit, the time between pulses is multi-
plied by the steady-state mass flow rate which is a function of plenum pressure.
The calibration between mass flow rate and plenum pressure is described in Sec-
tion B.5. From the kinetic model presented in Chapter 3 and using argon propel-
lant, less than 5% of the propellant is expected to reach beyond the boundaries of
the electrodes before each pulse.
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5.1.4 Energy

The primary capacitor voltage is measured at the charging supply through a pas-
sively compensated 1000:1 P6015 Tektronix voltage probe with a calibrated fre-
quency response up to 100 MHz. For each set of pulses, a voltage trace was cap-
tured on a Tektronix 460A digital oscilloscope showing the charging cycle of the
capacitor for the entire burst. The scope has an expanded memory to allow a sam-
pling rate of 50 million samples per second (20 ns/sample) for 2 ms, the full du-
ration of the burst. The voltage trace is squared and multiplied by the measured
capacitance for each thruster, resulting in a plot of energy during the pulse train
accurate to within 1.5 %. The peak energy before every pulse was averaged over
the number of pulses in the burst to determine the energy per pulse. The stan-
dard deviation of that average is used as the error in this measurement, typically
o < 4%.

5.1.5 Current

The current flowing out of a capacitor is simply related to the derivative of the
potential across its terminals, —C'dV//dt. This measurement is independent of the
load on the capacitor although it requires a highly time-accurate voltage measure-
ment. With a passive voltage probe, this requires compensation for the parasitic
impedance between the capacitor bank and the probe. In comparison, including a
Regowski coil or other current transformer for a more direct measurement would
necessarily add volume between the anode and cathode electrical leads. For any
conventional GFPPT design, this would increase the inductance of the driving cir-
cuit, a parameter known to influence performance. The internal inductance of the
most recent capacitor bank design used in both PT5 and PT9 has a measured in-
ductance value of only 4.7 nH; therefore, even a minor change would significantly
alter Ly. As shown in Chapter 2, Fig. (2.3), the product of the voltage and inferred
current does, in fact, match the expected power and energy for a low-energy GF-
PPT discharge suggesting that this method is fairly accurate. Furthermore, for the
data presented here, we will use the integral of the current squared which should
be less susceptible to electronic noise. In any case, the current will only be used to
discuss trends in the expected impulse and energy transfer efficiency.

5.1.6 Imacon Fast Framing Camera

The Imacon fast framing camera (Hadland Photonics model 792L.C) has been used
previously at EPPDyL to document the effects of initiation on discharge symme-
try [74]. It produces up to 14 multiple black and white (grayscale) images on one
exposure of a 3.25” by 4.25” polaroid photograph. Each frame can be taken at rates
of either 2 x 107 or 5 x 10° frames per second depending on the selected oscillator
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Figure 5.6: Frames from an Imacon picture (5 x 10° frames per second, 0.5 us delay)
coordinated with the voltage and current traces of the discharge. The head-on
images show the initiation occurring at two of four spark plugs with PT5 firing at
5]/pulse and a 0.5 g argon mass bit.

module. The camera is timed and triggered by a digital delay generator (DDG),
which is in turn triggered off the high voltage leads to the spark plugs. Since there
is a slight delay between the applied voltage to the spark plugs and the actual
breakdown, the DDG can be set to activate the camera just before the discharge
begins or at any time later. In all references to time in this dissertation, ¢ = 0 oc-
curs when the breakdown actually begins and current begins to flow. To correctly
match the timing of the Imacon pictures with the discharge, the camera has an
electrical monitor line that pulses when the camera exposes each frame. In coor-
dination with voltage traces saved on the Tektronix 460A digital oscilloscope (see
Fig. (5.6)), the pictures can be placed at the correct time with regard to the dis-
charge.

In this dissertation work, the Imacon camera was used to examine the symme-
try of the discharge in PT5 and the profile of the discharge in PT9. At the highest
mass bits, the plasma emission from the discharge was bright enough so that a
10 nm band-pass filter centered at 488 nm (corresponding to an argon ion elec-
tronic transition) could be used to identify the location of the plasma. At lower
mass bits, filtering was not possible because there was not enough light to expose
the film after filtering. Since at higher mass bit values filtered and unfiltered pic-
tures looked very similar, we expect this to be the case at lower mass bit values as
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well. Similar filtering techniques involving higher energy GFPPTs in the past have
shown that the location of the plasma emission corresponds well to the front of the
current sheet [53].

5.2 Influence of Background Gases and Erosion Prod-
ucts on Performance

Now that the diagnostics have been explained in detail, we will discuss the ef-
fects of background gases in the vacuum chamber and erosion products in the dis-
charge. These two effects provide potentially the largest sources of error in the per-
formance measurements. A separate discussion of the error involved with each of
the diagnostic tools described in the previous section can be found in Appendix B.

5.2.1 Thruster Conditioning Prior to Performance Measurements

As mentioned in Chapter 1, the performance of low-energy GFPPTs can be effected
by diffusion pump oil vapor condensing on the electrode surfaces. As described
in detail in Appendix B, both spectroscopic studies of silicon line emission (DC-
704 is a silicon-based diffusion pump oil) and impulse measurements have shown
that background oil and measured performance levels reach an asymptote after
approximately 100 consecutive pulses with less than one minute between each
discharge. This indicates that the high current GFPPT discharge can effectively
remove potential contaminants and adsorbed gases off the electrode surfaces on
every pulse. Although the oil backstreaming flux has been reduced at least 50%
by the activation of liquid nitrogen baffles, a significant amount of oil may still
accumulate between testing runs or pauses greater than a certain duration. By ex-
perimenting with various delays between bursts, impulse bit increases above 5%
were only noticed for pauses longer than 10 minutes. Some time (typically less
than a minute) is required between impulse measurements to allow the thrust arm
to relax back to its neutral position. For the performance measurements presented
in this dissertation, a period of exactly 50 seconds was used between all bursts.
This is considered a short enough time to ensure that an insignificant amount of
oil has been deposited on the electrodes between trials and a long enough time to
ensure the arm is nearly at rest before each measurement. In addition, the first five
bursts (30 pulses) of hot trials in each series are discarded as cold gas measure-
ments taken between each series of hot trials may allow a slight amount of oil to
build up on the electrodes.

Using an RGA, measurements of partial pressures have also been collected af-
ter the electrodes have been cleaned by many discharges. Although the RGA data
showed a tenfold increase in DC 704 oil levels immediately after each burst, the in-
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crease in the argon levels due to the propellant flow were measured to be 1000
times larger than the oil levels. This suggests that the oil makes up a very small
portion of the mass in the discharge. Although oil level increases were much larger
on the first few bursts after long delay without firing, the levels returned to their
lower, steady values after only four or five bursts (20-30 pulses). From these obser-
vations, we can conclude that after the electrodes have been properly cleaned, the
amount of oil residue in the discharge is minimal.

A protocol for performance measurements that are free of contamination ef-
fects was developed in light of the above described experiments. It includes the
following three guidelines:

1. The LN, baffles must be activated for at least 60 minutes before testing in or-
der to reach the correct operating temperature. This ensures that the impulse
reaches the correct asymptote.

2. After initial evacuation of the facility or extended times between hot pulses,
1000 pulses should be fired to ensure that the thruster electrodes are clean
and the impulse magnitude has reached an asymptote level.

3. Because of the 8 minute break between hot pulses caused by routine cold gas
impulse measurements, the first 5 bursts (30 pulses) of a series of 30 bursts
should be ignored to ensure uncontaminated impulse measurement.

This protocol was followed for every performance data point reported here and
has been verified by comparing similar performance measurements in a cryo-pumped
facility (see Appendix B).

5.2.2 Influence of Erosion Products on Performance

Erosion rate measurements conducted at JPL (see Appendix D) have shown that
the electrodes, specifically the cathode and spark plug, can erode a significant
amount of mass, approximately 0.1-0.2 ng, per discharge. The amount of mass has
been shown to be relatively independent of pulse energy and mass bit for the con-
ditions tested here. From pictures taken before and after a 1 million pulse test (see
Appendix D), we believe that most of the erosion comes from the stainless-steel
spark plug cathode. Unfortunately, during the test the spark plug was effectively
welded to the thruster cathode, and an independent measurement of the mass lost
during the test could not be made. In many cases, Imacon pictures taken immedi-
ately after the capacitors are fully drained show a plume of material being emitted
from regions near the spark plug locations. It is very possible that a large fraction
of the erosion products do not get swept up in the discharge and, therefore, do not
significantly contribute to the impulse.
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In PT5, some of spark plug material was observed to be deposited on the anode
in locations geometrically opposite from the spark plugs. Due to the large initial
mass of the anode, the deposited mass (on the order of micrograms) remained dif-
ticult to quantify. The fact that this deposition occurs at all further suggests that
the spark plug erosion products may not contribute significantly to the dynamics
of the discharge. For PT9, where the spark plugs are slightly smaller and isolated
from the thruster circuitry, the measured erosion rates were about half that of the
larger Bendix plugs in PT5. For both thrusters the impulse produced by discharg-
ing the spark plugs alone was found to be on the same order as the error associ-
ated with operating the thrust stand. Still, the erosion of electrode material plays,
as yet, an unknown role in GFPPT performance. For that reason and the others
mentioned above, the mass of the eroded electrode material was not added to the
mass bit for performance calculations. Although including the eroded mass would
reduce the efficiency and exhaust velocity by the same amount, the trends in per-
formance should remain similar and the calculation of the impulse-to-energy ratio
will be unaffected. Experiments are just beginning at EPPDyL that are designed
to investigate (and hopefully reduce) the effects of erosion by developing a com-
pletely new type of “spark-less” UV photon initiation system.

Now that potentially the largest sources of error have been discussed and pro-
cedures for reducing their influence have been developed, we will present the mea-
sured performance from PT5 and PT9.

5.3 Measured Performance of PT5

The fifth-generation SRL-EPPDyL GFPPT, PT5, has been described in Section 4.2.1.
Although it has gone through many modifications to date, the most important
change relates to the discharge initiation circuitry. The effects of an asymmetric
discharge on performance, therefore, will be documented before the final database
with symmetric discharges is presented. The final database includes performance
measurements over a wide range of operational parameters including a change in
capacitance from 130 to 270 pF.

5.3.1 Effects of Asymmetric Discharge Initiation

Before the final modification to the discharge initiation circuit which solved the
asymmetry problem, PT5 exhibited erratic operation where only one, two, or three
spark plugs operated simultaneously. This affected the discharge symmetry and,
consequently, the impulse. In fact, impulse bit levels are as much as 40% higher
when all four spark plugs operate in a symmetric fashion compared to single-plug,
asymmetric discharges, as shown from performance measurements taken at JPL in
Fig. (5.7).
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Figure 5.7: Six series of impulse bit measurements from PT5 at constant operating
conditions, although the number of operating spark plugs decreases as time goes
on. In some cases, the series are also separated by longer breaks as stated.

The Imacon camera with the 500 kHz module was used to photograph the full
development of a single discharge. Due to the fast timing of the pulses in a burst,
only the first pulse could be captured during one full exposure. It should also be
noted that no optical filters were used in these Imacon photographs due to the
relatively low intensity of the discharge light. Recent work at EPPDyL has shown
that an argon ion band-pass filter allows the current sheet to be seen more sharply
in brighter discharges [60]. For all of these trials (except where noted), the pulses
were visually very repeatable and a single exposure or a compilation of multiple
exposures is a good representation of what is occurring during each discharge at
those operating conditions.

PT5 was photographed head-on with the Imacon camera at JPL as shown in
Figs. (5.8) through (5.11). As shown schematically in Fig. (5.8), all the pictures show
an end view of the anode (center electrode) and the cathode (outer electrode) look-
ing into the discharge chamber. The four spark plugs are mounted orthogonally
on the top, bottom, right, and left sections of the cathode to provide a uniform
discharge initiation.

Compared to pictures taken at Princeton in Ref. [74], pictures taken during test-
ing at NASA JPL in a cryo-pumped facility showed erratic spark plug operation
with three, two, or sometimes only one spark plug firing on each pulse. While
both set-ups use the same exact semi-conductor-type spark plugs and propellant
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Figure 5.8: Head on Imacon photographs of a PT5 discharge with three spark plugs
(top, left, and bottom) working effectively. Each picture progresses 2 ps in time
from left to right showing the entire history of one discharge. A white outline is
provided to indicate the location of the cathode and spark plugs.

feed systems, data from Princeton showed three spark plugs (top, bottom, and left
plugs in this thruster orientation) working consistently. Potentially the cleaner vac-
uum environment at JPL led to the spark plugs failing as the semi-conductor ma-
terial between the anode and the cathode was eroded away on each pulse. From
tests conducted at EPPDyL, even small amounts of graphite placed between the
anode and the cathode of the spark plug led to more frequent breakdowns. It is
possible that in the diffusion pumped facility at EPPDyL a small amount of oil
vapor condensed on the spark plugs which then helped them break down more
easily and consistently.

Figure (5.8) shows the PT5 firing with three spark plugs working. This photo-
graph is from one pulse and shows three important aspects of the discharge dy-
namics. First, with three out of four spark plugs firing, the discharge is asymmetric
and the luminous region moves from the upper-left to lower-right region of the dis-
charge chamber as it evolves downstream. Second, the luminous region appears
to have reached the end of the anode by approximately 4 ys after the discharge is
initiated, possibly even earlier. This is evident because light is being emitted from
inside the hollow anode. In this case, the discharge is complete after 6 ps. Third,
there is a luminous region near the left spark plug that is glowing very brightly
away from the main part of the discharge. This is also seen in other photographs
of all the PT5 designs and could be a luminous ejection of hot electrode or spark
plug material. The spark plugs were the largest noticeable source of erosion prod-
ucts as mentioned in the previous section.

Figures (5.9) and (5.10) show two diametrically apposed spark plugs firing and
two adjacent spark plugs firing, respectively. Although neither initiation pattern
produces a completely uniform discharge, the discharges are symmetric and asym-
metric, respectively. Figure (5.9) is the interlaced combination of two pictures from
two different PT5 discharges temporally spaced slightly less than 1 us apart from
each other. In these photos, the discharge reaches the end of the anode 4 ys after
the spark plug fired, and the discharge is basically complete after 5 us. Figure (5.10)
also shows the discharge reaching the end of the anode and extinguishing at nearly
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Figure 5.9: PT5 thruster discharge with only two spark plugs (top and bottom)
working effectively. Each picture progresses 1 ps in time from left to right with
1 us between the right-most top row picture and the left-most bottom row picture.
A white outline is provided to indicate the location of the cathode and spark plugs.

O A0

Figure 5.10: PT5 thruster discharge with only two spark plugs (top and left) work-
ing effectively. Each picture progresses 2 us in time from left to right. A white
outline is provided to indicate the location of the cathode and spark plugs.
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Figure 5.11: PT5 thruster discharge with only one spark plug (top) working effec-
tively. Each picture progresses 2 ps in time from left to right. A white outline is
provided to indicate the location of the cathode and spark plugs.

the same time as in the case of a discharge with three spark plugs working effec-
tively. There is also the indication of hot electrode material being emitted after the
discharge near the left spark plug.

The photograph in Fig. (5.11) has two major differences compared to those of
the other non-uniform discharges. First, the discharge does not appear to reach
the end of the anode before it is extinguished because there is no light emitted
from inside the anode. This would indicate a reduced current sheet speed in the
axial direction. Second, the discharge illumination lasts longer as the final frame
at 8 us after initiation still shows a slight glow. This indicates a slower discharge of
the capacitor which could be caused by a higher resistive load on the circuit. This
picture also shows a glowing region well into the discharge although it is near the
top spark plug instead of the left spark plug.

During testing at JPL, the discharge initiation pattern and the number of work-
ing spark plugs were visible to the naked eye during performance measurements.
These observations, when combined with impulse data, imply that one-plug and
some two-plug initiations provide a reduced performance than those initiations
occurring with three or four spark plugs working effectively, as shown in Fig. (5.7).
This trend also agrees with asymmetric discharge performance data taken at Prince-
ton.

This problem has subsequently been corrected with a new design of the dis-
charge initiation circuit that distributes the power to the spark plugs more effec-
tively [75]. As discussed in Section 4.2.4, each spark plug now has its own local
energy source that is protected by a diode. When one plug fires, it is no longer
allowed to drain the energy away from the other spark plugs. The new circuit has
demonstrated its ability to consistently produce a symmetric discharge in tests at
Princeton. A series of Imacon photographs of PT5 with the new DI circuitry are
shown in Fig. (5.12) with the resulting discharge symmetry. The pictures also show
that the discharge reaches the end of the anode uniformly between 3-4 yis, and that
all the spark plugs continue to glow after the pulse is over, possibly indicating
spark plug erosion after the discharge.

New methods for initiating GFPPT discharges without spark plugs are cur-
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Figure 5.12: Unfiltered Imacon Fast-Framing Camera photos of a typical PT5 dis-
charge looking straight into the discharge chamber using 0.5 ;1g argon and 4 ] of
energy per pulse. The photos seen here are spaced by 1 s going from left to right
and then top-right to bottom-left. A white outline is provided to indicate the loca-
tion of the cathode and spark plugs.

rently under development at EPPDyL. In all the performance measurements shown
in the next section, however, the current configuration where all four spark plugs
fire simultaneously will be used as an effective discharge initiator.

5.3.2 Effects of Varying Mass Bit, Energy and Capacitance

Two energy levels for each of two capacitance values were tested over ten dif-
ferent mass bits yielding a 40-point GFPPT performance database. Six graphs in
Figs. (5.13), (5.14) and (5.15) show PT5 performance as a function of mass bit and
exhaust velocity with the capacitance and the initial stored energy level as param-
eters. The lines between the data points are simple fourth order polynomial curve
tits meant to show overall trends apparent in the data. This representation, how-
evet, is not necessarily the correct functional form to the data. The coefficients for
the curve fits are not shown here for that reason.

The graphs in Fig. (5.13) show the impulse bit and exhaust velocity as a func-
tion of mass bit for each configuration of PT5. In general, the exhaust velocity de-
creases monotonically with increasing mass bit while the impulse bit shows nearly
the opposite trend. At a given mass bit, both the impulse bit and exhaust veloc-
ity increase as the capacitance and discharge energy increase. Near 0.5 ug there
appears to be a transition between a region where the impulse bit is nearly con-
stant and the exhaust velocity decreases rapidly to a region where the impulse bit
increases and the exhaust velocity only slightly decreases.

From the graphs in Fig. (5.14), the same transition is seen to exist in the effi-
ciency and impulse-to-energy ratio data. As the mass bit increases, the efficiency
decreases to an asymptote level that depends both on energy and capacitance. For
the larger capacitance configurations, the efficiency levels off at a mass bit near
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Figure 5.13: PT5 performance with argon propellant at various capacitance, energy,
and mass bit values. The dotted vertical lines show the boundary between Mode I
and Mode II operation, as discussed in Section 5.3.3.
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Figure 5.14: PT5 performance with argon propellant at various capacitance, energy,
and mass bit values. The dotted vertical lines show the boundary between Mode I
and Mode II operation, as discussed in Section 5.3.3.
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Figure 5.15: PT5 performance with argon propellant at various capacitance, energy,
and exhaust velocity values. The dotted vertical lines show the boundary between
Mode I and Mode II operation, as discussed in Section 5.3.3.
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0.5 pg per shot. For the lowest energy and capacitance, 2 ] and 130 pF, the ef-
ficiency is almost constant over all mass bit values. For the highest energy and
capacitance, 6 ] and 270 pFthe efficiency increases very rapidly as the mass bit de-
creases below 0.5 pig. The highest energy, highest capacitance, and lowest mass bit
have the highest thruster efficiency.

The impulse-to-energy ratio is fairly constant and independent of energy within
the error bars below about 0.5 1g. The impulse-to-energy ratio increases by a factor
of approximately 1.4 for a slightly more than doubled value of capacitance. At
the higher mass bit values the impulse-to-energy ratio increases with increasing
mass bit and is dependent on both the capacitance and energy level. When plotted
versus exhaust velocity in Fig. (5.15), the largest mass bit value corresponds to the
smallest value of exhaust velocity. As the exhaust velocity decreases, the impulse-
to-energy ratio is seen to increase rapidly after some transition point that appears
to change slightly with capacitance and energy.

The opposite trend is true from the plot of efficiency versus exhaust velocity:
above a certain exhaust velocity value the efficiency increases rapidly. From both
plots, when the efficiency is increasing rapidly, the impulse-to-energy ratio is fairly
constant and vice versa. In the 130 pF data sets, the efficiency is seen to increase,
decrease, and then increase again as the exhaust velocity is increased. The second
inflection point in the data, once again, marks the transition between two trends in
this data set. These two operational modes of PT5 that are apparent in all the plots
of performance will be explored further in the next section.

5.3.3 Operational Modes in PT5

We will distinguish the two operational modes of PT5 identified in the previous
section as simply Mode I and Mode II. Mode I includes the larger mass bit values
and is characterized by a relatively constant efficiency that is independent of mass
bit and exhaust velocity. The impulse bit and impulse-to-energy ratio in Mode I
are monotonically increasing functions of mass bit. Mode II includes the smaller
mass bit values and is characterized by an increasing efficiency with decreasing
mass bit. The impulse bit and impulse-to-energy ratio in Mode II are relatively
independent of mass bit and exhaust velocity. The characteristics of Mode I and II
are summarized in Table (5.1). It should be noted from all the PT5 performance
data that the transition between Mode I and Mode II is somewhat gradual. In this
section, we will examine the operational modes in more detail using experimental
data and try to determine a more specific criteria for the transition point.

To investigate the dependence of the transition point on energy, four experi-
ments with two values of mass bit and capacitance were performed over a range
of energy levels. The mass bit values, 1.0 and 0.3 pg, were chosen to fall in the mid-
dle of Mode I and Mode II operation, respectively. As shown in the top graph of
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Performance Mode I Mode II
Indicator T | Tae | Ty | 7Tt
i T l const. | const.
Ue ! 1 ! T
Mt const. | const. l 1
I/ E 7 ! const. | const.

Table 5.1: Characteristics of Mode I and II as a function of increasing mass bit and
exhaust velocity.

Fig. (5.16), in all four cases the impulse bit varies linearly with the energy suggest-
ing a constant impulse-to-energy ratio. When this data set is combined with the
rest of the PT5 performance database as shown in the bottom graph of Fig. (5.16),
some important trends can be observed:

1. The impulse-to-energy ratio is nearly constant over different energy levels
regardless of mass bit, capacitance, or the operational mode.

2. In Model, the impulse-to-energy ratio increases with mass bit, while in Mode I,
it is fixed. The mode of operation does not change significantly with energy.

3. The impulse-to-energy ratio for the 270 ;F configurations is higher than the
130 uF configurations by nearly a factor of /2 over all conditions.

It is also interesting to note that the range of mass bit values for the two modes
changes with capacitance. For the 130 iF configuration, the impulse-to-energy ra-
tio clusters around a single value (=~ 2;Ns/J) from 0.2-0.4 ug. For the 270 ;F con-
tiguration, the impulse-to-energy ratio clusters around a single value (=~ 3:Ns/]J)
over a slightly larger range of mass bit values from 0.2-0.5 ug.

This clustering trend can also been seen in a graph of impulse bit plotted as
a function of [ J?dt as shown in Fig. (5.17). In each configuration, at the lower
mass bit values (Mode II) the impulse bit and [ .J2d¢ are nearly constant within
the error of the measurements. As the mass bit increases to Mode I operation,
both the impulse bit and [ J2dt increase linearly together. The peak current in the
discharge also increases a large amount (nearly a factor of three in many cases) as
the mass bit is increased in Mode I operation. Although the general trend of [ J2dt
monotonically increasing with peak current should be expected, the duration of
the discharge must be getting shorter since the [ J2dt increases only linearly with
the peak current. In any case, the clustering in the data from Mode II operation is
apparent and can be used to determine the transition between the two modes.

In a more objective approach to determining the transition point, we examine
the [ J?dt and peak current as functions of mass bit. As shown in Fig. (5.18), in
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Figure 5.16: PT5 impulse bit as a function of energy per pulse and peak current as
a function of mass bit with argon propellant.
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Figure 5.17: Graphs of the impulse bit as a function of the integral of the current
squared and the same integral as a function of peak current. The data for all con-
tigurations clusters together in Mode II operation. A line on each graph shows the

trend of increasing mass bit.
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Mode II all the data points fit (within the error of the measurement) to a single
average value of [ J?dt that increases with both capacitance and energy. The next
higher mass bit value does not conform to this average value, instead showing a
larger [ J?dt that scales linearly with mass bit. In Mode I operation, the integral
of the current squared appears to be more dependent on the energy and not the
capacitance since the two 4 J cases have nearly similar values.

The peak current also remains nearly constant in Mode II and increases mono-
tonically with increasing mass bit in Mode 1. Although the peak current should
increase as the mass bit increases due to the reduction in discharge velocity, the
rate at which the peak current increases is not consistent with the rest of the data
set. As shown in Fig. (5.13) the exhaust velocity decreases only slightly in Mode I
operation. Therefore, we would expect that the dynamic load on the circuit from
the changing impedance of the current sheet would not change to a large extent
in Mode I. Certainly it should not change nearly as much as would be expected
in Mode II where the exhaust velocity increases rapidly with decreasing mass bit.
Also, it appears the peak current does not depend on capacitance in Mode II, but
it does depend on the energy. In Mode I operation the peak current increases with
increasing mass bit and depends on both the capacitance and energy. In fact, the
130 ©F, 4 J configuration has a higher peak current than the 270 ;iF, 4 ] configura-
tion. Since the initial voltage on the capacitor bank is much higher for the 130 uF
case, this suggests that the effective circuit impedance is decreasing significantly in
Mode I. More discussion of the operational mode transition point as well as how
the performance scaling compares to the models developed in Chapter 3 will be
presented in the next chapter. We now turn to experiments with PT9 where we test
the effects of a variable inductance-per-unit-length.

5.4 Measured Performance of PT9

The ninth-generation SRL-EPPDyL GFPPT, PT9, has been described in Section 4.2.2.
PT9 uses 10 cm long parallel plates with various widths and gaps to change the
inductance-per-unit-length which should affect the performance as described in
Chapter 3. Originally PT9 used pyrex sidewalls to provide optical access and
contain the discharge between the electrodes. It was soon discovered, however,
that the performance with the sidewalls was not as high as expected and, in fact,
showed almost no effect from changing the inductance-per-unit-length. Tests were
conducted using both helium and argon propellants to determine the influence of
molecular weight with and without the sidewalls. It was found that for argon, es-
pecially at low mass bits, the performance dramatically improved when the side-
walls were removed. The final database includes performance measurements from
PT9 without sidewalls with argon propellant over a wide range of operational pa-
rameters including changes in inductance-per-unit length.
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5.4.1 Effects of Sidewalls on Parallel Plate Performance

At first thought, the idea of using sidewalls to contain the discharge and direct the
plasma seemed appropriate. Performance measurements with and without side-
walls, however, show that the impulse bit and exhaust velocity are reduced by the
presence of sidewalls. This is especially true for the lowest mass bits where the
sheet velocity is the highest. Conversely, and more so with helium, the perfor-
mance at higher mass bits improves with sidewalls.

First, we begin by showing performance of PT9 with pyrex sidewalls using
argon propellant at 4 | per pulse in Fig. (5.19). In these graphs the behavior is
very similar to that seen in PT5 with two modes of operation and a transition near
0.5 png per pulse. This transition, however, is at a much lower exhaust velocity
(about 5 km/s) than the 130 pF, 4 J case from PT5 (about 18 km/s). Once again
there is an inflection point in the efficiency curve occurring at an exhaust velocity
value near 8 km/s. Below this point the efficiency increases linearly with the ex-
haust velocity at a relatively large impulse-to-energy ratio of 3.8 uNs/J. Then at
larger exhaust velocities, it also increases linearly with exhaust velocity, but at a
lower value of impulse-to-energy, 1.5 Ns/]. Another important point to notice is
that the efficiency does not change with a two-fold increase in inductance-per-unit-
length as would be expected from the performance scaling relations developed in
Chapter 3. In fact, in both cases of PT9 (130 uF, 4 J), the performance is very similar
to the 130 iF, 4 ] configuration of PT5. As this performance level was much lower
than expected, many possibilities were investigated including using a different
propellant and not using sidewalls at all.

Figure (5.20) shows the impulse bit measured from PT9b (1” by 1”7, 3.9 nH/cm)
with and without sidewalls using both argon and helium. It is clear that using
helium propellant with the sidewalls gives a higher impulse than using argon with
the sidewalls. This trend is reversed in the impulse measurements without the
sidewalls. The amount of the difference depends on the mass bit and propellant
type. For argon, there is a very large (> 150%) benefit at the smallest mass bits
(highest exhaust velocities) from removing the sidewalls. At the largest argon mass
bits there is less of a benefit. For helium there is a small benefit from removing the
sidewalls at the lowest mass bit; however, the impulse bit actually increases for
helium when the sidewalls are added above 0.5 ug per shot.

Figure (5.21) shows the efficiency and impulse-to-energy ratio of PT9b with and
without sidewalls, again using both argon and helium for propellant. The trends
in the data depend more on the presence or absence of sidewalls rather than the
propellant type. With sidewalls, the trends are very similar in character to those
measured with PT5. At lower exhaust velocities, the efficiency is constant and
the impulse-to-energy ratio decreases with increasing exhaust velocity. At higher
exhaust velocities the efficiency increases linearly and the impulse-to-energy be-
gins to reach an asymptote. Compared to argon, helium has a larger efficiency
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Figure 5.19: PT9 performance with pyrex sidewalls and two different aspect ratios.
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and impulse-to-energy ratio by close to a factor of 2.5 at the same exhaust veloc-
ity. Without sidewalls, the performance shows different trends. With both argon
and helium the efficiency increases linearly with exhaust velocity and the impulse-
to-energy ratio remains relatively constant. In this case, the argon performance is
consistently higher than the helium performance. Furthermore, the argon perfor-
mance without the sidewalls is significantly better than with the sidewalls over all
exhaust velocity values. This is not the case for helium where the performance is
similar at higher exhaust velocities and actually better with the sidewalls at lower
exhaust velocities.

These results suggest that two trends are competing depending on the mass
bit and molecular weight. It appears that for both argon and helium, as the mass
bit (and pressure) increases, the sidewalls may actually help to focus the exhaust
stream and the performance improves. This is more the case for helium which
has a larger thermal velocity for the same plenum temperature. Since the pulse
rate was kept constant with both propellants, the propellant utilization efficiency
may be much lower with helium, especially without the sidewalls. In that case,
a significant amount of helium may escape out of the electrode volume and not
be accelerated by the discharge at all. For argon, the time between pulses is not
long enough for a significant fraction of the propellant mass to escape the dis-
charge chamber. Without the sidewalls, the current sheet is not slowed down by
the interaction with an insulator surface, and the performance improves. With the
sidewalls, some of the ions moving at sheet speed will diffuse to the surface and re-
combine, effectively slowing to a much smaller thermal velocity determined by the
sidewall temperature. This kind of interaction would have the greatest influence
at the highest sheet velocities, which agrees with our data set.

Ion diffusion to the walls has been suspected before as a significant loss mech-
anism in magnetic shock tubes [87] and plasma guns [97]. Furthermore, if the
current is carried at all by the ions in these kind of discharges, then the cathode
surface could also be retarding the bulk motion of the current sheet. Regardless
of the physical nature of the retarding force, the negative effect for argon of hav-
ing any extra surface area’ exposed to the discharge is extremely apparent. For
that reason, it was decided that the performance of PT9 was best measured again
without sidewalls.

5.4.2 Effects of Varying Mass Bit and Inductance-per-unit-length

Without sidewalls, PT9 behaves very differently. First, the propellant utilization is
slightly less than unity because a small fraction of the propellant escapes from the
sides during propellant injection. Second, although the tops of the electrodes are

21t is interesting to note that in the cases with sidewalls (performance shown in Fig. (5.19)), both
PT9 with 2.8 nH/cm and PT9 with 5.9 nH/cm have the same surface area.
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insulated by pyrex, the sides of the electrodes are not due to the likely contact with
the discharge and the possibility of erosion. This open geometry can sometimes
allow spurious arcs, and, in general, more electromagnetic interference (EMI) that
can influence the performance and decrease the repeatability of the measurements.
Since the error in a given measurement is mainly based on the repeatability, the
errors in the PT9 performance measurements are larger than those found in PT5
data. In addition, current measurements from the derivative of the voltage trace
proved to be especially prone to EMI and had >25% error in some cases.

Changing the inductance-per-unit-length had a very noticeable effect on per-
formance. In Fig. (5.23) thruster performance is shown as a function of mass bit.
No sharply distinct modes of operation are apparent as in the data from PT5. In-
stead, as seen from Fig. (5.24), the efficiency increases monotonically with exhaust
velocity and the impulse-to-energy ratio remains relatively constant. At the lowest
mass bits, the trend in both efficiency and impulse-to-energy ratio appears to be in
a linear relation to the inductance-per-unit-length values presented in Section 4.2.3
for PT9. Perhaps the configuration with the highest surface area to volume ratio,
PT9a, has a slight “two mode” character as seen in PT5. The increase in impulse-
to-energy ratio at lower exhaust velocity, however, is not as pronounced as in PT5.
Again, the error bars in this plot are relatively large, but trends in the average
performance (as shown by the curve fits) are significant.

In the next chapter, we will examine the entire performance database with both
PT5 and PT9 in more detail. We will compare the measurements to the previously
developed models in order to obtain experimentally verified scaling laws.
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Figure 5.22: Thruster impulse bit and exhaust velocity as a function of mass bit for
PT9, 130 iF, 4 ], and with three different inductance-per-unit-length values.
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Chapter 6
GFPPT Performance Scaling

This chapter compares the models and measurements from Chapters 3 and 5. The
characteristic velocity, ¢/, and non-dimensional performance indicators, (u.)* and
(I/E)*, will be calculated for all the thruster designs to determine performance
scaling relations. The performance measurements will also be compared to the
results of the non-dimensional model. Finally, the important findings will be sum-
marized and the cause of the Mode I operation in PT5 will be investigated.

6.1 Evaluating Characteristic Parameters

The main design parameters for each SRL-EPPDyL GFPPT are the energy per
pulse, capacitance, initial inductance, inductance-per-unit-length, and mass bit.
All of these parameters can be condensed into just two that can effectively be used
to predict performance: the PPT Characteristic Velocity, ¢/, defined in Eq. (3.26),
and the non-dimensional dynamic impedance parameter, «, defined in Eq. (3.43).
Note that they are related in the following manner,

_1L°EC 16L E 1 61
“To2m T 9 Lemu® (61)
Both of these characteristic parameters are derived from easily measurable quan-
tities. The results of these measurements, along with values taken from Table (4.1),
are listed in Table (6.1). Note that larger values of U/ correspond to small ca-
pacitance and inductance-per-unit-length values. Larger values of o correspond
to larger values of capacitance, inductance-per-unit-length and energy as well as
smaller values of mass bit.

134
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H Thruster ’ C (uF) ‘ L' (nH/cm) ‘ U (km/s) ’ e H

@ | 130 2.8 94 0.33-2.8
PT5 (b) | 130 238 94 0.58 - 5.3
() [ 270 238 65 1.1-11.0
d) | 270 2.8 65 1.7-17.0
@ | 130 2.8 94 0.77-4.1
PT9 (b) | 130 39 67 1.5-12.0
(c) [ 130 5.7 46 43-35.0

Table 6.1: Characteristic parameters U/ and « for each of the seven variants of PT5
and PT9.

6.2 Results of Predictions and Measurements

The scaling trends identified in all three of the models have been summarized in
Chapter 3, Section 3.4. It is expected that the impulse bit should scale linearly with
the integral of the current squared, the impulse-to-energy should be independent
of the exhaust velocity, and the thruster efficiency should be linearly proportional
to the non-dimensional exhaust velocity. We will now evaluate these three predic-
tions one at a time.

6.2.1 Impulse Bit Scaling with [ J?dt

For a pulsed electromagnetic accelerator, the impulse bit should scale with the
time integral of the Lorentz force. Because the magnetic field is self-induced, the
impulse bit is predicted to scale linearly with the integral of the discharge current
squared. The proportionality constant should be related to the inductance-per-
unit-length.

Figure (6.1) shows the measured impulse bit as a function of the integral of the
discharge current squared for both PT5 and PT9. As mentioned previously, with
the open electrode design of PT9, deriving the current from the voltage waveform
was difficult due to EMI effects, and, consequently, the errors are large for that
measurement. All the data from PT5 shows a linear trend as expected, while only
parts of the data from PT9 follow a linear relationship. Also note that for PT5
the integral of the current squared and the impulse bit increase as the mass bit
decreases while both values stay relatively fixed for PT9. For PT5, the inductance-
per-unit-length is fixed and the slope of a line going through the data for each
configuration is very similar as expected. In PT9, the inductance-per-unit length
changes depending on the electrode set and there is a corresponding increase in the
impulse bit for the same value of [ J2dt. From Eq. (3.8) and Eq. (3.16) the impulse
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Figure 6.1: Impulse bit as a function of the integral of the current squared for both
PT5 and PT9 over a wide range of operational conditions.
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bit should be proportional to L' [ J2dt. This relation, with a coefficient of 1/3, has
been added as a dashed line to each graph. The data from PT5, again, follows a
similar linear trend, and most of the data from PT9 comes within the error bars to
the lines.

6.2.2 Energy-to-Impulse Ratio Scaling with Mass Bit

Graphs of the impulse-to-energy ratio as a function of mass bit for each thruster
have already been shown in Figs. (5.14) and (5.23). Here we begin by showing
the impulse bit as a function of mass bit for both thrusters in Figs. (6.2) and (6.3).
Notice that the impulse bit varies by a large amount depending on the capaci-
tance, inductance-per-unit length, energy, and mass bit. While PT5 shows the dual
modes of operation that were first pointed out in Chapter 5, PT9 does not. For PT5,
the impulse bit (and impulse-to-energy ratio) is not constant above about 0.5 g,
however, for PT9 it is almost constant over all the mass bits within the error of the
measurement.

Normalizing the impulse bit by the discharge energy and the PPT Character-
istic Velocity, U, yields the non-dimensional impulse-to-energy ratio as defined in
Eq. (3.63). Using this relation to display the data collapses all the curves with vary-
ing capacitance, inductance-per-unit-length, and energy effectively onto a single
curve for each thruster. In general, the trend of the impulse bit scaling with the en-
ergy level, the square root of the capacitance, and the inductance-per-unit length
is present throughout the data from both thrusters. Both thrusters have approxi-
mately the same value of (//E)* near 0.08 at the low mass bit values, but PT5 has
higher values at higher mass bit values. This trend will be examined in more de-
tail in Section 6.4, but for now it is important to notice that although there is an
increase, it is similar for all four cases. In PT9, the curves of (I/E)* have more
points in common at higher mass bits. The 1” x 1” configuration of PT9b seems
to have the highest value of (//E)* at the lower mass bits, possibly because it has
slightly more propellant to accelerate than in the case of PT9c with 1/2” wide elec-
trodes. As defined in Chapter 2, the propellant utilization efficiency for the 1” wide
electrode sets of PT9a and PT9b might be larger than that for PT9c. PT9b also has
a better electrode surface to volume ratio than PT9a or PT9c.

6.2.3 Efficiency Scaling with u. /U

Perhaps the most important prediction for the performance scaling of GFPPTs
is that the efficiency is expected to scale linearly with the exhaust velocity. This
trend was predicted by both the variable element model, Eq. (3.25), and the non-
dimensional model, Section 3.4. Except for Mode I operation in PT5, this is gener-
ally true from measured performance, as shown in Fig. (6.4). These graphs show
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the combined measurements for all seven configurations of the two GFPPT de-
signs. In the top graph, the curves are spread out depending on capacitance,
inductance-per-unit-length, and energy as the thruster efficiency is plotted ver-
sus the measured exhaust velocity. In the bottom graph, the thruster efficiency
is plotted versus the non-dimensional exhaust velocity, (u.)* = 3u./U. In that
graph, much of the data collapses within 10% of a single line. The implications of
this are simple: for the SRL-EPPDyL low-energy GFPPTs, the efficiency is almost
always related to the non-dimensional exhaust velocity regardless of capacitance,
inductance-per-unit-length, or energy. The largest deviations from this trend are
at high mass bit values in PT5, Mode I operation. There are also some slight devi-

ations in PT9 at higher mass bit values, especially for the 1” wide cases, PT9a and
PT9b.
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6.3 Comparing Non-Dimensional Model Results and
Measurements

The non-dimensional model developed in Chapter 3 showed that the thruster effi-
ciency, non-dimensional exhaust velocity, and non-dimensional impulse-to-energy
ratio depended mainly of the values of three parameters: the dynamic impedance
parameter, o, the critical resistance ratio, 1/, and the mass distribution parameter,
7, all defined in Section 3.2.3. For PT5 and PT9, o can be measured directly (see
Table (6.1)) and ~ can be estimated based on the propellant type, plenum tempera-
ture, and the time between pulses (roughly v = 0.3 for many of the configurations
tested here). The critical resistance ratio, however, is difficult to measure accu-
rately due to the unknown value of the effective plasma resistance in the circuit.
Although attempts were made to measure this quantity in PT9, once again the
open nature of the electrodes and the plasma itself interfered with the accuracy.
In a slightly easier measurement, the internal impedance of the 130 p:F capacitor
bank has been measured near 3 m{2 (see Section 4.1.2) which would yield a value
of ¢ ~ 0.2. As shown in the next three subsections, however, values of ¢ slightly
greater than unity match the performance measurements more closely. This would
imply that the total resistance of the circuit is greater than the internal impedance
of the capacitor bank, and that the effective plasma resistance plays an important
role in determining . If ¥ > 1, the effective plasma resistance must be at least
15 m(2. This value seems plausible, especially considering that the peak current
does not reach above 10 kA in most tests of both PT5 and PT9. This may also be
related to the low-voltage nature of these GFPPT discharges. More discussion on
the impact of the effective plasma resistance is given in Section 6.4.4.

Besides a large plasma resistance, another possibility is that the profile and
sweeping efficiencies (which are not included in these models) are significantly
less than unity. In that case, the linear scaling of the thruster efficiency with ex-
haust velocity would still be present, but the magnitude of the slope may be much
less. For now, we will leave the critical resistance ratio as a free parameter and
use our measured performance and measured values of the dynamic impedance
parameter, o, to examine the performance scaling. We will find that although the
measured performance and the model predictions do not match exactly, many of
the measured trends are apparent and agree with theoretical predictions.

6.3.1 Thruster Efficiency

Thruster efficiency as a function of the dynamic impedance parameter is shown
in Fig. (6.5) for both PT5 and PT9. For almost all the conditions except Mode I
operation in the PT5 data, both graphs show general agreement with the expected
trends (shown by the dashed lines for various values of /) with a critical resistance
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ratio value somewhere between one and four.

In the PT5 data set, Mode I operation (constant efficiency at small values of «)
does not follow the predicted trend. This higher than expected performance could
be a result of a decreasing v’ value as explored further in Section 6.4.4. In Mode II
operation, the efficiency follows the predicted trend fairly well, although it has a
slightly steeper slope than that for the ¢y = 4.0 prediction. The steepness of the
prediction curve is due mainly to the value of the mass distribution parameter. As
seen in Chapter 3, Figs. (3.9), (3.12), and (3.15), slightly different mass distributions
with more mass located towards the breech of the thruster could lead to a slightly
steeper slope. The disparity could also be a result of a slight sweeping or profile
loss that is not accounted for in this model.

For the PT9 data set, there is more deviation from the predicted trends. Again,
much of the data falls between within a range of the dynamic impedance parame-
ter, 1 < ¢ < 4. At lower mass bit values, the configurations with larger values of
inductance-per-unit-length (PT9b and PT9c) have a slightly steeper slope than the
predicted curves. Again, this could be due to a slightly different mass distribution
at different mass bit levels or due to a changing value of .

6.3.2 Non-Dimensional Exhaust Velocity

The non-dimensional exhaust velocity (shown in Fig. (6.6)) shows a similar behav-
ior to that found in the thruster efficiency comparison. There is reasonably close
agreement between predicted and measured trends (within a factor of less than
two) for PT5 Mode II and most of the PT9 data. For PT5 Mode I operation, once
again, the measured exhaust velocity is slightly higher than the predicted trends
with a constant value of ¢ ~ 4. Although the predicted curves of (u.)*) show a
slight decrease in slope at lower values of «, this change in the slope is not exactly
reflected by what is found in the measurements. This effect is possibly due to the
finite length of the electrodes or a variable plasma resistance as a function of mass
bit as explored further in Section 6.4. Still, considering the simplified nature of the
model, the trends between the predictions and measured values are in relatively
good agreement.

6.3.3 Non-Dimensional Impulse-to-Energy Ratio

Here again, as expected, we observe a very similar situation to what was found
previously for the thruster efficiency and non-dimensional exhaust velocity (see
Fig. (6.7)). Both the data from PT5 in Mode II and the majority of PT9 data match
well with the predicted trends for i) values between one and four. In this case,
perhaps more than the others, Mode I operation for PT5 seems to be a result of a
decreasing 1 value as o decreases (mass bit increases.)



CHAPTER 6. GFPPT PERFORMANCE SCALING

o W=04 .. e
.| PT5.28nH/cm a0 e
—— 130 pF, 2]
2+ —— 130 uF, 4] .-~ 4.0 .-
. —— 270 uF, 4] .
9 —=-270uF, 6] g .
g 014 .- . .-
g 1 - 8.0
9 ’
& 6
M 54
— PR . P
v 4+ JPts K .
& ~" Modell -
5 34 _.-° .
= - R
= 24 Mode I .- :

PE e

PT9,1 F. 4 . .-
5 e 28nH/cm .-~
v 39nH/cm_.~ 4.0 .-
. B 57nH/cm . Lo
U .- K
g 01—_ _______ L. 50
o=t -1 . .
9 ]
H 6
= 5
g 4-
=5 34 .7 o
= e R
<
= 24 .
0.01— &4 K
6
5 . o
I 1 1 rrrrri I 1 1 rrrrri I 1 1 rrrrri I
2 3 4567 3 4567 2 3 4567
0.1 1 10 100

Dynamic Impedance Parameter, o

144

Figure 6.5: Thruster efficiency, 7, as a function of the dynamic impedance pa-
rameter, . The measured results are shown with error bars while the predicted
level-curves are shown as dashed lines with the critical resistance ratio, v, as a

parameter.
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6.4 Possible Explanations for Mode I

As seen in almost all the comparisons between measurements and models, the
largest discrepancies occur for PT5 in Mode I operation. In this mode, the effi-
ciency is relatively constant with exhaust velocity and the impulse-to-energy ratio
increases with increasing mass bit value. We will consider four different explana-
tions for the higher than predicted performance: 1) electrothermal energy recovery,
2) finite electrode length effects, 3) increased profile or sweeping efficiency, and/or
4) a decrease in the effective plasma resistance at higher mass bit values. The real
explanation could be a combination of these effects which we will now explore one
at a time.

6.4.1 Electrothermal Energy Recovery

At higher mass bit values, the number density and pressure are higher and the
mean free path is correspondingly lower compared to Mode II operation. If any
electrothermal energy is to be recovered at all, it would be at these conditions.
The scaling relations suggested for a thruster where electrothermal acceleration is
dominant, however, are quite different (see Ref. [64] for example). In such a case,
the impulse bit would be expected to scale with the square root of the discharge
energy-to-mass bit ratio and not to depend directly on capacitance or inductance
change. This is a result of the proportional relationship between the energy de-
posited in the plasma and the integral of R.J?. Furthermore, the efficiency of a pure
electrothermal accelerator is expected to be constant over wide range of energy,
exhaust velocity, and mass bit values. While the efficiency for PT5 is indeed inde-
pendent of mass bit and exhaust velocity at high mass bit values (i.e. Mode I), it
does show a dependence on energy.

More evidence that is contrary to this explanation is the relation between the
impulse bit and integral of the current squared, as shown in Fig. (6.1). For an elec-
trothermal thruster, the exhaust velocity and hence the impulse bit should scale
as the square root of the integral of the current squared. Clearly this is not the
case with the measured trends having more of a linear character as would be ex-
pected from electromagnetic acceleration. In addition, even at mass bit values that
clearly fall into Mode I operation, the impulse-to-energy ratio was constant over
a wide range of energy values as shown in Fig. (5.16). This is characteristic of an
electromagnetic accelerator, not an electrothermal one. Therefore, although some
electrothermal energy may very well be recovered in these discharges at higher
mass bits, the amount is believed to be minor and not enough to completely ex-
plain Mode I operation.



CHAPTER 6. GFPPT PERFORMANCE SCALING 148

6.4.2 Finite Electrode Length Effects

Chapter 3 described and predicted the effects due to the electrodes having a finite
length. At high mass bit values in Mode I operation, the discharge may not reach
the end of the electrodes by the time the capacitor is fully drained. As the mass bit
value increases, the discharge is not able to propagate as far down the electrodes
before the discharge is complete. As shown in Fig. (3.12), for a uniform mass distri-
bution the efficiency stays relatively constant until the point where the discharge
tinally begins to reach the end of the electrodes. It then increases sharply until the
actual electrode length is near the predicted optimal length. Although this trend
is apparent in Fig. (6.5), the value of a which marks the transition from Mode I to
Mode Il is variable. This is not predicted by the model, where the transition would
have to occur at a single value of « for a set value of ¢. In addition, the actual
mass distribution in PT5 is far from uniform. For a more likely mass distribution,
as seen in Fig. (3.15) for v = 0.3, the effect of finite length electrodes is much less
pronounced. This is due to most of the mass being swept up at the beginning of
the discharge, near the breech of the thruster, which would occur for all but the
smallest sheet velocities. Indeed, at velocities below 20 km/s, the discharge may
not reach the end of the electrodes before the capacitor is fully drained. With an
exponential mass distribution, however, the effect should be minor.

6.4.3 Increased Sweeping and Profile Efficiencies

Since the profile and sweeping efficiencies have not been measured directly, it is
difficult to determine if an increase in one or the other is indeed the cause for the
higher than expected performance. In previous studies of current sheet structure
in argon discharges, it has been noticed that the sweeping efficiency increases with
increasing current rise rates [2,53]. An empirical rule of thumb is that 10! A/cm-
s over the span of the current sheet is required for 100% sweeping efficiency [2].
Most of the low-energy SRL-EPPDyL GFPPT discharges presented here fall just
below this 10'° A/cm-s cut-off. As seen in Fig. (5.18) the peak current does indeed
increase as the mass bit value increases which could imply that the sweeping ef-
ficiency is improving. Still, as found in Chapter 3, the impulse should not depend
on how the mass was swept up at a fixed energy. In other words, although the
thruster efficiency should be sensitive to the sweeping efficiency, the impulse-to-
energy ratio should not. In addition, both Ref. [53] and Ref. [58] showed that the
sweeping efficiency decreased for higher mass bit values.

As far as the possibility of an improvement in the profile efficiency in Mode |,
once again the literature points toward the opposite trend from one that is ob-
served with mass bit and pressure. Using an inverse z-pinch device, Johansson
found that the tilting of the current sheet increased for higher mass bit values Ref. [58].
Although the profile efficiency should effect both the thruster efficiency and the
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impulse-to-energy ratio, it appears to have the opposite trend. This suggests against
the possibility of an increased sweeping or profile efficiency.

6.4.4 Decrease in Effective Plasma Resistance

Another possibility is based on the potentially changing value of ¢ with the mass
bit (which is related to the initial propellant density). As apparent in all the com-
parisons between predicted and measured performance, as the mass bit increases,
the measured performance moves closer to values that are predicted by smaller
critical resistance ratios. As the initial inductance and capacitance are fixed, this
would imply that the effective resistance in the circuit (capacitor internal impedance
plus plasma resistance) is decreasing as the mass bit (and density) is increasing.
Once again we turn to Fig. (5.18) to see that the peak current also increases at
higher mass bit values. In fact, the mass bit cut-off between a constant peak cur-
rent value and where the peak current values begin to increase agrees well with
the transition points found in the comparison graphs presented in the previous
section. As expected, and found in previous experiments (Refs. [87,98]), as the
energy and current increases, the effective plasma resistance drops. A decreasing
value of 1) for the observed increasing performance of PT5 in Mode I operation is,
therefore, the most consistent explanation with all the observed trends presented
here and in the literature.

6.5 Summary of Chapter 6

This section has used performance models and measurements to examine the per-
formance scaling of low-energy GFPPTs over a wide range of operating conditions.
The following summary and conclusions can be drawn from this study:

e The thruster efficiency is proportional to the exhaust velocity and PPT char-
acteristic velocity for the mass bit and « values tested here,

u 1, /C _
ntO(asz L_O Ue.- (62)

e The exhaust velocity is proportional to the dynamic impedance parameter,
a", where 0.5 < n < 1, depending on the mass distribution prior to the
discharge and the dynamic efficiency.

e The non-dimensional impulse-to-energy ratio, (I/E)*, is relatively constant
for o values of practical interest and for a fixed value of the critical resistance
ratio, 1.
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e For the low-energy SRL-EPPDyL GFPPTs studied here, the effective plasma
resistance seems to be significant. Values of 1) between one and four provide
predictions from a non-dimensional model that closely match performance
measurements within a factor of two.

Perhaps the largest remaining question to be answered about GFPPT perfor-
mance scaling is how the thruster performs at higher energy levels and with dif-
ferent propellant types. The effect of these parameters on the value of ¥ and the
corresponding values of the performance would be important to study in future
work on GFPPTs. This and other conclusions are presented in the next chapter.



Chapter 7

Conclusions

This chapter comprises the conclusions based on the work presented in Chapters 1-
6. First, we restate the need for the development of GFPPT performance scaling
relations and outline the goals of this research work. Next, we summarize the
important findings from each chapter, and, finally, suggest future GFPPT design
considerations and research topics.

7.1 Determining Experimentally Verified Performance
Scaling Relations

To design and optimize a GFPPT for a particular mission or maneuver, its effi-
ciency, exhaust velocity (specific impulse), and impulse-to-energy ratio must be
predictable over a wide range of operating conditions. This implies that the influ-
ence of the mass bit, discharge voltage, capacitance, energy, initial inductance, and
electrode geometry on performance is known with some certainty. The difficulty
of developing such performance scaling relations is due to the complex nature
of the GFPPT discharge dynamics, the large number of variable parameters that
could influence the performance, and the lack of a previously measured perfor-
mance database that spans over a wide range of operating conditions. To be of any
benefit, a set of performance scaling relations must be developed from a model
that is based on the fundamental acceleration processes and subsequently verified
empirically. Completing this task is the main topic of this dissertation work.

7.2 Research Goals and Activities

The goal of this research has been two-fold: 1) to derive useful performance scal-
ing laws for low-energy GFPPTs, and 2) to experimentally verify them with per-
formance measurements over a wide range of operational conditions. In order to

151
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derive a complete set of performance scaling relations, a series of theoretical mod-
els have been developed with the following qualities:

1.

Consecutive models were developed with increasing complexity so that the
results of the most intricate model can be understood in terms of the more
elementary relations.

The dynamics of the discharge have been modeled in detail while the more
complex plasma physics including the conductivity, radiation, and internal
mode losses have been condensed into a single effective resistance term.

. The number of free parameters has been reduced to a minimum by a non-

dimensional approach to the problem.

The non-dimensional model has been explored over a wide range of input
parameters to identify global scaling trends.

To test the validity of the models, the performance of two specially designed
GFPPTs has been measured in carefully controlled experiments. The performance
measurements and GFPPTs have been designed so that:

1.

Contamination from background gases in the vacuum facility did not affect
the measured performance of the GFPPTs.

The discharge initiation was symmetric and nearly uniform for each test.

. PT5 and PT9 tested the effects of changing capacitance and inductance-per-

unit-length, respectively.

Each time a single operational condition (C, L' myy, Vi, etc.) was changed,
the others remained fixed so that the experiment is controlled.

. The performance of each operational condition was measured at least twenty

times to insure accuracy.

The results from the models and the performance measurements will now be
summarized in the next section.

7.3 Summary of Findings

In this section we summarize the results of this dissertation work by dividing them
into three categories: 1) predictions from models, 2) performance measurements
from PT5 and PT9, and 3) a comparison of the models and the measurements.
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7.3.1 Derivation of Scaling Relations

Three models with increasing complexity were developed to provide performance
scaling relations in Chapter 3. The first model used an effective circuit relation with
tixed elements to show that the highest energy transfer efficiency comes from using
a nearly-critically damped current waveform. This was explored further in the
second model where the inductance and mass were allowed to vary throughout
the pulse, and the critical resistance ratio, ¢/, was constrained between 0.3 and 3.0.
The results from the second analytical model are as follows:

o The efficiency is expected to scale linearly with the ratio of the exhaust veloc-

ity to the GFPPT characteristic velocity, U,

Y

3 [Lg R [C
f\/;, @z):E\/LiO. (7.2)

e The exhaust velocity is expected to scale with a set of parameters that de-
pends on the mass distribution. These parameters are also found in the non-
dimensional model as the dynamic impedance parameter, «.. For a slug mass
distribution, the expected scaling is,

Ue _
= e Ve (7.1)

where,

u

Ue = E E e’\/; = 2Ugy e’\/;, (7.3)
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and for a uniform mass distribution, the expected scaling is,
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where,

(7.5)

The third model used a non-dimensional approach to reduce the number of free
parameters by half. Furthermore, as compared to the previous model, no assump-
tions where made about the current waveform type or the inductance profile, an
exponential mass distribution was used to simulate the conditions more accurately,
and the electrodes were allowed to have a flared geometry. The consequent set of
coupled, non-linear differential equations was solved numerically and yielded the
following results (taken from Section 3.4):
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e Small values of ¢ have the highest values of efficiency and the non-dimensional
impulse-to-energy ratio, (I/E)*.

e Asin the variable element model, for o < 10, the efficiency is linearly propor-
tional to the non-dimensional exhaust velocity, (@.)* = 3u./U, which is not a
strong function of 1 or the electrode length.

e For ¢ < 0.3, there is an optimum efficiency between 1 < ar < 10.

e Using a finite electrode length changes the exact value of the efficiency, but
the scaling relations are generally intact.

e Using a flared outer electrode has mixed, and only slight benefits, depending
on .

7.3.2 Performance Measurements

The performances of PT5 with variable capacitance and PT9 with variable inductance-
per-unit-length were measured over a wide range of argon mass bits. For PT5, four
cases with different capacitance and energy levels were examined: a) 130 xF, 2 ],
b) 130 uF, 4], ¢) 270 pF, 4 ], and d) 270 pF, 6 J. The inductance-per-unit-length, L,
for PT5 was kept constant at 2.8 nH/cm. For PT9, three cases with different values

of L' were evaluated: a) 2.8 nH/cm, b) 3.9 nH/cm, and ¢) 5.7 nH/cm. The capaci-
tance and energy per pulse for PT9 were fixed at 130 iF and 4 ]. In all seven cases,
10 mass bit values between 0.2 — 2.0ug were used to span over a large range of
exhaust velocity values.

For PT5, two modes of operation were identified. Mode II operation occurs at
the lowest values of mass bit and highest values of exhaust velocity. In this mode,
the efficiency scaled linearly with exhaust velocity, as expected. Mode I operation
occurs at the highest values of mass bit and the lowest values of exhaust velocity.
In this mode, the efficiency remained constant with exhaust velocity, providing
better than expected performance. The increase in performance is suspected to be
caused by a decrease in the effective plasma resistance, and consequently a smaller
1y value. The transition point between the modes is determined by the current level
in the discharge. In Mode II, the current level remained relatively fixed and was
determined solely by the energy per pulse. In Mode I, the current increased with
increasing mass bit. In both modes, the performance increased with the square-
root of capacitance, and the impulse-to-energy ratio remained nearly constant over
different energy levels.

For PT9, a large increase in performance was observed when the insulating
sidewalls were removed. With the sidewalls in place, the performance did not
depend on the inductance-per-unit-length. Without the sidewalls, the performance
scaled linearly with the inductance-per-unit-length as expected. The two modes of
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operation that occurred in PT5 were not observed in PT9. PT9c, which had 1/2”
wide electrodes separated by a 1” gap and an L' = 5.7 nH/cm, had the best overall
performance with an efficiency of 25% at an exhaust velocity of 85 km/s (8700 s
I,,) and an impulse-to-energy ratio of 6 Ns/J.

7.3.3 Comparison of Measurements and Models

The following trends were noticed when the performance measurements were
compared to the theoretical models:

1. The thruster efficiency is indeed proportional to the ratio of the exhaust ve-
locity to the PPT characteristic velocity for both PT9 and PT5 in Mode II op-
eration (See Fig. (7.1)).

2. The thruster efficiency also increases gradually with a. The measured per-
formance trends for PT9 and PT5 in Mode II operation match the predicted
trends for 2 < < 4 (See Fig. (7.2)).

3. The exhaust velocity is proportional to the dynamic impedance parameter,
a", where 0.5 < n < 1, depending on the mass distribution prior to the
discharge and the dynamic efficiency.

4. The non-dimensional impulse-to-energy ratio, (I/E)*, is relatively constant
(near 0.1) for a values of practical interest (between 1-10) and for a fixed value
of the critical resistance ratio, .

5. For the low-energy SRL-EPPDyL GFPPTs studied here, the effective plasma
resistance plays an important role in determining performance. Values of 1
between one and four provide predictions from the non-dimensional model
that match measured performance trends within a factor of two.

Although there is generally good agreement between the models and the per-
formance measurements over certain ranges of operation, the critical resistance ra-
tio, ¢, remains difficult to determine from a measurement of the internal impedance
of the capacitor bank alone. As discussed further in the last section of this chapter
on the future directions of GFPPT research, understanding the effective resistance
of the plasma is paramount to determining and reducing 1) which should improve
performance.

7.4 The Next Generation GFPPT Design

The performance scaling relations found in this dissertation suggest that a GFPPT
should be designed with the largest inductance-per-unit-length and capacitance
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possible. Both of these parameters, however, cannot extend beyond some reason-
able limits whereby other effects such as a reduced propellant utilization efficiency,
profile losses, or increased power conditioner mass, for example, start to have a
greater influence. We will now examine the maximum limits of the inductance-
per-unit-length and capacitance in the next two sections.

7.4.1 Parallel-Plate vs. Coaxial Electrodes

As shown in Fig. (4.8), for coaxial electrodes to have a value of L equal to that of
a parallel-plate electrode set, its outer-to-inner radius ratio must be approximately
ten times larger than the corresponding height-to-width ratio. For example, to
have L' = 5.7 nH/cm, as in the PT9c configuration, a coaxial electrode set would
have to have a radius ratio of 18. Unless the inner electrode is very slim, the outer
electrode, in many cases, would have to be quite large and possibly massive. The
radius of the inner electrode also has a lower limit due to the probability that large
current densities can cause a significant amount of erosion. Initiating the discharge
uniformly with a large outer electrode could also be a problem. Finally, because
the Lorentz force is proportional to 1/r? in a coaxial thruster, a slim inner electrode
could cause a significant non-uniform acceleration that would tilt the current sheet.
Although other effects such as canting (see Ref. [60]) can also influence the current
sheet profile, a slim inner electrode could lead to large profile losses.

A coaxial set of electrodes has the advantage that all the propellant injected
before the discharge is contained. This is not the case, however, for a parallel-
plate set of electrodes. As the height-to-width ratio increases, more and more of
the propellant escapes the discharge volume before the pulse. Although sidewalls
can contain the propellant before the discharge, they have been shown to signifi-
cantly reduce the performance. If the electrodes are made wide enough to capture
almost all of the propellant, the height of the gap between them could make uni-
form discharge initiation difficult. Furthermore, the profile of the current sheet in
parallel-plate thrusters has been shown, in many cases, to be non-planar. The cause
of the canting is currently under investigation, but the impact on performance is
obviously detrimental. Finally, the open nature of the parallel-plate design allows
the plasma to escape outside the intended discharge volume. Extreme care must
be taken to insulate nearby electrically conducting surfaces to prevent the arc from
attaching to undesirable locations.

For many of the reasons mentioned above, we believe that a coaxial set of elec-
trodes could be the most desirable from a system point of view. First, coaxial elec-
trodes contain the discharge and magnetic fields, and, although a uniform initia-
tion may be difficult to accomplish, it is not impossible. Second, the profile losses
from a non-uniform Lorentz force may be combated by the canting effects that
have been noticed in GFPPTs. If the inner electrode is designed to be the cathode,
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it could be made quite slim (to the limit where current density and erosion are still
tolerable) with the overall profile losses not being as important as the performance
gain from a higher inductance-per-unit-length. Obviously, more experiments with
coaxial electrodes testing various inner electrode radii need to be conducted. In
any case, we believe this is the direction for future GFPPT designs.

7.4.2 The Optimal Value of Capacitance

Besides the performance scaling, the value of capacitance mainly effects the mass
of the thruster and power conditioning hardware. This is because larger capac-
itance values lead to a more massive energy storage device and larger charging
currents unless the charging time is increased. Larger values of charging current
require a more massive power processing modulator. Conversely, longer charg-
ing times allow more propellant to escape the discharge volume before each pulse,
thus reducing the propellant utilization efficiency. For this reason, larger values
of capacitance dictate longer (and potentially wider electrodes for parallel-plate
thrusters), more massive electrodes. Although the axial extent of the propellant
column before the discharge also depends on the molecular weight and the plenum
temperature, long electrodes may also be required because the duration of the dis-
charge increases with increasing capacitance. Finally, the capacitance level also
effects the critical resistance ratio. Depending of the effective plasma resistance,
the capacitance level should not be increased beyond the point where 1) becomes
much greater than unity.

The relationship between the capacitance and the mass of the power process-
ing hardware needs to be investigated further before the optimal capacitance level
can be determined explicitly. Still, the benefit of a higher capacitance has been
shown both theoretically and experimentally. With that in mind, the largest possi-
ble capacitance should be used while keeping the propellant utilization efficiency
near 100%. For the GFPPTs studied in this dissertation with argon propellant, the
maximum capacitance is close to 270 pF.

7.4.3 Additional Design Guidelines

In Section 1.3.1, we found that the optimal exhaust velocity is often close in value
to the PEP velocity, V, a solely technology dependent parameter,
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This final relationship should be expected since the payload mass fraction increases
with greater performance if the efficiency is linearly proportional to the exhaust
velocity. In other words, a larger optimal exhaust velocity leads to more payload
mass. For typical values of N, ., etc., the optimal exhaust velocity is between
10 and 100 km/s.

It is interesting to note that the lifetime of the device and the specific mass of
the capacitors play as important of a role as the GFPPT Characteristic Velocity,
U, in determining the optimal mass of the propulsion device. This, along with
other trends found in the data, suggest other important guidelines for designing
GFPPTs:

e Any change in a GFPPT design which results in higher performance should
also be judged on its effect on the lifetime and specific mass of the thruster.

e The fixed masses: electrodes, packaging, etc. should be kept as small as pos-
sible, especially for high exhaust velocity values where the propellant mass
will be a small fraction of the spacecraft.

e Care must be taken to minimize the surface area of any insulator that is ex-
posed to the discharge to minimize wall losses and erosion.

e Discharge initiation plays a critical role in determining the performance and
lifetime of GFPPTs. New low-mass discharge initiation schemes that pro-
vide a reliable, uniform, and symmetric breakdown need to be investigated
turther.

7.5 Future Directions in GFPPT Research

Again, perhaps the largest remaining question to be answered about GFPPT per-
formance scaling is how the thruster performs at higher energy levels and with
different propellant types. The effect of these parameters on the value of the crit-
ical resistance ratio, v, and the corresponding values of the performance will be
important to study in future work on GFPPTs. In general, understanding how the
effective plasma resistance and 1 scale with mass bit, energy, current level, and
geometry is important, and will involve detailed studies of the plasma physics
involved in the discharge.

Two other important research areas involving GFPPTs are currently being stud-
ied at EPPDyL. They include investigating the scaling of the profile and sweeping
efficiencies in parallel-plate thrusters using various propellants [60], and investi-
gating a new discharge initiation scheme that could provide a more uniform, sym-
metric breakdown with less erosion.
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From the scaling relations and performance data presented in this thesis, GF-
PPTs could be made useful for a variety of missions. Unfortunately, the ultimate
performance of these low-energy GFPPTs is not as good as other electric propul-
sion systems (such as the Hall or ion thrusters) that operate above 1 kW. Yet in
missions where the power is limited or the propellant type is unique, the perfor-
mance of GFPPTs may be significantly better than other alternatives. Furthermore,
its low impulse bit capability may be valuable for missions where fine-pointing
maneuvers are critical. Still, with its relatively low impulse-to-energy (or thrust-
to-power) ratio and high exhaust velocity (specific impulse), the use of GFPPTs
will probably be limited to missions that have large AV requirements and maneu-
vers that do not have short time constraints. With all this in mind, GFPPTs could
prove to be very useful for DARPA’s Orbital Express mission where water vapor
will be available as a propellant, constellations of small satellites such as the Ter-
restrial Planet Finder that will need to stay in a vary precise formation, and deep
space exploration missions such as the Pluto Fly-By or Europa Orbiter that will use
low-power nuclear sources because of a lack of solar power.

With more research investigating the nature of the conductivity in the current
sheet, the cause of canting and profile loses, and potential alternatives for better
discharge initiation, GFPPTs could be made useful for even more missions in the
future.



Appendix A
Detailed History of GFPPT Research

This appendix provides a detailed account of the prior research related to GFPPTs,
both theoretical and experimental. Although the focus is on performance scaling
studies, other, more general research regarding GFPPTs is also included in the last
section on current sheet structure.

A.1 Theoretical GFPPT Performance Studies

Researchers in almost every program studying gas-fed pulsed plasma thrusters
used an acceleration model that consisted of an effective circuit equation repre-
senting the discharge elements, and a momentum equation that usually included
a coupling term between the motion of the discharge and the effective driving cir-
cuit. It is this driving term that makes the one-dimensional, ordinary differential
equation set non-linear. This also makes the equations impossible to solve analyt-
ically without making some severe approximations to uncouple the equations. In
general, there are two classes of solutions, those using a constant mass (a “slug”
mass approximation) and those including the sweeping up of mass as the cur-
rent sheet progresses like a “snowplow.” Whereas much of the previous work has
focused on using one or two solutions of the equations that match a particular ac-
celerator configuration, the final approach developed in Chapter 3 encompasses
solutions to many different cases. The purpose there was to identify scaling trends
that can be verified experimentally over a wide range of conditions. In this section,
we will review the previous work in more detail.

In one of the first papers presenting an acceleration model for linear plasma
thrusters, Mostov and others at Republic Aviation used a non-dimensional slug
model for the propellant, thus eliminating any dynamic efficiency effects [42]. As
in similar models of this type, they did not include any effects of plasma resis-
tance, wall effects, or radiation, considering them to be insignificant losses. They
did include, however, a linearly distributed resistance for the electrodes as their

161
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early devices had quite long geometries. They developed two cases depending on
the duration of integration, yet they did not require a computer to solve the equa-
tions. Their “long time” model used asymptotic analysis to integrate the circuit
and momentum equations out to an infinite time later. As any solution to the these
equations provides a damped current waveform, the current will be zero and the
velocity will be constant at the end of an infinite integration period. Using this
technique, the energy stored in the magnetic field and capacitor are also, by defi-
nition, non-existent at the end of the integration. At t=cc the relation given for the
efficiency is,
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This “long time” solution includes the effects of changing inductance, but it does
not include the effects of crowbar discharges typically found in accelerators with
an oscillatory current waveform.

The “short time” model assumed that the sheet motion was weakly coupled to
the external circuit, i.e., that the inductance was constant over the first half-cycle of
the current. This assumption makes the problem linear with separate, analytical
solutions to the circuit and momentum equations. Again assuming a slug mass
with a constant resistance for the electrodes,
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Solutions including the effects of a linearly increasing electrode resistance intro-
duced only a small correction, and, more importantly, provided an optimal initial
inductance for the best performance,

R2C
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where L is in Henrys, C is in Farads, and R is in Ohms. Below this value, the
performance was seen to be relatively constant or decrease slightly with L, while
above this value the performance dropped off considerably. It is interesting to
note, however, that the initial inductance does not enter into either of their effi-
ciency scaling relations, presumably because it has been set at this optimum value.
In addition, setting the initial inductance to this value leads to considerably over-
damped current waveforms with ¢y = 3/2. Both Eq. (A.1) and Eq. (A.2) show a
monotonic increase in efficiency with increases in inductance-per-unit-length and
energy, and decreases in mass bit and external resistance. The relative effect of
each of these parameters, however, is slightly different in the two equations.

In a NASA Lewis technical report, Ref. [80], another slug model which was
non-dimensional included a slight snowplow-like effect for mass that was eroded
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from the electrodes and accumulated as the current sheet progressed. As can be
expected, the performance in this model strongly depended on a mass ablation
coefficient that determined the ratio of ablated mass to injected propellant mass.
The overall trends, however, showed a familiar global result with the highest pre-
dicted performance corresponding to large values of inductance-per-unit-length,
initial voltage, and capacitance as well as small values of initial inductance,
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where £ is the ratio of the ablated mass to the propellant mass.

The earliest (and perhaps most frequently referenced) work which proposed
that the current sheet acts like a “snowplow” can be found in Ref. [81] where
Rosenbluth examined an infinitely thin sheet with infinite conductivity in a z-
pinch device. In research at Princeton, a similar model was used to investigate
the sweeping efficiency and crowbar breakdown timing [53]. There a parameter,
B3, was found to determine many aspects of the discharge dynamics,
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where @)y is the initial charge on the main discharge capacitor bank, py is the ambi-
ent density before the pulse, m is the total propellant mass in the z-pinch chamber
before the pulse, r( is the outer radius of the z-pinch, and £ is the height between
the electrodes. In Eq. (A.5), the sign of beta has been reversed to remove the inward
(negative radial direction) motion of the current sheet in the z-pinch geometry. Ex-
perimental measurements of the pinch time and current showed that the pinch
occurred before subsequent crowbar discharges for |3| > 0.2 over a wide range of
ambient density and discharge energy values. The sheet speed was, in general, ob-
served to depend on the square root of the energy-to-mass ratio [52] with all other
parameters constant, which implies,
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Although this scaling relation was not developed in either reference, and no im-
pulse measurements were made to confirm this efficiency scaling, it does follow
from their modeling and experimental results. As discussed in Ref. [53], the 3
parameter also seemed to effect the sweeping efficiency with higher beta values
leading to more effective, snowplow-like behavior.
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In 1962, Hart examined both a slug and uniform mass distribution with a vari-
able current sheet thickness and finite conductivity [37]. He used a computer to
numerically integrate the equations simultaneously for three cases corresponding
to the three thruster geometries he was testing. He showed, as expected, that when
compared to uniform distributions, not as much energy goes into internal modes
of the plasma for slug-like distributions. Current waveforms predicted from this
model were close to critically damped in character, indicating a large rate of in-
ductance change which, in reality, would require long electrodes. In the uniform
mass distribution, Hart found very different current waveforms depending on gas
density. He also showed that a snowplow model could be modified slightly to
account for the finite thickness of the current sheet and the gradually increasing
magnetic fields within the sheet. The correction factor turned out to be small un-
less the thickness of the current sheet was almost on the same order as the thruster
electrode length. This is not the case in almost all the capacitively driven thrusters
examined experimentally.

In the most advanced “circuit-model” studied before this research work, Michels
(again at NASA Lewis) combined a non-dimensional model with a parametrically
distributed propellant mass that varied between a uniform fill or a slug mass [43].
As opposed to previous work, this model used the final conditions (inductance,
current sheet position, etc.) to normalize the equations, thus removing the diffi-
culty of determining the end of the integration. He included terms for ionization
energy losses, radiation losses, wall drag due to ion diffusion, and heat transfer
from the plasma to the electrodes by adding a plasma energy equation to the nor-
mal circuit and momentum equations. This formulation required the following
assumptions:

e The “wall drag” included the loss in forward momentum from ions diffusing
to the walls and recombining. The amount of diffusion was based solely on
plasma temperature and not current conduction.

e The internal energy of the plasma and all the associated loss mechanisms
were only a function of temperature. Energy is transferred to the plasma from
the mass accumulation process and ohmic heating. Energy was assumed to
be lost from the plasma through heat conduction and ion diffusion to the
electrodes, ionization, and radiation!.

e There were no terms that represented the conversion of electrothermal en-
ergy into directed kinetic motion. The plasma energy equation included only
internal modes and had no enthalpy term.

1Tt was noted by Michels, however, that although ohmic heating, ionization, and radiation losses
appeared in the equations, those terms were removed as “small contributions” for the solutions
presented in the paper.
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Figure A.1: Graph of efficiency vs. mass loading parameter (see Eq. (A.8)). The
graph includes theoretical curves (both simple and advanced) and measured per-
formance data (calorimetry) from “Gun D” using argon at 15, 20, and 25 kV (1.4,
2.4, and 3.8 kJ). Taken from Ref. [43] which describes the NASA Lewis modeling
and experimental program.



APPENDIX A. DETAILED HISTORY OF GFPPT RESEARCH 166

Unfortunately the initial temperature was not specified explicitly in Ref. [43]
and no profiles for plasma temperature were mentioned or displayed to compare
with experimental measurements. The effects of introducing the plasma energy
equation were present in comparing the results of the more advanced model with
one that did not include these losses, as shown in Fig. (A.1). In this graph as well
as others in his paper, the “mass loading parameter” was used as the dominant

variable parameter,
2€elecm0 gelecm()

M= L'Q} LCE (A8)
which includes the mass in the initial discharge, m,, the initial energy charge on
the capacitor, the capacitance, the inductance-per-unit-length, and the length of the
electrodes, but interestingly, not how the mass is distributed before the discharge. Go-
ing back to Fig. (A.1), the efficiency is found, in general, to follow a similar trend in
the more complex model, peaking at a different mass loading parameter than that
predicted by the simplified model. The relative loss is smallest at small values of
the mass loading parameter. Unfortunately the non-dimensional scheme used the
electrode length and the final inductance as the scaling parameters which makes
it difficult to examine the influence of the initial conditions on performance inde-
pendently. In addition, with the experimental value of the mass loading parameter
strongly dependent on the initial mass taken up by the current sheet, it is a very
difficult quantity to determine and control in real GFPPTs.

In comparing the simple and complex models, Michels suggested that the largest
loss in the plasma energy equation comes from ion diffusion to the walls. He pro-
posed, based on his results, that radiation losses are negligible, removing them
from the solutions entirely. He explains that the true character of the radiation
is difficult to determine in these very non-equilibrium plasmas and may be more
significant than his model suggests. Although he admits that radiation cooling
could play a significant role in determining the plasma temperature, the results
did not seem sensitive to it. Without more information on the temperature profile
as a function of time, it is hard to say if the plasma energy equation and the asso-
ciated assumptions were reasonable. Certainly the effects of radiation limiting the
plasma temperature are well known in these devices [2,83]. Adding more com-
plexity, possibly including empirical constants or other experimentally measured
loss parameters, has the potential of improving the model. Added complexity,
however, may cloud the visible performance scaling trends unless the implemen-
tation provides a way to independently examine its effects.

In including the possibility of crowbar discharges, the simplified model was
used to examine the effects of crowbarring when the current is zero (no energy is
stored in the magnetic fields) and when the current is maximum. In general, the
effects of choosing an appropriate crowbar time were very pronounced with up
to 40% performance reduction predicted using the “maximum current” crowbar
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time. Experimentally, the crowbar time was seen to depend on accelerator ge-
ometry, especially near the breech. Later geometries at NASA Lewis included an
“inhibitor ring” that delayed the crowbar discharge to a time when the total cur-
rent was smaller. It should also be noted that the most advanced model at NASA
Lewis did not take crowbar discharges into account.

Andrenucci and others in Italy followed almost the same exact non-dimensional
scheme as Michels” simplified model in their studies [82]. Their model, however,
also assumed infinite conductivity of the plasma and driving circuit leaving the
expanding current sheet as the only impedance. This assumption led to under-
damped waveforms in almost every solution. A Gaussian propellant distribution
was also examined and produced a result similar to the mass-loading distribution
used by Lewis. The main contributions from the research were the following: 1.) as
the models were developed in 1972, computers were far enough along in their de-
velopment to provide a large number of solutions over a wide range of parameters,
and 2.) a second, quasi-2D model examined the non-uniform Lorentz force in coax-
ial accelerators and found very different current sheet profiles depending on the
radial propellant loading. It did not suggest an optimum load, however, and did
not make any correction for the anomalous canting effect noticed in many coaxial
geometries discussed previously. The results for the one-dimensional model were
similar in character to Michels’ results with an optimum mass loading parameter.

Other research laboratories have developed sophisticated numerical models,
mainly for studying APPTs [99-101]. Although these may provide the most accu-
rate simulations of the discharge, they are quite complex and require a significant
amount of time to reach a solution. For that reason, these codes have not been used
to study performance scaling over a wide range of operational parameters.

In summary, very different scaling relations have come from the collected body
of GFPPT model research. Depending on the initial conditions and assumptions,
the performance has been shown to depend on different powers of the inductance-
per-unit-length, capacitance, initial inductance, energy, mass bit, and total circuit
resistance. More complex models have shown more complex scaling relations, and
some models have been made so complex that they can only simulate very few
cases. There is still a need for a clearer understanding of the true scaling relations.
A model needs to be developed that effectively shows the correct trends, yet it
must not be so complex as to apply only to a limited number of cases.

Jahn included a comprehensive study of acceleration models in Ref. [2]. Based
on published work of similar models, he used a non-dimensional approach based
on the initial conditions for a parallel-plate accelerator. He examined the current
waveforms and resulting current sheet trajectories for both slug and uniform pro-
pellant distributions. In the work presented in this dissertation in Chapter 3, we
started with this formulation as a base and expanded the application to include
an exponential mass distribution based on kinetic theory, flared as well as finite
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length electrodes, and crowbarring effects. We used these models to predict the
performance scaling of low-energy GFPPTs and compared them to performance
measurements in Chapter 6.

A.2 Experimental Performance Scaling Studies

Although many GFPPT experimental performance scaling studies have been com-
pleted, most of them, unfortunately, have not been controlled experiments. That is
to say that instead of varying only one parameter (capacitance, for example) at a
time, most researchers enacted many changes at once, sometimes without even re-
alizing it. For example, Hart began using inner electrodes with smaller and smaller
radii to determine the effect of inductance-per-unit-length, but at the same time he
exposed more insulator (Teflon) surface area, thereby increasing the ablation and
effecting the performance. With these multi-parameter changes, any conclusions
cannot be attributed to a specific change in one parameter and the exact scaling
relation is unclear. In this section, we present the two most carefully designed
performance scaling experiments.

At General Electric, Gloersen and Gorowitz made multi-parameter modifica-
tions [78] until a final design was completed. In tests with this thruster, the effi-
ciency was shown to be linear with exhaust velocity over a wide range of mass
bits (smaller mass bits gave higher efficiency) with a relatively constant thrust-to-
power ratio near 20 N /W at relatively constant capacitance and discharge energy
levels [39]. Gloersen and Gorowitz also conducted a performance survey over
tive different capacitance values from 50 to 200 iF at a constant specific impulse.
Although the trend was not identified in Ref. [102], the performance scaled with
the square root of the capacitance to within 5-10%. It should be noted, however,
that the performance measurements at GE have the possibility of including facility
background contamination (See Ref. [79]) which has been shown to increase thrust
stand performance by as much as a factor of two [75,88]. This may add doubt to
their absolute performance measurements, but perhaps their relative scaling trends
are more acceptable. In any case, the trends should be re-examined in a clean facil-
ity with proper thruster conditioning as was done for the experiments presented
in this dissertation.

Hart may have been the first one to realize that a solid-propellant Teflon thruster
could have space-flight applications in 1964 (see footnote in Ref. [41]). Although
he tested a variety of geometries, capacitance, inductance, and mass bit values,
unfortunately all of his experiments were influenced by the ablation of a signifi-
cant amount of Teflon from the backplate. With gas propellant mass bits between
10 and 500 pg and discharge energy levels being 1 kJ or higher, the majority of the
discharge could easily have been made up of Teflon at the lowest, middle, and even
highest mass bits for the small inner electrode diameters he used. Although his
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computational models are valid (except possibly the modified form of the snow-
plow model which was made to fit experimental results in Ref. [41]), the results
from streak photos can be questioned. In his configuration with coaxial electrodes,
the photographs do not distinguish the radial position of the current sheet at the
anode and cathode. Hence, the current sheet profile is not included and the ex-
perimental results do not provide an adequate comparison or verification of the
models [37]. The “Mode II” operation Hart observed showing the fastest sheet
speed is probably a result of a canted current sheet leading down the center elec-
trode (anode). In this case, the current sheet would appear to move much faster
than the true plasma center-of-mass. Unfortunately, Hart did not use a thrust stand
to measure the impulse.

In general, all the models and experimental evidence point to using high-voltage,
high-capacitance (hence high-energy), high-inductance-per-unit-length, low-mass
discharges with a minimum of parasitic inductance or resistance and short elec-
trodes. Current sheet permeability, propellant utilization efficiency, and the po-
tential problems of crowbar discharges are important to consider when designing
the driving circuit as well. Discharge symmetry is probably a result of proper dis-
charge initiation. Yet, with all of these research programs, specific and experimen-
tally verified scaling models that are required to effectively design and optimize
GFPPTs remained unavailable prior to this dissertation.

A.3 Investigations of Current Sheet Structure

Although the specific nature of the current sheet has not been the main topic this
dissertation, it is important to understand the related acceleration processes. More-
over, many of these measurements have been made in the past using similar higher
energy devices. In fact, two laboratories made investigating the current sheet
structure their primary task in the 1960’s. One was the Atomic Physics Laboratory
at General Dynamics headed by Lovberg, and the other was the Electric Propul-
sion Laboratory at Princeton headed by Jahn. Both projects provided very detailed
theories and measurements from which a picture of current sheet structure can
be formed. The structure of the discharge in low-energy GFPPTs is believed to
be similar to the structure seen in higher-energy GFPPTs as there are similar peak
current and energy-to-mass bit conditions in both experiments. We will now review
the most significant current sheet structure research at the two laboratories.

A.3.1 Current Sheet Structure Research at General Dynamics

In the current sheet studies at General Dynamics, Lovberg used electric and B-dot
probes [45,103] as well as Schlieren photography to investigate the nature of the
current sheet and acceleration process in both parallel-plate [46] and coaxial [50]
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geometries using mainly hydrogen for propellant. One of the main questions he
was trying to answer was if the current sheet behaved as a “magnetic piston” or as
more of a strong shock-wave.

In the parallel-plate geometry, he saw a very planar, thin current sheet that
had an electron density ten times that of the ambient pre-pulse density. In addi-
tion, probe data showed that the arrival of the magnetic field at the probe location
agreed well with the visual indications of the front. He concluded that the sheet did
behave as a piston effectively sweeping up all the gas in front of it. He also found
a strong polarization field within the sheet and speculated that the electrons were
conducting all of the current, experiencing a Lorentz force which then slightly sep-
arated them from the ions. The polarization field that develops as a result of this
very slight charge separation was measured to be enough to explain the subse-
quent ion acceleration. Using gases such as nitrogen and argon, however, he saw
the sheet “bifurcate” near the anode with the bulk of the current being carried by a
slightly canted sheet, anode leading cathode. He did not study this phenomenon
in depth but suggested that it was a result of the higher molecular weight, and
subsequent larger gyro-radii, of nitrogen and argon molecules. Regardless of pro-
pellant, Lovberg also noticed a thin but strong density gradient in a small layer
all along the cathode surface. This suggested that, although most of the propel-
lant mass was being accelerated, some of the ions near the cathode were being left
behind.

In the coaxial geometry using hydrogen, nitrogen, and argon, he saw very dif-
ferent features depending on electrode polarity and molecular weight. In some of
his earliest papers using hydrogen, Ref. [45,103], the center electrode was at neg-
ative potential (cathode) and the current sheet seemed to be planar from magnetic
field probe measurements. With the sheet speed (measured from probe data) being
about twice that expected from a snowplow model, and the fact that the current
sheet itself was not bowed outward as would be expected due to the 1/r? Lorentz
force profile typical of a coaxial thruster, he concluded that the sheet behaved more
like a strong shock in this case. Electric field data showed a similar polarization
tield to that seen in the parallel-plate geometry, however, it dropped off towards
the outer electrode. Although this might be expected with a non-uniform Lorentz
profile, the polarization field was no longer strong enough for the ions to be accel-
erated to the observed sheet speed near the anode. In another coaxial experiment
with the reverse polarity, Lovberg examined the sheet structure using a Schlieren
technique with a slotted outer electrode [50]). Here the current sheet was seen to
separate into two layers. The thin, leading sheet was seen to bow out along the
center electrode as should be expected by the non-uniform Lorentz force in a coax-
ial accelerator. In a second, more planar and diffuse layer, he observed a small
amount of radial current, possibly due to ion conduction at the cathode. Inte-
grating the gradient information from the Schlieren data showed that the electron
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density was about the same as the ambient conditions indicating that, again, the
current sheet did not behave like a piston, rather like a strong shock. A possible
explanation for this behavior included a significant ion current which could leave
a large number of recombined molecules near the cathode moving much slower
than the sheet. The presence of strong radial density gradients near the cathode
seemed to agree with that theory.

The coaxial thruster tested by Lovberg showed some interesting features de-
pending on polarity. Although Schlieren photos showed a front that seemed to ex-
pand depending on the Lorentz force (bowed outward near the inner electrode) re-
gardless of polarity, electric probe data for the cathode-center configuration showed
a very planar current conduction zone. It could be possible that in the negative po-
larity the non-uniform Lorentz force profile is balanced by some other effect that
normally causes canting with the anode leading the cathode. Other researchers
have also seen different current sheet structure from changing the polarity of a
coaxial geometry [49, 56] although the current sheet speed was not found to be a
strong function of polarity in Refs. [37,38,50]. The performance could still be af-
fected, however, by the non-axial acceleration of the plasma, thus leading to a tilted
current sheet.

A.3.2 Previous Current Sheet Structure Research at Princeton

Three Ph.D. theses [54,104,105] and three journal publications [47,48,106] by Bur-
ton, Ellis, and York, respectively, with Jahn as the lead investigator examined the
structure of the current sheet through electric and magnetic field probing, mi-
crowave interferometry, and fast-response pressure measurements in a linear z-
pinch with argon. Reference [48] provides a good summary of the research as it
was published after all the work had been completed. All of the measurements
discussed here were taken at the midline of the z-pinch apparatus and at a radius
half-way between the outer insulator and the center axis. Similar results have also
been observed in other pulsed accelerators with different geometries.

First, the authors’ use a generalized Ohm’s Law in the frame of the moving
current sheet (note: the current sheet moves in the radial direction in a z-pinch),

VPN Q.. -
) ~ < B (A.9)

7= 09 (E + 4 x B+

Nee
where 7; is with respect to the current sheet velocity, and E is the net field in-
cluding the applied field and the back EMF contribution from the moving sheet
(all other symbols have conventional definitions). Note that the Hall conductivity
for the electrons (but not the ions) was included because the chamber dimensions
were assumed to be much larger than the electron gyro-radius, but smaller than
the ion gyro-radius for argon propellant. Also, the effects of ion-slip (sheet per-
meability) were not included, and an assumption of complete, single ionization
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Figure A.2: Radial electric field, azimuthal magnetic field, and heavy species pres-
sure profiles in the current sheet frame. Taken from Ref. [47] with modifications to
show regions identified in Refs. [48,106]. The area of expected pressure increase
was confirmed in Ref. [106].

occurring as soon as the molecule enters the sheet was held throughout the pub-
lications. The electric and magnetic fields were measured with probes [47] while
the scalar plasma conductivity, plasma temperature and density were measured by
microwave interferometry [48]. The Hall parameter was inferred from these mea-
surements as was the electron pressure from the kinetic relation, P, = n.kT.. Only
the azimuthal magnetic field was found to be significant while, similarly, only the
radial and axial components of the electric field were found to be important. In
the frame of the current sheet, the radial ion velocity was assumed to start at sheet
speed (measured from streak and Kerr-cell data as well as probe arrival time data)
and slow down to zero, eventually traveling with the current sheet. As the ax-
ial current density is known from total current measurements as well as magnetic
field probe data, only two unknowns remain: the radial current and the axial ion
velocity. Measurements of these parameters as a function of time as the current
sheet sweeps by are presented in Fig. (A.2).

It should be noted that the axial electric field is very nearly balanced by the
back EMF of the moving current sheet so that the axial electric field actually dom-
inates the conductivity in the current sheet frame of reference. As seen from the
measurements in Fig. (A.2), three general regions characterized by the derivative
of the radial electric field exist within the ~ 1 cm thick current sheet. In Region I,
the radial electric field is in the direction of current sheet propagation and is very
large. It is caused by the separation of the electrons caught on an E, x B, drift
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while the ions have a large momentum and penetrate deeper into the sheet with
only a slight deflection towards the cathode. This radial electric field slows down
the ions into Region II, however with argon propellant, it is not enough to slow
the ions down completely to sheet speed. Region I was found to be dominated by
axial electron current making up a significant fraction of the total current, but it
did not account for the entire current. Region I was found to be about 5 mm thick
for argon. As the separation of the ions and electrons induces a radial polariza-
tion field, it also creates a radial current. This radial current, although relatively
small, interacts with the azimuthal field enough to cause the ion trajectories to de-
flect more towards the cathode. In Region II, with the ions now moving slower
and slightly deflected, axial ion current dominates through ions recombining on the
cathode surface to complete the total current. Burton suggested that this produces
a J;» X By that further decelerates the ions (in the frame of the current sheet) to
sheet speed. Region II was also found to be the location of a large heavy species
pressure gradient by York. As the radial electric field reverses sign in Region II, the
electrons actually try to drift against the current flow. With the greater ion density,
however, collisions dominate and they remain relatively stationary with respect to
the sheet. In Region I1I, the axial electric field is still negative, although smaller and
returning to zero. As the ion density is low here, there is actually the possibility
of a small reverse current being carried by the electrons in the trailing edge of the
current sheet. The total sheet was found to be about 1 cm thick at the center line
with a slight tilt, anode front leading cathode. At that time, no explanation was
given for the tilt besides that it should depend strongly on the propellant molecu-
lar weight and possibly the electron Hall parameter. Other, more recent research
at Princeton is examining the causes of current sheet canting and permeability in
more detail [60].



Appendix B

Facility Improvements and Testing
Procedures

This appendix describes the renovation of the Pulsed Performance Measurement
Facility (also see Ref. [75] by Ziemer et al) and the techniques used to calibrate the
performance measurement diagnostics. The renovations were performed between
October 1998 and March 1999 to reduce the contamination from diffusion pump
oil during GFPPT testing. The renovations included the following;:

e Repairing surface cracks in the fiberglass polyester coating to obtain higher
levels of vacuum.

e Modifying existing baffles to accommodate liquid nitrogen cooling.
e Improving the existing thrust stand to increase its resolution.

e Developing new calibration techniques to improve the accuracy of perfor-
mance measurements.

These modifications and the testing procedures for measuring performance will be
described in this appendix.

B.1 Vacuum Chamber Cleaning and Repair

The vacuum vessel used for this study is a 2 m diameter, 5 m long fiberglass tank
(shown in Chapter 5, Fig. (5.1)) which is pumped to high vacuum (10~° Torr) by
two 48 inch diffusion pumps that are backed by a 1340 cfm roots blower and me-
chanical pump system. This facility has accumulated over 50,000 hours of opera-
tion since it was first evacuated twenty years ago. Experiments performed in this
facility have included the use of quasi-steady magnetoplasmadynamic thrusters
(MPDTs), ablative pulsed plasma thrusters (APPTs), and many other devices. Over
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time, residual mechanical and diffusion pump oil as well as various erosion prod-
ucts from different experiments have built up on the facility walls. During pump
down and operation, these contaminants can outgas and affect the performance of
low-energy GFPPTs. As part of the facility renovations, the entire interior surface
of the tank was cleaned by scrubbing with isopropyl alcohol, effectively eliminat-
ing the background contaminants from the walls.

The facility has also experienced some surface fatigue due to pressure cycling.
This is apparent from the visual cracks in the gel-coat surface covering the fiber-
glass flanges and optical ports. The cracks produced numerous small leaks which
increased the background pressure and, therefore, the oil back-streaming rate. The
cracks were repaired through a process of grinding out the material around each
crack and replacing the removed material with three layers of gel-coat epoxy. Care
was taken to replace the smooth finish of the flange surfaces, keeping leaks to a
minimum. After all repairs were complete, the facility background pressure was
reduced by 50% to an operating pressure now normally below 4 x 10~° Torr.

B.2 Activation of Liquid Nitrogen Cooled Baffles

Further reduction of diffusion pump oil back-streaming and contamination re-
quires active cooling of baffles or traps very near the diffusion pump interface with
the facility. The baffles in the fiberglass facility at EPPDyL (shown in Fig. (5.1))
have been in place since its construction, yet they have not been actively cooled
until recently. The baffles used here are low-profile fiberglass cones with a copper
plate attached on the underside facing towards the diffusion pump. Copper tub-
ing (3/8” diameter) is attached to the copper plate with small clamps in a spiral
configuration. Only two inches separate each turn of the coil, and the total length
of the lines is close to 150 ft. for each baffle. Originally designed for a freon-based
cooling system, the baffles have been converted for liquid nitrogen cooling by the
installation of new cryo-genic feed-throughs and the replacement of all Swagelok
tittings with hard-soldered connections. The baffles are connected in parallel for
even cooling and have Type T thermocouples mounted to the inlets and outlets of
both baffles inside the tank. Liquid nitrogen is supplied for eight hours at a time by
a 160 liter portable Dewar that is refilled before each test. Between tests, the baffles
are not actively cooled requiring a cleaning process before testing as described in
Section 5.2.1.

Slightly more than an hour after activation, the baffles reach their lowest oper-
ating temperature of at most —70°C as measured by the outlet temperature of the
baffle cooling lines. The inlet temperature reaches —180°C (evaporation temper-
ature of /N,) almost immediately after activation and both baffles generally cool
down at the same rate. The background tank pressure typically decreases by 10%
due, in large part, to the freezing of water vapor to the baffle surface. The baffle
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Figure B.1: Mass spectrum of background gases from the RGA with baffles on and
off as well as expected DC704 diffusion pump oil and DuoSeal roughing pump oil
cracking patterns.

operation and cooling rate are very similar from test to test although the outlet
temperature of the baffle is verified to be below —60°C before any testing begins.

B.3 Overall Diffusion Pump Oil Contamination Re-
duction

To measure the level of background oil vapor, a UTI 100C residual gas analyzer
(RGA) was connected to the tank through an isolation valve mounted on one of
the optical ports at the end of the tank. The isolation valve was kept closed unless
the LN, baffles were activated to reduce the possibility of the ionizing filament
or faraday cup becoming contaminated. In addition, before making any of the
measurements presented in this paper, the entire RGA unit was baked at close to
200°C for over 48 hours to remove any contaminants from the gauge walls.

Figure (B.1) shows a typical mass spectrum produced by the RGA just as the
baffles were activated and two hours later. This figure also shows the predicted
spectra of DC 704 diffusion pump oil and conventional Duo-Seal roughing pump
oil both used in the high vacuum facilities at EPPDyL. Many of the peaks shown in
Fig. (B.1) match up with those predictions, indicating that diffusion and roughing
pump oil vapors exist, albeit at very low levels (partial pressures on the order of
20 x10~? Torr) compared to the background nitrogen levels. This data also shows
an overall trend of about a 50% reduction in background gases over a wide range
of atomic masses. Choosing one atomic mass-to-charge ratio as a representative
for diffusion pump oil (78 amu/e) and roughing pump oil (57 amu/e) allows a
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Figure B.2: Baffle temperature and background gases as a function of time from
baffle activation.

quantitative assessment of background vapor level during baffle cooling. These
two levels were chosen from a list of maximum peaks in various cracking patterns.
A graph showing the reduction of oil and water vapor as a function of time and
baffle temperature is shown in Fig. (B.2). Again, this shows approximately a 50%
reduction of possible contaminants after the baffles have been cooling for over 100
minutes down to a temperature of —60°C. This reduction level was confirmed by
opening the RGA isolation valve for a short time after the liquid nitrogen cooling
was deactivated and the baffles were allowed to completely warm-up. The levels
measured by the RGA at that time returned to the previous value before the baffles
were activated.

B.4 Modifications to the Thrust Stand

Originally designed for testing quasi-steady MPD thrusters [94, 95], the thrust
stand has undergone the following modifications to measure very small impulses
(< 20uNs) accurately:

1. The main conductor for the MPD cathode has been replaced by a more elas-
tic coaxial cable. This decreased the spring constant, allowing larger displace-
ments from smaller impulses.

2. Alaser Interferometric Proximeter System (IPS) has been installed to increase
position measurement resolution to better than 10 nm. (For more details, see
Ref. [92] and the masters dissertation that documents this device completely,
Ref. [96])
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Figure B.3: Picture of the thrust stand from behind and set-up for calibration.

3. Cable clamps have been installed to minimize the neutral position drift and
vibrational noise transmittance from the facility during operation.

4. A counter-weight has been installed so that the flexural pivots are located
near the center of mass of the thrust arm assembly. This reduces the trans-
mittance of low frequency perturbations from the vacuum pumps and back-
ground motion.

5. A variety of materials and vibration isolation schemes have been tested and
documented. Currently, the thrust stand is vibrationally isolated from the
vacuum tank by thin butyl rubber pads.

6. The calibration and data reduction procedures have been completely revamped
and automated to reduce error as described in Section B.5.5.

B.5 Calibration Techniques

This section covers the thrust stand, mass flow rate, and voltage probe calibrations
in detail. It provides a discussion of the sources for error in each calibration. As we
will see, however, the errors associated with the shot-to-shot repeatability usually
dominate over the calibration errors.

B.5.1 Thrust Stand Calibration

A necessary parameter to determine the impulse bit from the position history of
the thruster is the effective mass. Supplying known impulses to the stand along the
thrust axis allows the effective mass to be determined from the dynamic equations,
Eqgns. (5.4) and (5.5). The known impulse is supplied by a Peziotronics A08 force
transducer mounted at the end of a steel pendulum arm. The pendulum is lined up
along the thrust axis to impact the thruster electrode perpendicular to the support
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Figure B.4: Effective mass calibration. The effective mass is the slope of the line fit
to Impact vs. Thrust Arm Velocity data with a zero intercept.

arm, simulating an impulse from the GFPPT. The pendulum swings so that its tip
impacts the center of the thruster electrode to insure the effective mass is calculated
correctly. The calibration is conducted at atmospheric pressure and the pendulum
is released by an electromagnet triggered from outside of the vacuum tank.

The force transducer has been calibrated at EPPDyL for a force ranging between
0.5 and 100 N (in agreement with the supplied calibration from Peziotronics) and
a shows a 87.6+0.6 N/V linear voltage response. The electromagnet can hold the
pendulum at a variety of angles to deliver a wide range of impulses to the thrust
stand. The force from the transducer is recorded and numerically integrated on a
digital oscilloscope. At the same time, the outputs from both the IPS and proxime-
ter are measured and stored on a separate digital oscilloscope with a large enough
time base to capture at least three natural periods of thrust stand motion. Dividing
the impulse from the force transducer by the velocity change given by the position
history yields the effective mass value for that trial. Typically over twenty trials are
spread over four different impulse magnitudes to determine m.;; within < 2%. A
graph showing one effective mass calibration with 20 trials is shown in Fig. (B.4).

The effective mass must be determined after any adjustment to the thrust stand
has been made. It has the units of kg-m/V and needs to be multiplied by a voltage-
to-distance conversion factor (V/m) to produce a mass value. This factor is not
required for impulse measurements as the delta-v is supplied in units of V/s.



APPENDIX B. FACILITY IMPROVEMENTS AND TESTING PROCEDURES 180

B.5.2 Mass Flow Rate Calibration

The mass flow rate has been calibrated as a function of plenum pressure by mea-
suring the total volume of the plenum and propellant lines, filling them with ar-
gon to a pressure of almost 400 torr, and gradually venting them into the vacuum
chamber in a controlled fashion. The volume of the plenum was found by filling
the plenum with distilled water and measuring the mass and volume of the wa-
ter. The volume of the propellant lines was found by measuring the length and
inner diameter of all the tubing and was < 5% of the total volume; consequently,
the errors in this measurement do not contribute significantly to the calibration er-
ror. The mass flow rate out of the plenum, through the sonic orifice, and into the
vacuum tank is linearly proportional to the plenum pressure for all but the small-
est pressure values. During the calibration procedure, the plenum and propellant
lines are evacuated in discrete steps by opening the valve in the vacuum tank for
a period of 4-20 seconds at a time. The timing of the valve pulses is maintained by
using a Stanford DG-535 pulsed signal generator and the SRL pulse modulator. Af-
ter a short equilibration period, a pressure measurement is taken and the valve is
opened again. For this sonic orifice with argon, the mass flow rate for typical oper-
ating plenum pressures (between 35 and 350 Torr) is given by 7 = 28.7 x P, —265,
where the pressure is in torr and the mass flow rate is in milligrams per second.
This value is accurate within 1% according to the correlation coefficients for a lin-
ear fit of measured pressure vs. calculated mass flow rate, as shown in Fig. (B.5).
The largest source of error in this calibration is from the volume measurement
of the plenum and propellant lines. By using a standard volume that can be evac-
uated, the volume of the propellant lines and plenum was determined in a sec-
ondary three step process: 1) the lines and plenum were isolated from the known
volume and evacuated, 2) the known volume was filled to half an atmosphere with
argon and the pressure was measured with a standard deviation of less than 1%,
and 3) the evacuated propellant lines and plenum were then once again exposed to
the standard volume, and the new system pressure was recorded. By monitoring
the pressure change from filling the plenum and propellant lines, the total vol-
ume of the feed system was calculated within 2% of the geometrically measured
volume. The final error in the mass flow rate calibration is set at this level, 2%.
Finally, as described in detail in Appendix D, approximately 0.1-0.2 ;g of elec-
trode or spark plug material is lost during each pulse in both PT5 and PT9. Al-
though at the lowest mass bit values tested here, 0.2 ug argon, this can be as much
as the propellant mass, it is not accounted for in any efficiency calculation. This
is done because the erosion rate is thought to be a strong function of the type of
discharge initiation and, therefore, not a function of the discharge dynamics. In
addition, the amount of the eroded mass actually swept up by the discharge and
accelerated is unknown. As described in detail in Appendix D and shown in Sec-
tion 5.3.1, Imacon photos have demonstrated that much of the erosion may be oc-
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Figure B.5: Sample mass flow rate calibration curve.

curring near the spark plugs well after the discharge is complete. Moreover, even
if some of the eroded mass is being accelerated, both the efficiency and exhaust
velocity would decrease by a similar fraction. Erosion products, therefore, will not
affect the impulse-to-energy ratio because the measured mass bit does not enter
into its calculation. Once again, the “mass bit” value used in efficiency calculations
is only made up of gas propellant.

B.5.3 Voltage Probe Calibration

As pointed out in the section on deducing the current from the voltage waveform,
the voltage probe must be carefully compensated for time-accurate data that can be
numerically differentiated. Any stray impedances between the capacitor bank ter-
minals and the probe itself could otherwise affect the probe’s frequency response.
In these measurements, a 1000:1 Tektronix P6015 voltage probe has been calibrated
periodically for this application. It is placed at the charging supply outside of the
vacuum tank, and the compensator has been calibrated using a 40 V 100 MHz
square-wave. Although the current (voltage derivative) is only used to examine
trends in the data, the peak value of the voltage before each discharge is important
to determine the pulse energy accurately. Because of this, the DC attenuation of
the probe is checked routinely with a fixed 250 V power supply. The error in the
peak voltage measurement itself (about 4%) actually comes more from electronic
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noise in the voltage signal (caused by the spark plugs) than from the probe cal-
ibration itself. Care has been taken to supply a common ground to all electrical
measurement devices and power supplies without creating “ground loops” that
can produce common mode errors.

B.5.4 Automated LabVIEW Data Acquisition

As mentioned at the beginning of this section, all of the performance data pre-
sented here are actually average values from a series of trials at the same opera-
tional conditions. With the finite time of the liquid nitrogen supply for the baffles
(one 160 liter Dewar lasts approximately eight hours), almost the entire perfor-
mance measurement process was automated to maximize the number of trials in
one session. To facilitate this, a LabVIEW virtual instrument (VI) was created that
controls the thruster pulsing, the propellant valve timing, and the digital oscillo-
scopes. The VI can be set-up for hot or cold pulse and will download the appro-
priate oscilloscope channels accordingly. The energy per pulse and mass bit are set
by analog controls that must be actuated manually at the beginning of each series.
The VI is designed to store the data in a binary format that can be accessed by a
common software package (“Igor”) and the data reduction routines as described
in the next section. With the automated VI, between 320 and 400 trials (about 8-10
series) can be conducted during one 8 hour session.

B.5.5 Igor Data Reduction Procedures

The digital position and voltage data, as well as the plenum pressure and calibra-
tion data, are analyzed by an Igor macro that has been especially written for this
application. The program is designed to work with the automated VI described
in the previous section in order to keep processing time to a minimum. The user
simply enters the directory where the binary data files can be found, inputs the
appropriate calibration information, and the macro reduces all of the position and
voltage data from one session in approximately an hour. The macro outputs the
average impulse bit (both hot and cold), time between pulses, mass bit, exhaust
velocity, energy, thruster efficiency, impulse-to-energy ratio, peak current, integral
of the current squared, and number of pulses per burst for each trial. After the
tirst five trials in every series have been eliminated (as well as any obvious mea-
surement errors or deviations caused by spurious arc attachments outside of the
thruster electrodes), the “gross” average value and the standard deviation of each
quantity is determined, saved, and displayed graphically.

Many of the series that will be shown here have been repeated multiple times
to ensure that the data are accurate. In addition, the data reduction procedure
has been automated to the point where minimal user interaction is required. A
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discussion of the errors found in the performance measurements will be presented
in the next subsection.

B.5.6 Error Analysis

Individual sources of systematic error have already been discussed in the previ-
ous sections on performance requirements and calibrations. Putting these sources
together allows the performance measurement error for an individual trial to be
calculated.

Impulse Bit

The total error in measuring a particular impulse comes from the effective mass
calibration error, the error in measuring the thrust arm velocity just before and
after the impulse, and the random low-frequency noise in the position history.
Putting these factors together, the average error of an impulse measurement is
< 3% for much of the data presented in this dissertation. The only remaining free
variable is the amount of background vibrational noise which can vary slightly
from day to day. From numerous measurements, typically the average cold gas
impulse from 10 trials has a standard deviation of +31Ns out of a typical value
of 100 1Ns, indicating good shot-to-shot repeatability close to the predicted error
value. The standard deviation of the average hot impulse, on the other hand, varies
depending on many factors, including the GFPPT itself. This deviation is a result
of slight changes in energy, mass loading, and spark plug operation from pulse-
to-pulse, as well as the influence of the electrode and insulator surfaces. If the
surfaces are dirty, some preferential arc attachment has been noticed to occur at
certain locations, especially with the open parallel-plate geometry of PT9. In fact,
as the shot-to-shot error is larger than the predicted error on an individual hot
impulse measurement (typically 5-8% instead of 3%), it will be conservatively used
for further error calculations. It is believed that these larger errors (based on the
standard deviation of an average value from a large number of pulses) represent
actual shot-to-shot performance more conservatively.

Mass Bit and Energy

As discussed previously, the error in the mass bit (typically about 2%) comes mainly
from the mass flow rate calibration as the time between the pulses is fixed. The
main source of error in the energy determination (typically about 4%) is finding
the peak voltage value just before the discharge. The effects of EMI from the spark
plugs are minimized by a digital low pass filter.
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Other Performance Parameters

Performance parameters such as efficiency and the impulse-to-energy ratio are cal-
culated from measurements made on individual trials before gross averaging at one
operating condition. Frequently, when one parameter has a slight deviation, such
as the average energy per pulse, there is a strong corollary trend in the others,
such as the impulse. Using this correlation reduces the overall error from gross
averaging. Shot-to-shot deviations, however, still dominate over systematic error
from calibrations and measurement. Therefore, the final error associated with each
performance parameter is simply the standard deviation of the average parame-
ter value over at least twenty measurements at the same conditions. Using this
method, typical errors for the efficiency, impulse-to-energy ratio, and exhaust ve-
locity are near or less than 10%. Individual error bars have been shown for all
performance data where applicable.



Appendix C
Other GFPPT Designs

This appendix describes the other SRL-EPPDyL GFPPT designs, PT6 through PT8
for completeness. They are not, however, used in the performance scaling study
due to their complicated electrode geometries. Originally designed for lower-
energy (< 2J) attitude control maneuvers, these designs form the “quad thruster”
family as they have four sets of orthogonally mounted electrodes. All perfor-
mance measurements reported here were conducted at NASA JPL in the Advanced
Propulsion Technology Facilities (see Refs. [76,77,84] also by Ziemer, et al.)

C.1 The Quad Thrusters

The quad configuration has the smallest mass of any generation of SRL-EPPDyL
GFPPTs to date. Combining four sets of electrodes mounted orthogonally on one
63 uF capacitor storage unit, the latest quad thruster has a mass of 1.6 kg. With
an expected control modulator mass of 1 kg, the total mass for the current system
would be 2.6 kg (not including valves or propellant tanks) with possibly more mass
savings attainable in future generations. PT6 and PT7 are almost identical and can
use the same electrode sets with either parallel-plate or coaxial geometry made
of either titanium or stainless steel. PT8 uses parallel-plate electrodes specially
designed to increase the inductance-per-unit-length. All the quad thrusters have
the same capacitance and initial inductance. The mass savings in the latest quad
design comes from a reduction in the packaging of the main discharge capacitors.
PT6 was used mainly for performance studies while, in parallel, PT7 was used for
the erosion rate experiments, as described in Appendix D.

PT8 was used to test the effect of propellant type on performance including
tests with argon and water vapor. Compared to the first quad designs, PT8 has
three major modifications: it uses a new lower-energy RF system to initiate the
discharge, it uses a non-axial propellant injection scheme to reduce the axial cold
gas velocity and improve propellant utilization, and it has a set of ferrite blocks

185
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Figure C.1: The quad thruster has three coaxial and one parallel-plate electrode
set. In this drawing, the coaxial set of electrodes is mounted on the front, left, and
back side, while the parallel-plate set of electrodes mounted on the right side.

around the electrodes to reduced magnetic field fringing effects and increase the
inductance-per-unit length. Although the magnetic field of PT8 has yet to be mea-
sured, it is assumed that the ferrite blocks will remove the fringing effects of the
finite parallel-plate geometry and thus provide a uniform magnetic field with an
L' value of approximately 6.3 nH/cm. PT8 has the highest value of L' out of all the
thrusters used in this study.

It should be noted that all of the electrode sets actually have a slight flare or
expansion which implies that the electrodes in the “parallel-plate” thruster are not
actually parallel. In addition, the width of the plates (the outer electrode radius
in the case of the coaxial design) gradually increases. The flaring is an attempt to
match the natural free-molecular expansion of the gas jet as it leaves the propellant
injection holes. Measuring the inductance-per-unit-length accurately, however, is
difficult potentially precluding these thrusters from the modeling efforts described
in Chapter 3.

C.2 Performance of PT6 and PT7

PT6 and PT7 are practically identical and can use either coaxial or parallel-plate
electrode sets for testing purposes, as shown in Fig. C.1. The inductance-per-unit-
length has been shown theoretically to play an important role in thruster perfor-
mance in Chapter 3. The parallel-plate and coaxial electrode sets have a similar
total length with an inductance-per-unit-length of approximately 4 nH/cm and
2nH/cm, respectively. This gives a factor of two for the theoretically expected per-
formance increase of the parallel-plate geometry. In the data presented here, both
the coaxial and parallel-plate electrode sets are made entirely of stainless steel. Re-
sults from testing both electrode sets are shown in Figs. C.2, C.3, and C.4.
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Figure C.2: Average impulse bit of the quad thruster at three different energies and
with two different electrode sets. A sample error bar for this data set is also shown.

Figure C.2 shows a graph of the average impulse bit over a wide range of mass
bit values. The impulse bit magnitude is relatively constant for each energy level
and electrode geometry until a slight increase at the largest mass bit values. The
impulse bit also increases linearly with energy level for each electrode geometry.
The parallel-plate electrode set shows a higher impulse bit magnitude than the
coaxial thruster at the same energy level by a factor of 1.6 on average.

Figure C.3 shows the efficiency of the both geometries over a wide range of
specific impulse values. At specific impulse values greater than approximately
300 s, the efficiency is linearly proportional to the specific impulse. Below 300 s,
however, the efficiency is relatively constant. The specific impulse values below
300 s correspond to the highest mass bit values. In both geometries, efficiency
is not a strong function of energy. The parallel-plate geometry, however, has a
higher efficiency magnitude and slope (impulse-to-energy ratio) than the coaxial
geometry.

Figure C.4 shows the impulse-to-energy ratio over a range of mass bit val-
ues. The impulse-to-energy ratio is generally constant and not a strong function
of energy over the range of mass bit values up to the highest value as typical of
an electromagnetic accelerator. The impulse-to-energy ratio for the parallel-plate
quad thruster is on average higher than the coaxial quad thruster by a factor of
1.6. Although this is not as much as the theoretical prediction based on the larger
inductance-per-unit-length of the parallel-plate geometry, it does show a signifi-
cant increase in performance. The operation below expected performance could
be the result of the canting of the current sheet as seen in the Imacon fast framing
camera photographs shown in the next section.
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Figure C.3: Efficiency of the quad thruster at three different energies and with two
different electrode sets. A sample error bar for this data set is also shown.

C.3 Performance of PTS8

The PT6 with parallel-plate electrodes and PT8 were tested over many different
mass bits at 2 J/pulse to form a GFPPT performance database using both argon
and water vapor for propellant. Measurement errors were kept to a minimum;
however, shot-to-shot repeatability led to > 10% standard deviations on average
impulse bit values. Figure C.5 shows the complete performance database plot-
ted against mass bit and specific impulse. The sample error bars given for all the
graphs indicate the relative error for a typical data point in the center of the graph.
As shown in graph (a) and (b), the highest efficiency, 19%, occurred at the low-
est mass bit, 0.07 g, and highest specific impulse, 12,000 s, using water vapor for
propellant in the PT8 thruster. The highest value of impulse-to-energy, 8 uN/W,
occurred at the highest mass bit, 4 ;ig, and lowest specific impulse, 500 s, using ar-
gon for propellant using PT8. Overall the efficiency of PT8 is an additional percent
higher than tests at similar conditions with PT6 although this increase is within the
error bars of the measurements. The impulse-to-energy ratio at the higher argon
mass bits was increased close to 20% over PT6 data, yet the impulse-to-energy ratio
with PT8 at low mass bits is less. In a narrow range of similar operating conditions
for PT8 with both argon and water vapor propellants, it can be seen that the water
vapor had a slightly higher efficiency and impulse-to-energy ratio although this
trend, again, is close to the limit of accuracy of the measurements.

Putting the data together from operation with both propellants, general trends
in performance can be identified. As seen most obviously in graph (a) of Fig-
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Figure C.4: Impulse-to-energy ratio of the quad thruster at three different energies
and with two different electrode sets. A sample error bar for this data set is also
shown.

ure C.5, there are two trends or modes of operation below and above close to 0.5 g.
These modes have been noticed before with PT5 and allow a GFPPT to be de-
signed around a particular mission. If the mission requires large slew maneuvers
or, in general, short duration maneuvers, then a higher impulse-to-energy ratio
is important and the thruster should be designed to operate at higher mass bits.
If low-power operation and propellant mass is the most important consideration,
then the thruster should be designed to operate at low mass bit levels where the ef-
ficiency is the highest. In any case, as shown in Ref. [31] and others, these thrusters
are suited to missions that require a total change in velocity (AV) close to the mag-
nitude of the specific impulse (or about ten times less than the exhaust velocity).
Choosing a higher specific impulse for the same mission will decrease the pro-
pellant mass to the point where it is not significant compared to the fixed system
masses. Choosing a lower specific impulse will increase propellant requirements
above their optimum level.

C.4 Effects of Recent Modifications to GFPPT Designs

As mentioned previously, three modifications to the quad thruster PT8 and the
thruster pulse control modulator involved changing the propellant loading, adding
a pair of ferrite blocks, and changing the discharge initiation system. The effect of
each modification was found through experimental measurements of change in
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Figure C.5: Efficiency and impulse-to-energy ratio plotted against both mass bit
and specific impulse for PT6 with argon and PT8 with argon and water vapor. All

data shown is taken at 2 J per pulse. A sample error bar for this data set is also
shown.
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performance. Although the thruster performed better than its predecessor, PT6,
overall, the improvements cannot be correlated to one modification in particular.
This section of the appendix will document the effects of each modification.

C4.1 Propellant Loading

The propellant loading was modified by changing the location of the propellant
injection and the amount of time between pulses for the gas to flow into the elec-
trode gap. The location of the propellant injection was moved directly across from
the spark plug providing a propellant flow perpendicular to the thrust axis. This
change should increase the amount of time required for the propellant to reach the
end of the electrodes and improve the propellant utilization efficiency. As shown
in Chapter 3, as more of the propellant is loaded towards the backplate or breech
of the thruster, the dynamic efficiency of sweeping up the gas should be improved.
If the gas has enough time to progress past the end of the electrodes, then the elec-
trode gap becomes more and more uniformly filled and dynamic losses can be as
high as 50%. Previous measurements of steady-state thrust using room temper-
ature argon for propellant in PT6 showed that the average exhaust velocity was
close to 400 m/s as expected for an isentropic expansion. In PT8 the same test
at typical operational mass flow rates showed a reduced average exhaust velocity
of just over 300 m/s with smaller mass flow rates having exhaust velocities close
to 350 m/s. With the electrode length in PT8 being close to 5 cm, the propellant
begins to leak out of the electrode volume after only about 150 ps. This speed dic-
tates greater than a 6 kHz pulse frequency during the burst to effectively use all
the propellant. Using water vapor, the gas kinetic velocity at room temperature
will increase by a factor of 1.6 to nearly 500 m/s requiring repetition rates as high
as 10 kHz. Testing at various pulse frequencies using water vapor, however, did
not affect the impulse bit to a large extent as shown in Figure C.6. Unfortunately
the repetition rate could not be raised as high as 10 kHz due to the minimum
required charging time for the main capacitor bank. It should be noted that as
higher capacitance levels are used, longer charging times are required, reducing
the maximum possible pulse frequency. In future designs, combinations of vari-
ous electrode lengths and gas molecular weights will have to be chosen to improve
propellant utilization.

C.4.2 Ferrite Blocks

Ferrite blocks were added to the electrodes to focus the discharge and reduce the
stray magnetic fields and inductance. In a real parallel-plate electrode geometry,
the magnetic field is not entirely contained in the electrode gap. Fringing effects
and a non-uniform magnetic field can reduce the performance and increase ex-
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Figure C.6: Impulse bit and efficiency as a function of pulse frequency for PT8
using water vapor for propellant at 2 ] per pulse.

haust beam divergence. The ferrite blocks should not have allowed any magnetic
tield or current to escape from the electrode volume thereby improving perfor-
mance. On testing the thruster with and without the ferrite blocks at otherwise
the same operating conditions, however, no noticeable change in impulse was de-
tected. It was surmised that with the new, more enclosed shape of the electrodes
compared to the open, flared design of PT6, most of the current was contained in
the discharge volume regardless of the ferrite blocks. This electrode design has a
significantly higher amount of surface area, however, which could lead to larger
wall losses at the low mass bit values and off-set any benefit from the more con-
tained discharge. In any case, improving the beam divergence of the exhaust and
increasing the inductance-per-unit-length of the discharge are still considered ben-
eficial to the design.

C.4.3 Initiation Driving Voltage

The spark plug design and driving voltage characteristics were changed to im-
prove the lifetime by reducing erosion rates. Using an RF frequency voltage on the
spark plug allowed a much lower breakdown voltage, and therefore lower energy,
than the semi-conductor surface flash-over spark plugs used in previous GFPPT
designs. In erosion tests it was shown that erosion rates were close to 0.1 ug per
pulse, again all from the spark plug. Although this is nearly a 50% reduction in
mass loss rate, it is still significant when compared to the lowest mass bits used
in these tests, 0.07 ug with water vapor. The spark plugs are still viewed as the
limiting factor in determining the lifetime of these devices. In a typical mission of
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Figure C.7: Efficiency and impulse-to-energy ratio as a function of energy per pulse
for water vapor propellant at a constant mass bit of 0.07 ug.

10® pulses, 10 g of spark plug material (nearly 1/3 of its current total mass) would
be lost at the these erosion rates. Future tests will include operation at even lower
voltages and energies or, perhaps, a new initiation scheme involving ultraviolet
light flashes.

C.5 Importance of Energy on Performance

The final performance test of PT8 consisted of keeping the mass bit of water va-
por constant while increasing the energy. As shown in Figure C.7, the impulse-
to-energy ratio increases linearly and the efficiency increases with the square of
the energy. The direct benefits of operation at higher energy are seen from this
plot; however, higher energy requires higher voltage or higher capacitance which
increases system mass. Operation at a constant energy and higher levels of capac-
itance was also shown to improve performance, proportional to the square root of
the capacitance. Although these tests were conducted on a thruster with coaxial
electrodes, the performance scaling is expected to be the same. It should be noted,
however, that at these low mass bits (more mass is being ablated from the spark
plug than water vapor) ablation of material could also be contributing to the in-
crease impulse at higher energy. At higher mass bits in PT5, the impulse-to-energy
ratio was seen to be constant with energy, and efficiency only improved linearly
with energy. More erosion rate experiments at different energy levels need to be
conducted to verify these trends in performance. In any case, operation at higher
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energy and mass bit should lead to higher performance

C.6 Imacon Pictures of PT7 Discharge

A series of ten Imacon photographs were taken to form an entire “pulse history”
of a discharge from the quad thruster with parallel-plate electrodes as shown in
Fig. C.8. The exposures were taken with different timing delays relative to the
spark plug charging voltage signal, thereby providing a complete description of
the discharge propagation. Each exposure contributed approximately three frames
to the compilation spaced at 2 ps intervals. For example, frame (a), (k), and (u) are
all from the same Imacon exposure of the same discharge. Approximately 0.2 us
of delay was added for each exposure by changing the timing of the trigger delay
generator. All the pictures were taken during one of the life-tests at 2 ] /pulse and
0.5 pg/pulse of xenon propellant. Many other discharge exposures show that the
discharge is visually very repeatable. A sample voltage and current history are
shown in Fig. C.9.
Four important features are apparent in the pulse history:

1. The luminous front seen in frames (c) through (j) is not perpendicular to the
electrodes. If this represents the front of the current sheet, then the accel-
eration vector of the propellant is not orientated along the electrodes and a
significant profile inefficiency could be present.

2. The luminous front seems to stop at a particular point on the cathode while
continuing to move along the anode. In the earlier frames it appears as if the
brightest illumination comes from the cathode near the spark plug for many
frames while the brightest region near the anode moves down to the end of
the electrode.

3. There is a second luminous front that is ring-shaped and extends around
the electrodes, especially outside of the anode, as seen in frames (g) through
(0) and even later in frames (s) and (u). This ring appears to start near the
backplate of the thruster after about 1.5 ;s and moves along the electrodes
slowly in comparison to the first luminous front motion.

4. Once again, as in the PT5 Imacon photographs, there is a bright plume near
the spark plug sometimes very late in the discharge when the capacitor is
almost completely discharged (for example, frame(v)). It is speculated that
this plume is made up of glowing hot particles ablated from the cathode or
spark plug.

The current sheet canting (item 1) and the plasma leaking out of the discharge
chamber (item 3) could be indications of reduction in performance. Although
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Figure C.8: Compiled Imacon frames of the quad thruster. Time from spark plug
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Figure C.9: Current and voltage history for a 2.0 J, 0.5 g (xenon) per pulse dis-
charge of the quad thruster with parallel-plate electrodes.

not explicitly correlated, the performance of the parallel-plate thruster fell about
20% short of its expected theoretical value. More experiments including filtered
Imacon photographs, magnetic field, and gas pressure measurements need to be
conducted in order to verify the profile inefficiency suggested by the un-filtered
Imacon photographs. A detailed study of this problem is underway at EPPDyL
and a recently produced quicktime movie of the current sheet evolution in a long
parallel-plate accelerator can be seen in Ref. [107]. In addition, the source of the
late-time plume near the spark plug should be investigated as well as the implica-
tions of the second ring-like luminosity pattern present in the discharge pictures.



Appendix D

Erosion Rate and Lifetime Study

This appendix covers erosion rate measurements conducted at NASA JPL on PT7
using xenon propellant (see also Ref. [77] by Ziemer, et al).

D.1 Erosion Rate Measurements and Observations of
Electrode Wear

Operational lifetime is a critical issue for electric propulsion devices. At impulse
bit levels of 10 uNs per pulse, GFPPTs will be expected to perform 10° — 10? pulses
during a typical mission. To measure erosion rates over a fraction of this expected
lifetime, a quad thruster with parallel-plate electrodes (stainless steel cathode and
titanium anode) was pulsed 2 million times at three different operating conditions.
This appendix summarizes the set-up and experimental protocol for the erosion
rate measurements and presents the results including pictures taken before, dur-
ing, and after the test. The spark plug is believed to be the major limit to thruster
lifetime and its erosion is also documented here. All photographs of electrode wear
and spark plug damage are at the end of this appendix.

D.1.1 Experimental Set-up and Protocol

The erosion rate experiment was conducted in three phases with three different
thruster operating conditions. During most of the phases in the experiment, the
thruster was run in a burst mode with five pulses per burst and four bursts per
second. As this test was not designed to be a test of valve lifetime, a steady flow of
xenon was used the entire time the thruster was operating. With propellant flow-
ing, tank pressure did not exceed 5 x 107° torr during any test. Each electrode, the
insulator, and the spark plug were weighed and photographed before and after
each phase of the testing. The erosion rate for each piece is calculated from the

197
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Figure D.1: Quad thruster stainless steel cathode, quartz insulator ring, and tita-
nium anode after 100 pulses.

mass difference before and after each phase and is described in terms of an aver-
age mass loss per pulse. During the tests, the cathode backplate temperature was
monitored by a type K thermocouple electrically insulated from the discharge with
one layer of kapton tape and attached to the cathode by a nylon bolt.

Figure D.1 shows the stainless steel cathode, quartz insulator, and titanium an-
ode after 100 test pulses were fired to ensure a functioning system. The picture
shows the side of the electrodes that are exposed to the discharge with the spark
plug removed from the hole in the back of the cathode. In assembly, the anode is
turned over so that both electrodes have a slight flare or expansion.

Before and after each phase of the test, the thruster is disassembled and the elec-
trodes, insulating ring, spark plug, and mounting hardware were placed in clean,
separate zip-lock bags for transport. The pieces were weighed in JPL’s measure-
ment and calibration lab on a microgram Sartorius balance that had been recently
calibrated to a +-0.0001 g precision. The electrode mounting hardware mass did not
change significantly over the entire experiment and is not included in this analy-
sis. As a result of the erosion near the interface of the spark plug and cathode, the
pieces became fused together during the first phase of the experiment. The mass
of the cathode, spark plug, and the spark plug mounting screws were, therefore,
combined into the “cathode assembly” and the erosion rate of the thruster cathode
and spark plug cannot be differentiated.
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D.1.2 Electrode Mass Change over Two Million Pulses

The erosion rate experiment was broken up into a one-million-pulse test over
two days and two five-hundred-thousand-pulse tests each taking a day. All three
phases of the experiment were conducted at different thruster operating condi-
tions. A table showing the operating conditions and mass change for each phase
of the experiment is shown in Table (D.1). The data set shows that the cathode lost
a significant amount of mass on each phase of the experiment while the anode and
the insulator both gained a slight amount of mass, approximately 10% of what was
lost from the cathode. Table (D.2) shows the average mass loss per pulse and mass
loss per coulomb of stored charge in the main discharge capacitor.

The amount of mass loss per pulse from the cathode is very similar in mag-
nitude during each phase of the experiment, regardless of operating conditions.
The mass loss per coulomb from the cathode, however, decreases in each phase. It
should be noted here that erosion of the cathode assembly appears to be concen-
trated near the spark plug cathode ring. This is discussed further in Section D.1.3.
The thruster anode and insulator both gained mass somewhat proportionally to
the cathode mass loss rate. With close to 0.2 ug of total electrode material eroded
per pulse, the mass loss rate of the thruster hardware is very nearly the amount
of propellant mass used for each pulse, especially during the third phase of the
experiment. This brings up the question of the true thruster performance over the
lifetime of the device. If erosion products make up a significant amount of the
accelerated mass, then performance might change as the erosion rate changes. It
should also be noted, however, that the erosion rates might be larger in the high
pulse-rate erosion test compared to the performance measurement experiments
where one burst was typically fired every 100 seconds.

During each phase of the experiment, the temperature of the cathode backplate
was monitored regularly. In each case, the temperature started at room tempera-
ture and increased to a steady level within two hours of the start of the test. For the
1]/pulse test, the average power was 20 W and the electrode temperature reached
a steady-state of 70 °C. For the 2 J /pulse tests, the average power was 40 W and the
electrode reached a steady-state temperature of 100 °C. During continuous opera-
tion, glowing particles were seen to exist near the spark plug and to occasionally
be projected out of the thruster discharge chamber into the tank indicating possi-
ble local heating near the spark plug. The electrodes themselves could have been
much hotter than the measured temperatures at the backplate of the stainless steel
cathode due to the lack of heat conduction through the slim electrodes.

After each phase of the experiment, the electrodes were removed from the
thruster and photographed (all photographs are shown at the end of this section).
Figure D.1 shows the clean electrodes after only 100 pulses. Figures D.2 and D.3
show the anode after one and two million accumulated pulses, respectively. The
pictures show flakes of gray accumulated material near the back of the electrode.



Total Number | Operating Thruster Hardware
Phase of Pulses Conditions Cathode Total (g)
Accumulated | (per pulse) | Assembly (g) | Anode (g) | Insulator (g)
100 1],05pug 93.7913 19.6949 1.1879 114.6741
I 1002400 1],0.5 ug 93.5800 19.7244 1.1898 114.494
Gain/Loss -0.2113 +0.0295 +0.0019 -0.180
I 1502900 2],0.5 ug 93.4540 19.7413 1.1899 114.385
Gain/Loss -0.1260 +0.0169 +0.0001 -0.109
I 1991300 27],0.25ug 93.3470 19.7501 1.1904 114.288
Gain/Loss -0.1070 +0.0088 +0.0005 -0.097

Table D.1: Mass loss for thruster hardware over the 2 million pulse erosion rate experiment. The mass gain or loss
(+/-) for each phase is shown in bold.

Total Number | Operating | Cathode Assembly | Anode Insulator Total
Phase of Pulses Conditions (ug/pulse) (ug/pulse) | (ug/pulse) | (ug/pulse)

Accumulated | (per pulse) (ug/C) (ng/C) (ng/C) (ng/C)

I 1002400 1],0.5 pug -0.2108 +0.0294 +0.0019 -0.1795
per Coulomb 0.0113 C -18.7 +2.61 +0.17 -15.9

I 1502900 2],0.5 ug -0.2517 +0.0338 +0.0002 -0.2177
per Coulomb 0.0159 C -15.8 +2.12 +0.01 -13.7

I 1991300 27],0.25ug -0.2191 +0.0180 +0.0010 -0.2001
per Coulomb 0.0159 C -13.7 +1.13 +0.06 -12.5

Table D.2: Mass loss rate and mass loss per coulomb charge stored in the main discharge capacitor (shown in bold)

for thruster hardware over the 2 million pulse erosion rate experiment.
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There are also gray and reflective droplets of deposited material further down-
stream on the electrode. From scanning electron microscope pictures (shown in
Figs. D.4 and D.5) and x-ray spectrometry, the flakes were found to be made of
stainless steel in both crystalline and particulate form. The top and left sides of
Fig. D.4 show the exposed titanium surface of the anode. In addition, as shown in
the top-left corner of Fig. D.5, there were sporadic traces of spattered dark material
that was identified as aluminum oxide. This material is believed to be provided
by the insulating ring between the anode and cathode of the spark plug. The only
other possible source of aluminum oxide is from the insulators used in the lang-
muir triple probes.

After 1.5 million pulses, the anode looked very similar to the way it did after
one million pulses. After two million pulses the anode, Fig. D.3, also shows a black
patch near the back of the electrode on the top side of the picture. A corresponding
dark coloration also appeared on the insulator and on the teflon sealing gasket
located behind the electrodes and insulating ring. This is most likely a carbon soot
deposit from the teflon gasket.

The stainless steel cathode used in this experiment is shown after one and two
million accumulated pulses in Figs. D.6 and D.7, respectively. Both pictures show
excessive wear in the region around the spark plug. After the first million pulses, it
appears as if only the spark plug itself has eroded away while most of the thruster
cathode itself remained intact. At this point, the spark plug was fused to the cath-
ode and two scrapes on the spark plug inner electrode surface (spark plug anode)
occurred during the removal attempts. The cathode also shows arc attachment
spots further downstream from the backplate. The cathode looked very similar
after 1.5 million discharges and is not shown here. After 2 million discharges, it is
clear that more cathode material has been eroded although the most severe dam-
age appears again near the spark plug. There is also evidence of melting near
the downstream side of the spark plug gap where a large ball of stainless steel is
present. At this stage the cathode also shows sign of arc attachment further down
the electrode. This could be due to the lower mass bit used during this phase of
the experiment. As seen in the performance data, lower mass bits typically have
corresponding higher specific impulse and exhaust velocity values indicating that
the current sheet might be traveling further down the cathode in the same amount
of time for lower mass bits.

After the 2 million pulse test was completed, the stainless steel cathode was ex-
changed for a titanium one of similar shape making both of the thruster electrodes
the same material. All thruster hardware was cleaned with fine sandpaper and
acetone before the thruster was re-positioned on the test stand. Figure D.8 shows
the titanium cathode assembly with a relatively new spark plug (50,000 pulses) af-
ter cleaning. This life-test was designed to study the difference in erosion between
the two cathode materials with the thruster operating at 2 ] and 0.75 ug of xenon
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per pulse. After 90 minutes into the life-test (5 pulses per burst at 4 Hz and 40 W
with just over 100,000 pulses fired) the spark plug failed to routinely initiate the
discharge. After a resistance check, it was found that the spark plug anode was
shorted to the spark plug and thruster cathode which did not allow the spark plug
to work properly. Figure D.9 shows the titanium cathode assembly after 100,000
shots. Once again, the stainless steel outer ring of the spark plug shows the largest
signs of erosion. It appears that a relatively uniform ring of material has been re-
moved next to the spark plug insulator. Although not clear in the photograph,
metal particulates were seen to be across the spark plug insulator ring surface pos-
sibly causing the electrical short. It should also be noted that the titanium cathode
shows diffuse electrode surface wear well downstream of the backplate. This sur-
face wear extended much farther than the surface wear region of the stainless steel
cathode at the same operating conditions. This could indicate that the current sheet
propagated along the cathode farther in experiments using titanium electrodes.

Examination of the data from the erosion rate experiments points out some
problems and questions for further study. First, the spark plug seems to be the
largest source of eroded electrode material (this is examined further in the next
section.) Second, the current sheet does not seem to be traveling down the full
extent of the stainless steel cathode at relatively moderate mass bit values. The ti-
tanium cathode, however, showed a farther progression of attachment points. Un-
fortunately, the spark plug failed after only 100,000 pulses. More performance and
life-tests should be conducted using various electrode materials to resolve these
questions.

D.1.3 Visual Spark Plug Erosion

As seen from cathode pictures in both the stainless steel and titanium cathode test,
the spark plug outer ring (made of stainless steel and in direct contact with the
thruster cathode) erodes very quickly. Figures D.10 through D.13 show a close-up
view of the spark plug at the end of each phase of the first erosion-rate experi-
ment. As the tests continued, more and more of the outer spark plug ring was
eroded away somewhat preferentially near the downstream side of the spark plug.
The spark plug anode (center electrode) and insulator ring showed slight signs of
damage as well, although not as severe as the spark plug cathode.

The cause of this erosion is being evaluated. Damage to this extent has not been
seen in similar ablative pulsed plasma thruster (APPT) spark plug operations. The
surface of the APPT spark plug electrodes, however, gets coated with a thin layer of
Teflon during each pulse. It could be that the current discharge initiation circuitry
used for the SRL-EPPDyL family of GFPPTs supplies too much energy or power
to the spark plug, beyond what it requires to ignite the discharge. It has also been
suggested that the spark plug itself is taking up too much of the thruster cathode
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surface area. As the current sheet is not allowed to conduct its current through the
spark plug anode, there could be large current densities near the edge of the spark
plug insulator leading to possibly higher erosion rates in that region.
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Figure D.2: Quad thruster titanium anode after 1 million pulses.

Figure D.3: Quad thruster titanium anode after 2 million pulses.
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Figure D.4: Scanning electron microscope photograph with 100x magnification of
the quad thruster anode after 1 million pulses. The box in the center of the photo
shows the area for Fig. D.5.

GERPT _ANODE
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Figure D.5: Scanning electron microscope photograph with 1500x magnification of
the quad thruster anode after 1 million pulses.
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Figure D.6: Quad thruster stainless steel cathode after 1 million pulses.

Figure D.7: Quad thruster stainless steel cathode after 2 million pulses.
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Figure D.8: Quad thruster titanium cathode after cleaning and before life-test. The
spark plug had been used for approximately 50,000 pulses before cleaning and
life-test.

Figure D.9: Quad thruster titanium cathode after 100,000 pulses into life-test.
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Figure D.10: Quad thruster spark plug after 100 pulses.

Figure D.11: Quad thruster spark plug and cathode after 1 million pulses.
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Figure D.12: Quad thruster spark plug and cathode after 1.5 million pulses.

Figure D.13: Quad thruster spark plug and cathode after 2 million pulses.
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